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Abstract

Gasturbine engine oil is contaminating the bleed air of an aircraft with enough frequency
and intensity that health concerns are of public interest. While previous work measured micro
particlesand used only a simulatahis work mainly consists of measarents in the
nanoparticle and ultrafine ra@gising both the simulator and two different gas turbine engines
No previousresearch has been conducted using working jet engines to simulate a bleed air
system and characterize the oil particulate contanoina®@il was injected into a bleed air
simulatorandanAllison 250 CC18urbine enginen order to observe the particle size
distributions resulting from thermal degradation armdmeasured with three particteing
counters and an FTIRThe aerososizedistributions are given for various temperature and
pressure ranges consistent with the process conditions associated with the bleed air in a
commercial aircraft. Particle sizes of approximately 80nm to 100nm were observed at
temperatures over 200%hile particles similar to injection distributions and smaller than
measureable size were observed at lower power settings. Temperature is thought to be the
controlling factoraffecting particle sizabove 200°C while blade sheatiiely the dominant
factorfor lower temperaturesThe bleed air simulator produced resaitsilarto the gas turbine
engineresultsat higher temperatures, kditl notreplicatethe size characteristics at lower
temperatures. The observed particles are ultrafine and difnatee size range that may impact

health safety more than larger particles.
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Chapterl: | ntroducti on

1.1Background

Modern airplaneand jetliners are an impressive feat of technology. They utilize many
inventions and readily adapt new technology to increase passenger safety and security. One
importantaspect of safety for any airline traveler is the air quality inside tha#iozbin. This
air is supplied bythe bleed air fronthe engine compresso,. he air i s o6bl eed of f
compressor at designatedtage in thenginecompressosuitable to provide the pressure and
temperature needed to be properly utilized. The outsiibéeat conditions during a flight at
10,000m (32,808 ft) argpically at a pressure of 26.P& (3.84psi) antemperature of50°C ¢
58°F)(ASHRAE, 2013) According to(Hunt, Reid, Space, & Tilton, 199%he aircraftcan
cruise as high as 12,000m (39,000ft) in which the pressure and temperature continue to lower
according to standard atmospheric tabl€kis heated angressurizeautside ailis then
conditioredto a suitable pressure and temperature for introduction into the aircraft cabin. The
air quality issubject to contamination from outside sources and the engine itself, most notably in
the event of an oil leatue to worror leaky sealsIn recent years, it has becomeincreasingly
higher priority for scientist and safety actigso monitor bleed air qualitys two studies
highlightedthis possibility of air quality contaminatiorThe frequencyf an air quality
contamination event wasstimatecat 1 in 22,000 flightfWinder & Balouet, 20000 1 in 1000
flights(Hood, Environmental, Perspectives, & Apr, 200%yith the U.S. air fleet containing a
vast amount of planes transporting ofitty million people each yeathe incident rate could be
as high as 2 to 3 occurrences each(&nehdi, Hosni, & Jones, n.d.) This potential frequency
has prompted several studies into the effects of bleed air contamination to untbigrsta

potential health riskeonsidering that each occupant will be on the aircraft from 1 to 20 hours in



an encleed environmenContaminants that are of the greatest concern to passenger safety are
microscopic airborne bacteria and viruses, volatile organic compoamdisarbon monoxide

(CO). Large volumes of air are provided to the aircraft to reduce the bwldaipy one of these
contaminatesnd provide relatively fresh air for occupan#sdditionally, several guidelines and
regulations are also in place to assure passenger safety. However, most of these guidelines do

not address aircraft air quality incideiMagoha, 2012)

1.2 Defining air quality incidentson aircraft

In this report, an aircraft quality incident, or cabin air contamination, will be generally
defined as a problem that can arise with theadality introduced into the aircraft cabin. While
not a solid technical definition, many different variations exist to define an air quality incident.
More specifically, the aiguality incidentsof concernin this study are those relating to a fume or
smoke incident. This fume or smoke inciden& complex phenomenon that can arise from
many causes of which, the primary one is examinghdrstudyaddresseth thisthesis The
more informal way of characterizing this serious issue is the reportsmfdil smell, or some
other unpleasant smoky, greasy, dirty srfet some report as being similar to a wet.dog
ASHREA standards refer to the smoke/fume incident as an episodic event or incident
occurrence.(Shehadi et al., n.dijarrowedhe definition of an air quality incident emevent
that caused illness related to smoke/fire and fumes/odor on the aircraftiéikhor cabirand
identified eventdy utilizing the Federal Aviation Administration (FAA) online database

Aviation Safety Reporting System (ASR&)d several other databases



1.3 Literature Review

1.3.1Typical Aircraft Bleed Air System
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F | —
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Pressure regulating
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Figure 1-1. Typical Bleed Air System
Reproduced fronfHunt et al., 1995)vith permission

Anyonewho has flowrhasprobably been informebly an aircrew metver thathe
aircraft is pressurized for your comfort asafety The f | i ght at acwalgant 6s st
means the aircraft is pressurized so passsugenotsuffocate The ambient temperatures and
pressures are well below that of living conditioasd human beingt cruisealtitudes As such,
the aircraft needs to providheated pressurized air, and the most effective way this
pressurizatiomas been achieved so far is through the bleed air system on an airbeafypical
arrangemendf a comnercial engine bleed air system is showikigure1l-1. The bleed air
system on an aircraéixtractsthe air from the engine compressor sectiorhilg\the bleed air

systemvaries between engine modeise moderrcommerciajet liner will pull the air from two



different stages for use at different points in the fligiiodern engines such as thelZ Pratt &
Whitney PW2000 have over 20 stages of compression and compression ratios thus 30
allowing the option of multiple bleed air tapgngines used on smaller aircraft magve many

less stages, and will only have one available bleed air extraction stage as the pressure ratio will
be between 5 and 1The compressors on a jet engine are generally axial on a large aircraft with
a single cemtfugal stage showing up on smaller engines utilizedroallhelicoptes, suchas

the very popular Allison T6&-700. A G17 engine currently has a"l@nd 17" stage bleed air

extraction(Matthews, 2013and is shown ifrigure1-2.

Figure 1-2. Bleed Air Ports, Pratt & Whitney F117-PW-100

The lowpressure (LP$tagebleed air ports used during high power operatgsuch as
cruising power, while the higbressurgHP) stage is used for extraction during lower power
operations.Thelow pressure stage used duringakeoff when the engine is operating at high

powerandhigh presare stage is used duritendingwhen the engine is operating at low power



During cruise flight the power level is in between these extremes but generatiwtheessure

stageis able to provide the necessary bleed air fldlerate of air exchanger the entire cabin

is on the order of 20 cfm per person or about 25 air changes pefthmiret al., 1995) The air

is passed through a precooler, pressure regulating walgae convertegir condition pack

systemand some sort of mixing air plenumefore being introduced into the aircraftn oil leak

in the compressarould introduce the lubricating fluid to a high temperature environmant vi
theheatedcompressed airWith bleed air temperatures reaching u@20°C (608F) it is

possible for the oil to experience thermal decompositAtthese elevated temperatuths oil

will release CQCO2, and other toxiccompoundEh e term At oxi co anyn t hi s
substance harmful to a human being.

While outsideair is supplied by the bleed air line, to reduce costs ofsiualeair is
recirculatedwithin the aircraft. Air recirculation rates can vary between models of aircraft and
engine requirements. Typiaatiosfor air recirculation t@utsideair are about 560.

However, certain aircraft will go logr with the ratio of outsidair. Therecirculatedcabin air is

filtered using high efficiency particulate air (HEPA) filters that will generally filigr $.99%

of particulate contaminations. It is further understood that the efficiency of filtering is lawest a
approximately0 . 3 @0@nm)due to the variousffects of particle dynamicand can be

observed irFigure1-3 (Hinds, 1999) Thus the recirculation filters will remove most of the
aerosols, but HEPA f il t efitey sudagcenThe particteapenetmatel t h e
into the filter and thus themaller partles are removed iffusion within the filter media

while the larger are removed bypaction. It is common thinking that the efficiency will

increase as a filter is loaded with more partic#ile this may be true for solid particles and

dust that acumulates on the face of a filter; researclifgyet, Boulaud, Madaine, & Renoux,



1992)suggests otherwise. The authors experimentally measured that as the filter becomes more
clogged, the pressure differential across the filter must increase. This increase in pressure and
subsequent reduction in porosity will inaee the velocity of thair and thus increase the

penetration of the particleS.he smaller particlegat a p pr o x i pwere shown tothavd 2 € m
a ten times increased penetration for a relative pressure increase dftfesparticles that

penetrate ttough the filter are then recirculated into the aircrefowever, it should be

understood that, even with a tBid increase in penetration, the vast majority of these particles

are captured by the filter.

100

80

60

40 DR Interaction

Collection Efficiency, %

Interception
Lk

0.01 0.10 1.00 10.00

Particle Diameter, um

Filter efficiency for individual single-fiber mechanisms and total efficiency;
t=1mm, a=0.05d=2um,and U, = 0.10 m/s. [10 cm/s].

Figure 1-3 Filtration Efficiency
Reproduced frongHinds, 1999)with permission



The bleed air 1 sndt used o-fAckwntisumge air supp
protection, and on some engines the fuel control systems also use the bleed air. Surge in an
aircraftengineis apotentiallyvery violent and dangerous event that can occur during
acceleration or deceleration. When the aircraft changes speeds, if the pressure downstream of
the compressor does not fall quickly enough, the air flow will temporarily stagverse
direction, thus eliminating the power output of the engine. This event can leaginestall,
whichresults inloss of flight power and is a very serious evavibdern aircraft have been able
to design around and almost completely eliminatges{Baravanamuttoo, Rogers, Cohen, &
Straznicky, 2009)but the problem still exists due to the varied conditions that an engine
encounters in flight All of theseair systemgust mentionedise the bleed air. Pulling more
bleed flow from the compressor increases the temperature the turbines experience as less air is
thenavailablefor thesamerequired power outputequiringthe temperature of the combustion
gases to riseThe bleed air flovextractionrateis limited onanengineduringoperation duect
the turbine temperature limit thusn engine larger than required for flight power is needed to
maintain the required air change rates in the aircRdiwvering a larger engireads directly to

cost increaes to the airlinegia fuel consumptiorfHunt et al., 1995)

1.3.2Contamination Events

Several studies have investigated the contamination of the bleed air system which can
arise de to worn or leaky oil sealsThe introduction of oil may also ariséhen thecompressor
fails tomaintain a vacuum pressure on bhlericating oilreservoir While these events are rare,
current estimates suggest one of these events may occur ircthét #zet every dagn the
average (Shehadi et al., n.dpresented data breaking down the bleed air contaminatiotseven

by engine model anplane airframe The data hae also shown that thaxillary power units



(APU) that are used to power an aircuaftile it is on theampmay also produce a bleed air
contamination eventUsing datamadea v ai | abl e by the Federal Avi ai
Aviation Safety Reporting System, United States Department of Transportation (USDoT)
website, Bureau of Transportation Statistics, and Research and Innovative Technology
Administration it was concludedhat no one model ananufactureris responsible foa large
portion of thebleed air contamination eventWhile there are engines or aircrafodelswhose
incident frequencieare larger than the rest of the fleet, theyragher byonly a factor of five at
the most. It is ofurther interest thatn order to detect such an evgants not the best solution
to usethe higheshumber of aircraft incidentsThe B757200 had close to the most reported
incidents, but was among the lowest reported imsewf incident per aircrgftvhereas the DO
reported incidentsverelarge for the number of departures madevierterelatively low on the
number of reported incident&urther breakdown of the FAA data indicated that 38%
incidentsweredue to fuel éalks, 23% were due to engine t@hks, 18% were due to APU oil
leaks and 13% were due to hydraulic fluid leaks, with the rest being attributed to air cycle
machine oil leak¢Overfelt, Jones, Loo, Haney, & Neer, 2012; Shehadi et al., n.d.)
Additionally, one mustonsider that the fleet is constantly changing and thusengine and
airframecombinations are being introducettile older aircraftare continuallyetired. The new
commercial aircraft commissionedake the data not entirely represen@af what the future
may hold or what is currently presemMievertheless, the information presented®lyehadi et
al., n.d) illustrates the difficulties of trying to capture a bleed air contamination event during
flight on a commercial plane

However, there is one case where the issue appeafextjgentlythat the Australian

Senate launched an investigation into the eawd theeventsgRural, Affairs, & Committee,



2000) It was statedn the reporthat theBAe-146 started having issues inthe iid® 8 06 s and
theyper si sted into the early 199006s, in which
even though the air flow was approximately 60 percent fresh and 40 pecentlated The

air recirculaed in the cabimmounts to about 16 air changes each hour, which is smaller than the
recommendation bfHunt et al., 1995) The report also stated that a pilot had become

incapaitated due to the fumes while flying the aircraft, with data suggesting that 1 out of 66

flights experienced an air quality inciderfurther studies of the BA&46were alsaindertaken
asconcerns aboutealth conditions rosg€urinie, 1995; Vasak, 1992)Shehadi et al., n.d.)

provided information thatdih studiesndicated above normal concentoatt of oil mist levels in

the cabin.

1.3.3Thermal Degradation

Thermaldegradatiorof oil in the bleed airs of some concerand is consideredn
important factor irbleed air contamination eveng/hen oil thermally decomposédbke process
is similar to that of burning ohowever, there is no open flame during thermal decomposition
When this process is undertakeatbondioxide andcarbonmonoxide are released as a result
alongwith othergaseoughemicalsand smoke particlesNVhile work has been done regarding
the combustion of aerosols and the byprod(ldtghty, Veranth, & Sarofim, 2000pnly a few
publications regarding the thermal degradation of oédcHjgally jet engine oilhave been
published.One study examined the thermal decomposition of two popular commercial jet
engine oils and the conditions present in which decomposition took(paneNetten & Leung,
2000) During thisstudy, Van Netterlooked for CO, CO2, NO2, HCN, and volatile compounds
such aseurotoxindri-cresyl phosphates (TCP) and trimethly propamesphate (TMPP) while

the oils were heated up to 525(@77°F)under laboratory condition&eneration of TMPP was



not detected, even though appearance would lexpectedat 350650°C(660°F1200°F)and is
produced from TCP and trimethylolpropane esEMPE). Both TCP and TMPE are common
constituents in jet engine oils. TCP is commonly used as an antadéitiveand can
drastically reduce wear under loadif@ghose, Ferrante, & Honecy, 1987jis present in oils by
up to3%, with themostneurotoxic isomer occurring up to 1%uring the thermal degradation,
the confirmation of TCP and otheolatileswas found along wh theincrease irgeneration of
C0O2& CO between 208°C and 306°Qwo different oils were evaluated and boils were
reported to have almost identical results, suggesting that regardless of jet engine oil used,
neurotoxins and volatiles are likely te bbund in the case of oil thermal degradation.

The introduction of TCP and other contaminates such as CO into the aircraft can have
very seriousresults. Other contaminates can also cause serious air quality ev@néssuch
event occurred in Decembed@B when decer fumes entered the cabin of an Alaskan Airlines
plane. The resultingffects wereevident when 18 passengers and seven crewmen were sent to
the hospital and treated for eye irritation, dizziness, and nausea. The CO2 generation and mass
loss from a heated sample of Mobile Jet Il were analyzd®bgrfelt et al., 2011in order to
determine the characteristiobthermal degradation during the transition period from room
temperature to approximately 2500480°F) The results indicate that as the temperature
increases, the generation of CO & C€idilarly increass, ard supportghe idea that a seor
based on CO & CO2 may possibly detect a bleed air contamireatesrt The temperature of
250°C was used as a representative temperature of a bleed air systgypiced commercial
aircraft as indicated bfHunt et al., 1995; Matthews, 2013)

(Van Netten & Leung, 200Bvaluated the thermdkegradatiorof onejet engine oll

along with two hydraulic fluids at temdures up to 525°C. The fluids were put into a 250L
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stainless steel chamber with the top lid opeait@tatmospheric pressure. A muffas TMX
412 monitor was used to measure gaseous constituents such as NO2, O2 ditnd Gbserved
results show thafO concentrations reached 100 ppm for Mobile Jet Il and up to 180 ppm for
the hydraulic fluids. Likewise an increase in CO2 concentrati@s®bserved from the control
case, showing increasmstherange of 40ppm up from the 390 ppm baselieadditon to
thermal degradation of the oil and hydraulic fluid chemical makeup, visible smoke and change of
color can be seen. Thesnokealso indicates that the fluid is undergoing some type of chemical
reaction.

In addition the ACER report provides a breakuan of the potential bleed air
contaminateseproduced here dablel-1 (Overfelt et al., 2012)

Table 1-1 Summary of Potential Bleed Air Contaminants
Reproduced fronfOverfelt et al., 2012)

Potential Bleed Air
Contamination Event

Probable
Contaminant

Engine oil leak producing aerosolized
droplets of oil in the engine
compressor

Partially pyrolized jet engine oil

Fully pyrolized jet engine oil

Very fine mist of engine oil aerosols
Small amounts of carbon monoxide
(CO) and carbon dioxide (CO»)

Very fine mist of engine oil aerosols
Carbon monoxide (CO)

Carbon dioxide (CO»)

Misc. unburned hydrocarbons
Ultrafine smoke particles

Carbon monoxide (CO)
Carbon dioxide (CO»)
Ultrafine smoke particles
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1.3.4TOCS & VOCs

Much work has already been undertaken to characterize the chemicals inva\seead
air contamination eventStudies includ€Bartl, Volkl, & Kaiser, 2008; Eckels, Jones, Mann,
Mohan, & Weisel, 2014; Guan et al., 2014; Nagda & Rector, 2003; Van Netten & Leung, 2001;
Van Netten, 1999, 2005; Wiler & Balouet, 2000, 2001, 2002Additionally many of these
papers present tletrimentakeffects ofvolatile organiccompounds (VOC) angemivolatile
organiccompounds (SVOC). Adverse health effects range wifdbyn eye and throat irritation
blurred vision to disorientation, nausea and vomiting. In rare or serious loasex
consciousness is possible. The rate at which bleed air contamination events have occurred is
worrisome as unlike passengers, thegpdl and flight crevepend much more time in aircrafts
and the potential farepeatedxposure is much greatewhile the long term health effects are
being studied, it is obvious thatuteeffects can be deadly if the pilots &gposed to
sufficiently high concentrations.

One of the notable and recent publication&isan et al., 2014h which a large study
thatwasconducted oi07 commercial flights from August 2010 to August 2012. GC/MS
analysis orair samples gave an averagegmber of 59 VOCsletectedn each flight within a total
of 346 VOCgdetectedn all flights combined. The VOC breakdown is as follows: 41% for
alkanes and alkenes, 15% for ester and alcohols, 11% for ketones and aldétyfdebafides,

20% for aromatis and 6% for nitrogen containing VOCs. It was concluded that the detection
rate of all VOCs was actually the lowest during the landing phase as compared to the cruise and
takeoff phase of the flight plarin a second publication from this stu@g@uan et al., 2014)

found 29 compounds that were identified as target VOCs in cabin air. These target VOCs had

concentration levels that were statistically different (p < 0.05) compared to the other VOCs
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detected. They also concluded ttie effect of bleed air dilution on the cabin is present as the
concentration levels of some target VOCs were significantly lower than in recirculated air.
(Eckels et al., 2014hvestigated the use oécirculationfilters to capturing air quality
incidents byconductingchemical analysisf filters removed from aircraftThey used a
laboratory bleed air simulator #otificially generateil contaminated air atonditions
representativef bleed air conditions in a commercial aircrafhis air was passed through
recirculation filters which wereanalyzed using GC/MS procedures outlined in the document.
The data obtained using the bleed air simulaareusedto identify robust markers of oll
contaminatioras a baseeferencdor comparingo analysis results fdilters pulled from
aircraft. They then tested 184 filters, 1&66m nonrincident aircraft (standar@nd 77 pulled
from aircraft that have experienced some typaiofualityair issug(nonstandard) It was
observed that 90% of the filters had some sort of detectable level of T®GRh&nonstandard
filters showinglarger amount of oil present than the standard filters. This study has shown it is
possible tadentify incidentoccurrencevith filter analysisoutone cannot determine when the

incident occurred based on thatdrmaton.

1.3.5Small particles health effects

It should come as no surprise that ultrafine particles can be damaging to the human body.
The ASHRAEHandbook Fundementa{SHRAE, 2013)providesinformation onsome
important health effectendicating that health pro$ésionals are concernetainly with particles
smal | er asthaseabd¥e thismsize range will be separated out in the upper respiratory
system by impaction. Swuiicron particles may actually penetrate deeper into the lungs with
about 50% settling intthe lungs. It is possible however, that nanoparticles less than 100 nm can

enter the blood stream. Once in the blood stream they have the ability to be transported to the
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brain or other organs. Accordingttee ASHRAE Handbook of Fundamentdlse U.S EPA

statesthat i ne particul ate matter | ess than 2.5 &em
asthma, and other respiratory problerBfiort term exposure conditioage similar to those

experienced by the VOCs and volatile compounds, includyhd:headedness, shortness of

breath and eye and lung irritation(Lighty et al., 2000jouched on the issue regarding

respirationin the human body and particles on the ord& of 5 & m 0(0tg)e Generally

the health standards are set on concentration, but rather the amount of mass potentially

deposited into the lungdt is the mass amount that causes the issues of exposure and is thus the
generally accepted way to represent threats to hedittile there is no single standard,

according to(ASHRAE, 2013)he EPA National Ambient Air Quality standard (NAASQS) is

150& g/lor particles | essatfoan plabem cdmed dbeswst th:

diameterfor an annual mean averaged over three year time period

1.3.6Particulate Studes

While there have been studies of partidesanatingrom exhaust gases on engines and
gas turbinesthere have been virtually no articles on the bleed air contamination events that may
occur. Many of the studies that have examined the particles angbounds oéxhaust gases
from gas turbines have focused on other factors, such as sulfur content in itvifseth,
Petzold, Nyeki, Schumann, & Zellner, 20@4)d ion cluster formation inraraft plumegStarik,
Savel 6ev, Titova, L o WG4h While theseksdiea do highlightamdedetha n n
information to improve the gaseous and particulate emissions put into the atmosphere, they are
nothighly relevant to the bleed air contamination discussion. Although it is possible for these
particles tabe intercepted in flight, it is unlikely that the exhaust gas trail would be followed so

closely by another plane and the time of contamination would be very short. These trails will
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dissipate over time as can be observed by the naked eye near aniaftéicea airport
location.

Othess have focused on the measurement of oil mist droplets and their gené€J&tion
Wen & Jinchun, 2009)where it was found th@iressure is the governing factor of particle
generation from a liquidThe experimental variables covered testing air pressure ranges of
100kP&(14.5psi)to 650kPa94.3psi)and both oil and air temperaturesl®FC (50°F)to 65°C
(149°F) ltisnotedhat t he measurement equi pment during
to 1000em, and wamsicron paditles.Eheirtresultsido hot cover theeu b
temperatures approached in heat of compressiturbineengines but approximate the
pressues reached by the air bled off of the compressor.

(Magoha, 2012jnvestigated many aspects of the bleed air contamination from chemicals
and compounds to the particulate analysis of oil being introdat@the system. His study
used a TDA4B lite Laskin nozzle generatty introduce oil particles intonaair stream to create
a simulated bleed a@vent. The results indicate that the particles are primarily located between
approximately0 . 3 and20em. This study also laid the groundwork for monitoring an aircraft
air quality incident event and highlighted the health risks of such incidents. It was found that
TCP isomers were present on filters after oil underwent the simulated jet engine compressor
conditions, thus suggesting that it would be possible for occupants to be exposed to such
compounds during a fume/smoke event. Howeatenuld not be concluded that suaticron
particleswould or would nopresent during such an incident

(Mann, Eckels, & W. Jones, 201#yestigatecsimulatedbleed air contamination event
usingthe samdleed air simulatoas(Magoha, 2012) They characterized the particle

concentration and size range from 13nm to 20¢
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counters are mentioned later in this study and used for the instrumentation to chatalettize
air contamination events. Their results and findings are thaspre has a negligible effect on
the particulate size and concentrataomdthe primary controlling factor is temperature.
Additionally, at higher temperatures and pressures, the particulate size mean diasgtér
micron The study additionally ppit ed out that the majority of
(500 nm) at elevated temperatures, which would be expected during the majority of bleed air
operation, and thus are not picked up by instrumentation using laser refraction and time of flight
techrology. This study also provided evidence that a water based condensation particle counter
will not accurately gage or measure oil partiggessumably due to the inability of water to
condense onto oil droplet#t was recommended that a butanohdensation particle counter
would provide better accuracy for measurementslving oil droplets

Thus, an aspect of current literature is that no study exists yet characterizing the oil
particulate sizes and compositiobtainedrom a gas turbinenginevia the bleeair line.
While (Mann et al., 20143tarted work in this area, suhicron measurements wezeuld notbe
collected athattime. It is then of importance to characterize the particle size distribution and
concentration of a bleeair contamination event that is defined by an oil leak from a compressor.
Several important reasons dictate vagha study should be done. First order to understand
the i mpacts upon a personds healatame,invoived i s i
and how it may be introduced into the aircraft cabin. The main absorption method of
contaminates of this size lisspiration, due to the small size of particles reported so far. Another
reasorto do this studys to properly develop a retime sensor that is able to detect when an
incident occurs. The issue is stated earlier, that testing a monitor on a real aircraft, while the

mostrepresentativen terms of data, would benpractical as contamination could not be
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introduced to createsamulated event and actual events occur on a very small fraction of flights.
There is also the isswé ensuring that the incident is directly related to the bleed air.
Additionally, much of the current equipment utilized to detect particles in thengubn and
micron range, and analyze gas compositions are very expensive and delicatd easily
adapted to ifflight measurementsThere is one instance where oil was directly injected into an
aircraft engine and the effects observédrane, Sanders, Endecott, & Abbott, 198 cted oll
into an Auxiliary Power Unit (APU) in order to simulate a bleed air contamination event, such as
a malfunctioning seal in the geaducton box of a turboprop engine. However, their findings
were that none of the gases analyzed were present in toxic concentrations, and no particulate data
weretaken.

The present studg a continuation of the studies done(Magoha, 2012and(Mann et
al., 2014)in which oil particulate concentrations and size distribstememeasured under
conditions intendetb simulate oil thermal decomposition in the bleed airliAs.stated earlier,
information regarding the size distribution from a typical bleed air system from both a bleed air
simulator test stand arath operatingjas turbine test stand would provide valuable data.
Previous information gathered has indicatehisucronparticle sizesre important to observe
and detect atheyhave more serious health effectBhese smaller particles alalbow and easier
pathfor a gaseous substantebe generatedThis study will present information regarding the
bleed airsimulator used iiMagoha, 2012; Mann et al., 20ith the focus on smaller particle
sizes. Additionallygas spectrometry was included in the analys@der to provide more data
about the thermal degradation effects tlmatld be taking place. This study also will present data

of subbmicron particlesizesfrom a gas turbine system designed to represent a typical aircraft
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bleed air systenOil was artificially introducednto the gas turbin® simulate an oil leak from a

compressaor

1.4 Particulate Analysis Review and Presentation

The data presented will be presented in multiple ways. It is important for the reader to
understand howhese data angresentedndwhy the author chose to present the data in this
format. The inent of thissection of the thesis not to be a complete review of particle data or
analysis, but rathdp explain theeasons for presenting the data in the matter shiowre paper
and appendices

Particle distributionsypically have a skewedarticle size distribution with a long tail
appearing at the larger patrticle sizes. HBhkiswed nature of particle digiationsmay be
attributed to many factors such as the gravitational settling andfatiers Equations
describing particle generah and dissipation mechanitend to have exponentiat power
terms. Furthermordhe governing equations for particles may chanigle particle sizeas the
particle sizes span orders of magnitude. Indeettis studythe particle size range covers
10nm to 20¢&gm. These particles are so small
visible light, and thus light itself will interact differently around these particlesafaman
scale object.Correctiongo thedistributionshave been formulated for these very srpalticles
and the general accepted correction is the Cunningham correction factor. Many equations
includeempirical or theoretical fits for the Cunningham correction factor for a particular size
distribution. This author uses the followiegnpiricalequation specified for oil droplets by

Rader, 199@Baron& Willeke, 2001)

( [t
C ou(dy) =1+Kn (d,)-(a+B-e"" @)
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T0 = 1.207
T b = 0.440
fT o = 0.596
1 'Q = particle diametefconcentratioh

! 0 &= Knudsen numbedas a function of particle diame}er

It is common then to represent the particle size value in a semi log plot with the
concentrations showin a linear fashion. Several references have given arguments into why not
to use a logarithmic distribution density function to represent thg ldat@rporated, 2014;

Kostic, 2003; Sommer, 2001 More information about these plotting features argblging
aerosol data may be found in textbooks sugtBason & Willeke, 2001; Fridlander, 2000;
Hinds, 1999)

The information presented by the TSI equipment used in these experiments shows the
channels or bins which are spaced geometrically or logarithmically. The channels are arranged
in this manner to obtain a higher resolutiorthe areas where the aerosol is generally to be
found in greater concentrations. However, this information will skew the data. The information
stored in the lower particle midpoint diameter bin will have a smaller width as compared to a
higher particlenidpoint diameter bin. This nemniformity in channel spacing will result in the
larger diameter bins showing more particles as compared to the smaller diameter bins for the
same concentration. Thus, the representation, while not inaccurate, is mgskadiishould be
presented in a mathematically different form. One drawback is that an important parameter,
concentration amounts, are now shown by this approach. The fractional distribution may be
multiplied by the total concentration to achieve the bgsrall result. This problem may be

seen inFigurel-4.
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Figure 1-4 Histogram of Frequency Verse Particle Size Example
Reproduced fronfHinds, 1999)with permission

To get around this misrepresentation, we msggythe fractional concentration to
represent the datal’he cumulative distribution is given lilye integral of the frequency function

as a function of the particle diameter
QQ AW pdr

where'Qsthef r equency funct i o@and@ istha partidlediansetelThier act i on.
information provided in terms of diameter midpoint however does not show the lower and upper
bounds of the channel data. Additionally since the information is either spaced geometrically or
logarithmically without the absolute lower or upper boupeing known, the channel lower and

upper boundsannotbe determined very easily. The information from the diameter midpoint

though does provide thaetailsto determine the cumulative percent of concentratldowever,

to properly average the data oweultiple teststhe concentrations must be summeé&dom this

informationwe may determine the percent of concentration of the bthdfollowing relations

20



V — 0MihQ) )

0
T 6= Particles in bin 6i6éo
From the percent of concentratifin ) we may get the cumulative concentration

percentwhere the summatiomill be equal to 1 or 100%. Thus, to get the proper value for
"QQ we take the derivate. A packaged software program was used to determine the proper
frequency function and ensure continuous lines. A basis g@igpline)fit was used instead of
a cubic spline fit or some other type of data fit. Thisdgine produced the most accerafata
representation when taking the derivatiZdore information orhow this derivative is
determinedmay be found iMAppendix E: Fractional Concentrations Calculation Roudioé
this report

If the distribution ofa monomodaherosol is typical of a long tail at the upper sizes with
the larger concentrations appearinghe small sizeghen the geometric mean is the best way to
represent the dataAn arithmeticme an wor ks as well , but doesnoét
the large range at hand and this normalization is then Ikaistin this nature then that the
geometric deviation is also used in order to
about the geometric mearlowever if the aerosol is polydisperese polymodal, in any form
then mathematically the sinigu representation of the geometric mean (or any other mean) falls
out of favor. While there are complex methods used in order to quantify these multimodal
aerosols, this author has chosen to nothsenultimodal geometric meas the peaks should be
presented in the size distribution graphs.

As a note, all the data collected from the tests for the SMPS syssprocessed

through a calculation routine in MathCad using VBA code. €aisulation routinallows the
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operator to add extra graples information to be calculated very easily after the program was

properly set up in said manner. The information was veribedalculated variables and data

against théderosol Instrument ManagéAIM ) softwareprovided by TSI. The custom routine

allows theoutput of only concentration data to ingported butthe entiredatasetmay be

determined from the imported informatio@ode created in the current stualgo allows the

rapid comparison of data &asilydetermine the differences between tedisis6 s o f t war e 6 wi

be made available to the public or interested parties via Kansas State University.

1.5 Particle Counters and Gas Measuring Equipment

The equipment used to measure particles is often very expensive and very delicate. In
order to properly measure particles, it is necessary to not only detect they are present, but also
determine the size of the particle. While it sounds very simpletimenan practice obtaining
accurate measurements for particles is relatively difficult. In addition, there is the problem of
classifying particles in a manner that is both clearly understood and interphdteakt all
particle measuringquipmentwill 6 bi né t he par t intodiserste sizéhranges,ar e c o
just like a histogram While not all of the particles measured Wil properly binned due to
equipment resolution and accurasigtistics may be used to characterize the error probability
and corrections may then be applied.

The equipment listed below is the same measurement equipment that was used in the
study done byMann et al., 2014) Additionally, between each one of the experimental setups
that were tested (Bleed Air Simulat@18, C28B) the equipment was not changed or altered in
any way other than the regular maintenance practices prescribed by the technical documentation

providedwith theequipment.
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1.5.1APS(TSI Model 3321)

The TSI Aerodynamic Particle SizgkPS) is an apparatus that will count particles from
the size range of approxi mat dHewmanifactere m t o 20em
specified uncertaintisN1 0% of the reading f oTfheeg@pmenent r at i o
works on the principlefdime-of-flight spectrometry that measures the velocity of particles in an
accelerating airflow through a nozzle. The patrticle stream is kept centeassthbgth flow as
they pass through focused laser beaffitse larger particles lag more in the aiesim than
smaller ones and thus the flight time between the particles is alteight is scattered as the
particles pass though the two beams and exit the equipment. From this scattered light the
equipment is able to pick up the time of flight inforrnatand convert it into a calibrated
aerodynamic particle size. These particles are then binned into 52 channels on a logarithmic
scal e. Particl es bet wedetectedluttl® statistidal cBance thatthe ar e
detection is false riserapidlywith decreasing particle sizes the extinction coefficient rises
exponentially Thusthe particles between 0.3 and 6.%rare grouped into one hieven though
there should be multiple bins for this range based on the logarithmic scale ubedrést of the
bins. From experimental dataken, experience has suggestet the number of particles in this
bin is usually much higher than the rest due to this binning procedtis.equipment also
provides a real time assessment of the aestsgdm that gains accuracy the longer it runs.

More information on the APS theory and operation may be fou(@aron & Willeke, 2001)
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Figure 1-5. Aerodynamic Particle Sizer Diagram
Courtesy of TSI Incorporated, Copyright 2014 TSI Incorporated, Used with permission

1.5.2APS Diluter (TSI Model 3302A)

The TSI APSwvas used during portions of testing where the concentrations where in
general too high for thequipmento handleln these cases, the APS Diluter is requirétie
diluter works on a very simple principle, laminar flow separation andpaiogeprtionsasshown
in Figure1l-6. Thebypasdlow ratio is controlled by the clean air bypass valve, whose effects
may be seen on the pressure gages. Each diluter comescagjillary tuberequired to separate
the flow with typical ratios of 1:20 and 1:100. Calibration efficiency curves are stotieel in

AIM softwareand are selected when setting up the equipment for data collection.
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1.5.3Electrostatic Classifier TSI Model 3080L)
The TSI Electrostatic Classifier (EC) is a particle separatdoandpass filter that
works in conjunction with a condensation particle counter. The purposeBCtisedo separate
a known size fraction of submicron/nanometer particles from the incoming polydisperse aerosol.
The separation is performed in a series of steps and ultink@elsto a nearly monodisperse
aerosol that is routed to a particle counter. The flow, showigiurel-7, enters th&C where
the larger particles are separated out by impaction in what is appropriately called the impactor.

The impactor consists of a plate and 90° bend of the flow. Larg&leswre separated out due
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to a higher inertia and are thus unable to follow the streamlines around this bend. A figure

indicating this event is illustrated KFigure1-7.

Jet
\< ;Streamlines
\ Impaction plate
V7 7 A s A

Figure 1-7 Cross Sectional View of an Inertial Impactor
Reproduced from HinddsJsed with permission

\

Impaction nozzle

\

After the impactor has separated out the unwanted paitinedegerosol is chargdyy a
radiation sourcas shown irFigure1-8. A soft xrayis used as the radiation source for the
equipment in this studyThis process is known as neutralizing #ezosol and the purpose of
this operation is to ensure a fixed percentage of particles carryengndrof electricalcharge.

As a resulof the bipolar ion bombardmeranelectricalequilibrium state is obtained with a
knownfractionof particles caying no charge, a single charge, or multiple charges either
positive or negative in polarity. The aerosol then enters the high voltage aoaf sine

equipment along with a sheath flowaéan air. The now charged airborne particles drift to the
electified voltage rod according telectric fieldparticle mobility and are separated out at the

bottom of the charging area. By knowing the sheath fiie,aerosol flow rate, and expected
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particle mobility the equipment is able to separate the particidslaus provide a first principle
measurement due to the electric fieldscharge of +1 is assumed to be on the particles during
separation and thus particles carrying different charges may continue with the exit agnesol.
software provided by TSI ithen able to determine statistically the amount of particles that were
not associated with the exiting aerosol flow, due to different charges, and quantify automatically
the proper size and concentration of the aerosol. It should be notddrthiaits correcton to be
applied appropriately, the entire polydisperse aerosol needs to be in the rangdefttbestatic
classifier EC). If it is not, then errors are associated as the statistical corrections cannot be
applied to the measured aerosol &srteeded values/variables are out of measurement range.
This situationwould occur if a large portion of the aerosol is at the diameter breakpoint 1000nm
the upper measurement range of the H@is can be avoided by turning off the multiple charge
correction inside theAlM software, but is not recommended.

TheECis able toclassifyparticles asmallas 10nnmand adargeas of 1000 nnn
aerodynamic diameter. It will give accuragparation of particles f@oncentrations reaching
up top TtparticlesA I . The manufacture specified uncertainties &@r8%% for the size
separation. The EC is not limited by any type of binniHgwever in the control program
AIM, the data feedback is displayed in a binning pattern. Selections of 4, 8, 16, 32n6dish
are allowed with channel space being at uniform geometric width per decade of particle size.
Thus the highest resolution of displayed data and data output will contain 64 channels or bins,
however, the bounds of this system are set by the sheaginasol flow rate ratio and particle

diffusion.
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Figure 1-8. Electrostatic Classifier Flow
Courtesy of TSI Incorporated, Copyright 2014 TSI Incorporated, Used with permission

1.5.4CPC(TSI Model 3775)

The TSI condensatiomarticle counter(CPC)is a device that will courthe particls
entering it very much like an optical particle countdowever, the difference thatthe aerosol
first encounters saturated vapor, which is controlled in this model at 39% air is then
cooled whichcauseghe vapor to condense on the particlesiantkases the size of the particles
allowing them to be counted by optical techniqu€be particle sizes will grow from nanometer

sizesup to 10 to 12 micrometers, and a®a particle detection efficiency of 50& particles
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as small as 10nmThese particles are then measured using reflected light as shévwguia
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Figure 1-9. Condensation Particle Counter Diagram
Courtesy of TSI Incorporated, Copyright 2014 TSI Incorporated, Used with permission

The manufacturspecifieduncertainty of the CPC is +10% at < pxit particlesé® and
+20% at < 5xp Trparticlesfd & . The particle counter is able to measure over a wide range of

concentratiorand particle size. These limits are abputparticlesbd and 4nm t o 3&m.

1.5.5 SMPS

TheEC andCPCtogether makep what is referred tas the scanning mobility particle

sizer (SMPS).The SMPS system therefore has the uncertainties of the above EC and CPC.
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Together the SMPS system and the APS cover a wide range of particle sizes spanning from
10nm t oltwadobserved that this p@ie range covers the majority of aercsthlatwere
sampled with the general upper limits of the aerosol measured across all three test platforms at
appr oxi ma tAaimportaht.featarenf the SMPS is that the EC separates the particles
by size by creating a continually change particle size window by applying a exponential ramped
charge to the voltage rod. At a given time, only allow a narrow range of sizes gas£PC

but this range changes continuously. This moving size window is synchronized with the CPC
measurements to dynamically create a particle size distributiors possible that sudden
changegarticulateconcentrationsan bemissed when the equmentis performing the scan.

An example would be the voltage corresponds to a mobility sizé@fm and the event

happened at the 70nm rangghese 70nm particles would have been filtered out fiwen t

sample being sent to the CPC, and thus the eveid cotheory be missed. Thestsystems

were only operated at approximately steady state conditions for this reason.

1.5.60PC(Climet Spectro 0.3)

Theoptical particle counter(OPC)uses the intensity of scattered light to determine the
size of the particleThe aerosol flows through a focused light or laser beam surrounded by
sheath air similar to that of the APS. However, the concentration limits of the OPC are much
less as theystem is meant to count only one patrticle at a.tififee particle countedare binned
into 16 channelsf different sizes The particle size range for
uncertainty of £3.5% for sizeThe OPC was used to monitor the bleed air simulatogal time.
Once again, anore referencesxist that go int@reaterdetail regarding optical particle counter

theory of operation and use, includif@aron & Willeke, 2001; Hinds, 1999)
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1.5.7FTIR

In this studya Nicolet 6700~ouriertransforminfraredspectroscopyKTIR) was used to
identify and quantify thehemicalsn the bleed aiduring the testing. The dateerepulled from
the same bleed air extraction line that the particgateplesveredrawn from. A FTIR works
on a simple principlenteraction betweesampled gas streaamd light. Each gas willbsorb
infrared radiation at a specific wavelen@for frequencies producing what can essentially be
called a fingerprint of absorptiorfhe concentration of the gas may be determined by the
intensity of light absorbed. Once a library database is built of known gas signatures, the

detection of the gasesay be performegerform.
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Chapter2: Bl eed Air Simul ator ( B/

2.1 Note of Health Effects

The literature review presented in this paper gave referaatmastthe health effects due
to volatile organiccompounds and other toxins that casult fromthe thermal decomposition of
oil. The current author and several colleagues have had firsthand expefi¢hese health
effects during the initial running of the bleed air simulauring the majority of testinggas
masks utilizing carbon filters were used to minimize the effects of breathing any contaminates
that might occur. However, during the gastages of testing a fellow Ph.D. student at Kansas
State University neglected to wear the gas mask citing that expected concentrations at the
temperature level planned for testing on this particular day would not cause any harm. However,
later in the egning and the next day, this individual experienced a severe headache, difficulty
breathing, and burning pains in the upper left chest area near the heart. This event repeated itself
when a visiting academic also ignored the safety protocol and prodeegedorm testing
without respiratory protection. This visiting researcher also experienced the same conditions and
vomiting. Thisillnesspostponed the testing by a few days until the conditions experienced
alleviated allowing the individual to procewdth his schedule and tasks. These accounts
demonstrate the potentialbgriousconsequences of a bleed air contamination event during a

commercial aircraft flight.

2.2 Experimental Setup

Properlymodelng a bleed air system contamination event requiresrapprocesses to
beundertakerusing components that are not part of a gas turbine engine, suthkvdalar
centrifugalcompressor, combustor, and turbifebleed air simulator must emulate the effects

of the compressor section of a running gas helgingine and the ducting following thieedair
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extractionports. For thebleedair smulator (BAS) this processs achieved in the following
stefs:

1. Oil particlegeneration

2. Pressure increase

3. Temperaturéncrease

a. Increase due to compression as wehdditional heating
4. Dilution of sample into main duct for cooling and velocity reduction
Figure2-1 shows the general arrangement of the aerosol generation portienléed

air simulator. The aerosol generator is a TBBlite packaged component off the shelf from Air
Techniques International (ATI). It has two on and off valves on the front which allow for
adjustment of particulate injection rates. The incomindram a compressor is regulated and
sent through a dryer for dehumidification and a filter to eliminate particutathe compressed
air. A variable area flow meter allows for the measurement of the flow rate to the generator,
while solenoid valve 2 Edws the aerosol generator to be bypassed if no oil injection is desired,
such agluringshut down or start up. Although the valves on the front face could stop the
aerosol generatigithe aerosol generator is far away from the controller stpbeimg @ issue

of safety.
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Figure 2-1 Aerosol Generator Portion of BAS
Reproduced frontMann et al., 2014yith permission

The compressor and heater secifmiiow the aerosol generation aadeshown below in
Figure2-2. Two check valvekeepthe incoming air to the reciprocating compredsetxveen
20kPa (2.9psi) and 34kPa (4.9p3dge air pressurdf the reciprocating air compressor pulls
more air flow than required by the aerosol generatggcuum will be created atioe
differential pressure will rise thus creating more particles from the Mobile JetThalopposite
will occur in the reverse caselhis makeup air will allow the aerosol generator to maintain a
constant differential pressuré HEPA filter is installed to eliminate contamination of this
makeup air.The discharge apressure from the compressor is controlled via a back pressure
regulator that the operators can manually alfdre submicron polydisperse aerosol then enters
the heater tube section. The heater tube is of stainless steel construction and is designed to
provide a constant heat flux by electric heaters to the gaaiced within. The inlet
temperature will change depending on the pressure settings of the compressor. Temperature of
the pressurized fluid is controlled by changing the voltage on a variable transformer. The length
of the stainless steel tube was dasijto approximate the residence time between the bleed air

connection port and the precooter a typical aircraft enginerlhis time was reported as
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approximately 70ms according @@agoha, 2012)
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Figure 2-2 Compressor and Heater Portion of BAS
Reproduced fronfMann et al., 2014yith permission

Finally the main ducting is represented-igure2-3. The aerosol is injected into the
main duct and cooled by tlgdution air from a high pressure blower. The duct itself is a
converted ASHRAE 52.2 test rig which was originally designed tatesaftair recrculation
filters. The high pressure blower provides approximatelyd.4v (1000cfm) of air flow
though a 610mm x 610mm (2ft x 2ft) cross sectional area. The resulting veloaiikEsthne
ducting are about 1.26 m(4.13 ft/s) Immediately after thblower is a HEPA filter which is
again used to eliminate any particulates from the dilution air. This dilution air provides the
necessargerosokoolingso the measuringquipmentan safelysample the aerosol flow stream
It alsolowersthe concentitgons so that the equipment is not overwhelmed by the high
particulate countsA mixing plate after the injection nozzle helps to assure the concentrations
are uniformly distributedThe APS and SMPS systermesampled off of the main duct, while
the ORC is sampled off a bypass duct as it was discovered more dilution was necessary for the
OPC to accurately measure the aerosol fldle flow thenpasseshrough a last HEPA filter

beforeexhaustingnto the lab. The sample pickoff ports were sized to be isokinetic for the
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system flow. Further details oflesign anaonstruction of thispparatusnay be foundn
(Magoha, 2012)

The instrumentation for the reactube includes a high temperatureype
thermocouple with an uncertainty of +1°Che pressure was monitored with a pressure

transducer providing aB00psia range and +0.11% full scale accuracy.
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Figure 2-3 Main Ducting Portion BAS
Reproduced fronfiMann et al., 2014yith permission

2.2.1Test Procedure and Testing Matrix

The testing matrix consisted of reproducing the varftmyg processethatwould most
likely be experienced by a bleed air systefhese conditions are highlightedTiable2-1and
show the extraction port they are associated astbompiled by the NationResearch Council
(National Research Council. Committee on Air Quality in Passenger Cabins of Commercial
Aircraft, 2002) This data also correlates with the information presentgéibugt et al., 1995)

and various gas turbine engineering texts.
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Table 2-1. Bleed Air Typical Operating Conditions (National Research Council. Committee
on Air Quality in Passenger Cabins of Commercial Aircraft, 2002)

Temperature Absolut Pressurt

Mode of Operation °C (°F) kPa (psi) Extraction Stage
Top of Climb 310(590) 690 (100) Low Pressure
Cruise 250 (482) 340 (50) Low Pressure
Initial descent from cruise 185 (365) 200 (29) High Pressure
End of descent (ground leveP30 (446) 460 (67) High Pressure
High Pressure to low presst

switch-over 280 (536) 480 (70) High Pressure

Thetest matrix for the simulation dataseown belown Table2-2. It should be noted
that some of these conditions could be outside the actual operating conditions of the engine
compressobut where included to further explore the effect of temperatndepressurelt was
determined that testingith these parameters would lead to a better understanding of the aerosol
and provide valuable feedback information. Thiger test matrixvas alsautilizedto confirm
results presented k{iMann et al.2014)and to measure the particulate data with the SMPS
system.

Table 2-2 Test Matix Table

Temperatre °C (°F)
Pressure kPa (psi)L85 (365)|220 (428)|250 (482)|280 (536)|310 (590
200 (29) X X X X X
340 (50) X X X X X
480 (70) X X X X X
690 (100) X X X X X

There were two testing procedures followed which produced two data sets. While the
condtions of operation and pressure temperature points were the same, the manner in how long
they were tested armior system running differed. The first set of data was taken under the
assumption that the oil could be accumulating on the heater tubes areesbvious drawbacks
if this is the case, as during the higher testing or even lower testing points the data may be

skewed one way or anothiey the previous test conditiorit was also thought that this oil
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accumulation could beharringon the heatewall as the heater walls are hotter than the actual
gas, thus producing particulate data that would not represent the testing conditions. In order to
minimize this effect, the system was run for at least one to two hours with no oil injection at the
maximum permissible temperature. The maximum temperature before alarm settings would
activate is limited to 350°C. According to various studies mentioned in the literature,review
Mobile Jet Il will start to smoke at approximately 280°C and starts to cdataken from 300
350°C. The OPC provided a real time measurement of the particles in the system and an
exponential decay wasobsedve d ur i ng t hi s When this decay linddwapat o c e s s
approximately zero the system was brought to the speagfgtithgy conditions.This process was
repeated after every oil injection in additionto anotrh our O burnof fé at t he
testing day.These tests were run for 30 minutdhe SMPS and APS took several
measurements during this time period and the data for these will be presented. A total
concentration indicates the overall 30 minute measurement, while a graph with time as the
independent variable will show the informatin each individual test.

The second set of data was generated in 10 minute segmbnégsr e t haasddiur nof f

performed The datavereonce again collected in the same manner as that in the 30 minute tests.

2.2.2Laskin NozzleAerosolGenerator

The aerosl generator used for production of the polydisperse particulate flow is a TDA
4B lite. Informationfor this generator may be found in the ésenanualAir Techniques
International, 2014) An example opoly-alphaolefin (PAO) oil aerosol generation shows that
the geometric meatiameteris approximately 230 nmPAO oil is synthetic base stock oil that
is used in various applications and it simia mineral oil. From data testing experience, this

diameteffits very close to the particle sizes generated by Mobile Jétddlitionalinformation
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for the Laskinnozzles is presented (Andrews, McDiarmid, Vijayakumar, & Mills, 2003)At
20 psi, PAO oil produces a geometric mean of 267nm whilditbetyl phthdate ©OP) oil is at
253 nm. These differences can be attributed to rnangesn a system, including viscosity
differences due to temperature, and using different generators. Additionally it is important to
understand that while the particles generatedabout the same size every time, they do vary.
Thisvariationis due to small changes in how the pare@eegenerated and more importantly
how they are measured.

The pressure of the aerosol generator was kept at 20psi for all portitwedesiting
across all of the systems. Tlisnstant input pressuveas to insure that the aerosol output
would not change due to a pressure effect, and this pressure is controlled by a pressure regulator

on the air input of th& DA-4B lite aerosol generataoinit.

2.2.2.1Expected Mass Input
The amount of oil injected into the engine flow streamsuld be measurddr

calculationsand to determine if there are significant oil losses occurring in the sySteen.

aerosol generator was first weighed and then turnddranperiod of time at the predoed

pressure setting of 20 psi\fter the allotted time of test was completed (in general 60 mimutes
100minute}the system was weighed again. This procedure was repeated several times for each
nozzle setting.Thescale used to measure the mass loss was an Ohaus Ranger scale. The
readability is £0.0002Ibm with a full scale measurement of 30Hnmationl is used teestimate
theamount of air injected into the dilution flow streamd the amourttas been norntiaed to

the standard flow rate setting$his equation allows theesultsof multiple tests to be added up

with the proper weighting of flow rates for the time meast@oedhe same number of nozzles

open for injection A Dwyer RMG-104-SSV variable area flow meteapable of reading up to
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400 scfhwas used to measure the flow rate through the aerosol gendédatorformation about
the uncertainty could be found fordhmodel, but is estimated to be £2scfln upstream
pressure regulator was used to prevent the flowmeter from buestohgdingand was set

between 3@o 40 psi.

Equation 1
k i( (P wail, + P ambi)'('?ﬂ °oF)
24T, O\~ 5 i (Toms |
0(,B)=—" : ) )
341
=

Table 2-3 Mass Flow Injection of Oil @ 20psi

Mass/Nozzle | Flow Rate| %Error Flow Rat
# of Nozzlesgm/hr (Ibm/hr) [L/min (cfm %
1 20.5(0.045) [ 90.4 (3.2) 20.6
2 22.0 (0.048) | 64.0(2.3) 14.6
3 19.6 (0.043) | 66.6 (2.4) 11.1

As shown inTable2-3 the amount of oil that is deposited into the dilution air stream is
nominallyabout the same amoup¢r nozzle The slight variations are most likely due to the
nozzles operating slightly differentlyhe flow rate error imable2-3 is the deviation from the
nominalvalue and is not the accuracy of the measurement. Howevéardbesrrordrom the
nominal 75 L/min (2.65 cfminay bedue to themeter These errors atikely due to the higher
pressures of air flowing through the meded thecorrectionformula not accurately predicting
the frictional lossesf the air hos&ia a basic mass flow rate balandéere will be a pressure
loss associated with the flow through the line that was not able to be meagsiream othe
flow meter. At a pressure of 30 psand 80°Rhe density of airs 1.145kg/m”3, which amounts
to a 210% changeAdditionally, the temperatureangeduring testing was 69°F to 84°R.is not

possible to put a flow metar the lineafter the oil injectiorwhere the pressure would be close
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to atmospheric Any meter used after the injection of oil would resull@positionof particles

on the innards of the parts contained within the meter. ddpssitiorwould defeat the purpose

of injecting an aerosol intthe flow stream and thus giveaiccurate valuesHowever, the errors
introduced with the flow through the aerosol generator are very minor. The nominal flow for the
bleed airsimulator is approximately 1000 cfm while the highest flow ratetimtadiluion stream

is at most £fm. Thisflow amounts to an added flow rate of%, well within the uncertainty

of the flow measuring equipment on main bleed air ducting in the simulator. This will be even
lower on the gas turbine engines as the flow rat&3 Btat higher power settings will exceed

2300cfm and 3500cfm for the C18 and C28B respectively.

2.2.2.2Measured Mobile Jet Il ArosolOutput
The oil aerosol output size distribution was also measured prior to the engine run tests

and subsequent to the BAS testirithe size distributioshould be knowprior to the engine or
simulation injectionso as to identify changes to the particulate distributidovatemperature
settings. These changasuld indicate if the manner in which the aerosol is compressed or how
it is heated would have an effect on the fimatosol sizelistribution. Earlier work byMann et

al., 2014)indicated that the pressure did not have a large effect on theheutput, but the

SMPS was not available during testing for the confirmation of such conclusions oo

sizes. The aerosol output could indeed waye ultrafine rangé the methods of compression
vary. In the bleed air simulatdhesimuated bleed aipressure is generated by a reciprocating
compressor. In the Allison Té8-700 (C18) thévleed aipressure is generated by five stages of
axial andonecentrifugal stagéor an overalpressureatio of agproximately6.2:1. The Allison

C28B engine has only one centrifigdage and a ratio of aboutl7
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The graphdelowshow the aerosol outpubé the Laskin nozzle injection systenit is
interesting to note that the diameteaximumpoints do change throughout the different tests
done. This change in diametdrighlights the problem with continually generating an aerosol that
is of a constant nature each and every time. Part of these issues may be attributed to temperature
as shown irldianWen & Jinchun, 2009) As the temperature of the oil increases, the average
droplet size will decrease. The same outcome is also found if the air temperature increases as
well. Conditions in Kansagariedduringsome parts of testingndthe temperature fluctuations
were greater than °35F in a three hour time pari@me casesThe arrent facility setugat
the National Gas Machinery Laboratory (NGML) does not have the ability to run a gas turbine in
a contolled environment, and thus the ambient temperatures are influencedayhlent

weatherconditions

2.2.2.2.1Note On Test Legends
In the data presentgd unique naming convention was usedthe graphgo provide a

unigue name for each ploThis naming convention also prevents confusibaut the conditions
for thegraphs presented in this report.

The test during which the dateeretaken is labeled as TXX, with 01 being the initial
collection A test is referred to an entire run withetutting downwhile the SXX refers ta
sample within that test. If multiple samples were taken, such as five continuously back to back,
and displayed, they have the added suffix of RXX, which refers to the runs within a sample. The
runs will alwaysstart one after thether;otherwise they wilbe categorized as a samplehat is,
if there is any time delay between data,sewill be labeled as a samplé.f 6 LdNe@lon s a
the data set the information was recorded with only the aerosol genekdtbtionally, the

suffix of Inj X indicates how many nozzles were active during the injection of oil. The entire set

42



of data points for the engine conditions may be founipendix B: . The ambient conditions

were not found to influence the aerosol generator output and thus no datartdabtepresented.
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Figure 2-4 Laskin Nozzle Injection Comparison of Mutiple Charge Correction

Figure2-4 shows the effects of the multiple charge correction applied to an aerosol. The
multiple charge correction should be applied at all times, but as mentioned earlier, there are
issues when aesol encounters the bounds of the equipmehte n t he D50 i sndét se
bound The tail end of the aerosol is above the set bounds on the equipment, and thus the charge
correction isnodot able to be aprppeakeodsizappr opri a

distribution data should be inside the bounds measured.
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Sample Average Total Run Concentration
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Figure 2-5 Laskin Nozzle Multiple Charge Correction i Larger Bounds

As can be seen irigure2-4 andFigure2-5, the corrections are being statistically applied
to the previous patrticle sizes as ffaticlesmove though the measuremegstem The
distributions inFigure2-5 weregenerated under the same test conditions with the SMPS time of
scan and flow altered to increase the size bounds. From this increasasureable rangthe
data with the multiple clige correction is more accurately represented th&gure2-4, but
there are still errorsDue to this effect the particle data will be represented without apheult
charge correction for the Laskiiozzles. The effect becomes larger as the particle size
increases, but for the majority of aer@asoleasured on the simulator and the two engines, this
effectwill have a minor impact on the final result8he aerosomeasured at test conditionss

a rangebelow 300nm for the size peak distributioriisis, however important to note these
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correctionsareapplied to the system in order to represent the data as accurately as possible.
Diffusional corrections haveo such issues being applied amdbased on thetreamflow
information such as mass flow rate, temperatarel pressuresNo adjacent bins are needed to
apply these corrections.

Fractional Concentration

Cumulative % Derivative (Normalizes Data)
Comp of MC & No MC T3
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Figure 2-6 Laskin Nozzle Comparison (Fractional)

Figure2-6 is the same figure d3gure2-4 with regardgo the datgpresented However,
the key difference between the tfigures isthe following. The information presentedkigure
2-4 shows thesample agrage concentrationvhose points on the graph are the diameter
midpoint. The information shown Figure2-6 is the cumulative summation derivativehese

datawerediscussed earlier and shows the information in a normalized manner. It can be seen
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from this image that the injectiaize distribution®f all three nozzle appear tonatchfairly
well.

Figure2-7 shows the mass injections between two different days andhsoresultdine
up in regards to different ambient conditioriefractional massraount Figure2-8, shows
where the mass is located aorete again all three of theakkin nozzles line up on the size
distributions These two graphs indicate the Laskin nozzles have reproducible aeripads

within reason.
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Figure 2-7 Laskin Nozzle Mass Injection Distribution
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Different Days same setting
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Figure 2-8 Laskin Nozzle Injection Fractional Mass

The neutralizer also makes a very large impact on the data that is collected. The job of
the neutralizer is to put a known charge distribution onto the particles so that asizimgte
occurs There is not a software correction for this item, but ratteephysical information is
relayed to the output data bdsen the principles of physics. It makes the largest difference on
small particles not being able to be picked ifgthese particles are not registered by the
equipment, then there is the issife@n artificial peak shift. Thisffectis readily seen ifrigure

2-9.
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Sample Average Total Run Concentration
Comp of Soft Ray
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Figure 2-9 Comparison of Soft XRay Laskin Nozzle

The final information piece about the testing is tegedmination of ambierdir and how
muchthe Laskinnozzle injection will outweigh the ambieair concentrations Thisinformation
is importantfor the two jet enginebecause HEPA filter is not able to be installed theair
inlet for the enginedue to pressure drditations Figure2-10 andFigure2-11 show the
comparison of an ambient measurement to the injection measungitieahe nozzle. The
VAC is the measurementith no particulate injection as pushed by the blower/vacuum through
thesystem. Thisneasuremenvasusedto determinaf the blower had any effect on the system
particles generatednd the results indicate that negligible, if amgpact was made. If
particles are detected, they are above the readable size on the SP®ayparticles of this

size arehighly unlikely. The particle concentrations are continually lowedsgheaerodynamic
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particle sizesncrease The concentrations of ttembientair were so much lower they are at
leastthree orders afnagnitudebelow the concentrationgith injection More dilution air will

not lower the concentrations by more than a magnitude which will be shown on the ambient air
data for the two gas turbine engines.

Sample Total Concentration vs. Time
Comp. Ambient to One Nozzle Injection
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Figure 2-10 Laskin Nozzle Ambient Concentrations Comparison

Table 2-4 Ambient and Blower Concentrations(dN/cc)
Run 1 Run 2 Run 3 Run 4 Run 5
Ambient 3.96E+034.34E+03 3.70E+03 4.46E+03 4.05E+0:
Blower 5.04E+03 4.41E+03 3.85E+03 3.61E+03 3.82E+0.
1 Nozzles 1.01E+07 1.02E+07 1.01E+07 1.01E+07 1.01E+0
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Total Run Cumulative % Concentration
Comp. Ambient to One Nozzle Injection
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Figure 2-11 Laskin NozzlesAmbient Cumulative Run

It is also readily seen that even if the concentrations are closer in ag@yafits such as
Figure2-11would help to distinguish the ambient data from the generated particulate data.
Observations also indicatleat the ambientoncentrations chandgem time to time.
Indeed information wapicked up during the burning of local fields around the Manhattan,
Kansas area. Even when visible smoke was observed in the air, the ambient cacedicht
not increase above 1.E3 dN/cc/min in concentratidfith this information at hand, the injemi
concentrations stayed roughly a factor of 100 above the ambient conditions, which includes the
contributions of the blowers or air flow generatof$ius, any contamination from the ambient

air will havevery little impact on the data taken for testing.
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The Aerodynamic Particle Sizer picked up the tail ehthe particle size distributionA
repeatset of tests were run to determine the repeatability of the equipment and how well they
agreed with the SMP&n the overlapped sample partisiee rangesDuring this testthe APS
utilized the diluter in order to accurately measure the particulate counts. The dilution ratio was

100:1.
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Figure 2-12 Laskin Nozzle SMPS & APS Comparison

Figure2-12 shows the SMPS and APS data for the repeated test runs. The APS data is
clustered tighter than the SMPS data, but they appear to correlate very well, considering that not
all corrections are being applied to the SMPS daththat they size participleg bompletely

different physical processes
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Sample Average Total Run Concentration
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Figure 2-13 Laskin Nozzle SMPS & APS Comparison Narrowed

Figure2-13 highlights the overlap of the data even better and tends to show that the
informationmatcheswvell. It should be netd that the APS data at size® . 5 2v@re m
neglectedn thegraphed data. The APS performs the calculations for mean, mode, geometric
meandiameters for the various number, surface, volume, and mass properties ignoring the
<0.523em information. Whi | eexista¢ AP3eist <@8bHBE3
is not able to properly define their siaed thus they are clumped irsiaglegroup below 0.

5 2 3 £TheAPS also has channels that are spaced logarithmically and thus the particles detected
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bel ow <0.523em would be sorted into multiple

that particles below this size exist, businot able to provide any more detailed information

about the particle sizes with the proper accuescgompared to the other channels of.data

2.3 Results and discussion
2.3.1Testing Data (30 Minutes)

The data taken fahe 30 minute tests wetaken over multiple samples on the SMPS and
APS systems. The SMPS system was set to the standard 120s scan time with 15s retrace. At
times this testing scan uptime may vary, which will reduce the uncertainty errors in the data
provided by the SMPS. Thesting concentrations may then be divided by the testing time to
allow direct comparison between the two sets of date APS test time was increagedl35s
to match theSsMPS scan time. This time period resultd snSMPS data sets and 15 AP$ada
sets for each test conditions.

Table2-5 shows the data summary of test conditionsneigg the bleediasimulator.
The designated names will be used on the infaoman the graphs ands stated in the name,
those conditions are the target conditions. Test conditions were limited to within £4°C (£7.2°F)
and +14kPa (x2pspf the specified values The table also lists the average temperature and
pressure valued the heatertube along witlthe average surface temperaturéslditionally the
standard deviatiomalues are given for the temperature measurements in order to help quantify
the variation from the average temperatures measured. It is interesting tleabhstame of the
heaertube temperatures aneuchhigherthan the aerosol test conditions. It could very well be

this issue is what causes the observed variations in the data when comparing multiple test runs.
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Table 2-5 BAS Data Summary (30 Min)

Actual Std. Deviation Reactor Tube Temp
C psi C psi C C C C C

Designated

Name Temp Pressurel Temp Pressure TS1 TS2 TS3 TS4 TS5
115C 30psia 115 29 0.72 0.46 106 113 116 116 115
185C 30psia 187 28 2.96 0.41 157 192 208 215 225
230C 30psia 230 29 2.95 0.46 186 232 255 281 291
230C 50psia 230 54 0.51 1.01 181 217 239 262 271
230C 50psia T2 | N/A N/A N/A N/A N/A- N/A N/A N/A N/A
230C 50psia T3 | N/A N/A N/A N/A N/A N/A N/A N/A NA
230C 70psia 236 69 1.43 1.77 185 219 241 263 273
250C 30psia 248 30 3.14 0.50 195 247 272 301 313
280C 30psia 281 31 4.00 0.53 217 279 309 344 357
280C 50psia 285 51 1.74 1.01 210 263 295 331 344
280C 50psia T2 | 274 50 1.16 0.78 233 282 307 331 340
280C 70psia 281 69 1.69 1.33 202 250 282 317 332
305C 67psia 305 66 2.89 1.78 220 274 312 352 368
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Figure 2-14 BAS Constant Pressure 200kP&30psi)

As wasevidentin the data presented kylann et al., 2014Yhe concentrationseen in
the data irFigure2-14 clearly show that the majority of the concentrations and particle sizes are
submicron and situated in the ultrafine and nanopatrticle regidhe concentrations are seen to
increase in the ultrfine range when the temperature is increased. A second peak starts to
appear at 230°C while simultaneously shifting the 100nm peak to the right closer to Ilam.
concentrations measured thye APSare minimalfor all of thetests Figure2-15illustratesthe
amount of particles the equipment was able to detect. Nearly alds# particles were under
1500nm This information corresponds very well with the informatoasent by{Mann et al.,
2014)and indicates that the aerosol size distributitth oil degradations nearlyall submicron

in nature. The particle countsbservediuring some of the runs wefige to size orders of
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magnitudes in differendeetween the SPS and the SMPRBius with the APS presenting so
little datathe results from it are not includednmost of the data analysigor all practical
purposes, the AP@atacompared to the SMPdata gathered during the theal degradation of

the oil was of little value

Sample Total Concentration vs. Time (APS)
200kPa (30psi)

3.50
3.00

2.50

2.00 T~——

1.50

Concentration (dN/cc)

1.00

0.50

0.00 2 ot e e e ¥ S X
0 5 10 15 20 25 30 35
Time of Run (min)

—o—115C 30psia —m—185C 30psia 230C 30psia 250C 30psia =—%—280C 30psia

Figure 2-15 APS Total Concentration vs. Time
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Figure 2-16 BAS Constant Pressure 345kPa
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Figure 2-17 BAS Constant Pressure 480kPa
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Sample Geometric Mean vs. Time
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Figure 2-18 SMPS Geometric Mean at Constant Pressure
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Figure 2-19 BAS Constant Temperature 230 & 250°C
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Sample Average Total Run Concentration
250°C & 280C & 300C
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Figure 2-20 BAS Constant Temperature 250 & 280°C

It can be observed that in each case of increasing temperature at a constant pressure, the
particle concentrations will increase at the lower size range of approximately 40nm to 65nm.
However, theconcentrationncreases do not correspond witrtainty b any one temperature.

Indeed one case is the three tests at 230°C and 50psia in which two of the curves approximately
overlap while the third shosva trend closer to that of 2&D° There also seems to be a bimodal
tendency when the temperature is higd ¢he pressure is comparatively low.

Information about the geometric means for the pressure setting of 480kPa (70psi) indicate
that the size distribution increasegdiwincreasing temperaturgyggestingthat there are many
factors at playhat influencehe particle sizemeasured Indeed, increasing the pressure has

some viewable effect as well, atigere is amaller secondary pedat doesiot correspond to
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the aerosol injection peak. These smaller peaks are sittlagesto 105 to 115nm, well bew
the 2B80nm of theaerosolnjection peaks as seen in the presentation of the Laskizle data.
The mass graphs may be found in the Appendix.

What appears to be taking place is that as the pressure increases at a constant temperature
the particle sizshifts slightly to a largesize. As the pressure increases, it prevents the particles
from becomingsmalleras the aipressurewill put a greater force on the surface of the small
particle, thus reducing the chance for itltsintegrateor tend togive off molecules The
molecules will want to reactr vaporizeas the temperature increasdfswe look atthe data in
terms of the Gibbgéeenergy, there appears to semecorrelation. Theoncentration data are
plotted as a function d&ibbs functiosin Figure2-21. As can be seen from the figure, the
lower pressures give rise to more energy available for reactions to take Atitgonally over
the rangesiptted there are points at 280°C tha¢ equivalent to points ai10°C for different
pressuresThe Gibbs energy functions are based on the real gas equations as provided by
(Lemmon, Jacobsen, Penoncello, & Firend, 2@0@) presented by NIST

It could also very well be that theeatertube is having an effecausingthe particles
generated to not lmnsistenbver the coursefanultiple tests. The particles will adhere to the
walls of the tubes and then be exposed to increased reaciimme the compressor adds heat,
the conditions of low pressure and high temperature, which may very well be out of range of a
real gas turbine engine, can produce patrticles that are associated with larger tempéfratures.
large amount of particles depiognto the heater tube, the system will artificially inflate the
temperatureIn a real gas turbine, the largéétedtemperaturgossible(neglecting conduction

effects) is the stagnation temperature exiting the compressor.
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Figure 2-21 Gibbs free energy for BAS testingconditions
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Figure 2-22 Enthalpy for BAS testing conditions
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While the Gibbsreeenergy plots are not definitiva terms ofthe particle sizes
produced, the plots show some valuable trends. It is seeaghhe energy available for
reactions continues to increase, the more nanofesrtire producedlt is evident however, that
theproduction ofnanoparticles is influenced by both temperature and pressure effects.

The enthalpy plots provide information that is almost analogous directly to temperature.
It is well understood thatir at the pressures and temperatures invobedthves like an ideal gas
Under this consideration enthalpy is a function of temperature only, which is why the enthalpy
plots vs. pressure are straight line§Vhen air is compressed in a gas turbineghatl always
be the heat of compression and frictional heat generated. The compressibility factor will remain
close to one indicating an ideal gas approximation is véliddent inFigure2-22, the enthalpy
lines are almost completely horizontal in nature and any variation is extremely minsrognd
far less than the uncertainty wfeasurementsFigure2-26 shows the contour lines of the 3D
plot for enthalpy, aerodynamic size and particle concentrations. There are fewer discontinuities
than with the Gibbs energydicatingthat the pressure hassmaller effect on the particle sizes
than does the temperature. This author however, cannot peoeaepleteheory for the
particle size variations as a function of temperature and pressure, but only cojgttuvbat

may be the cause for thefdrences irresults

2.3.2Testing Data (10 Minutes)
Unlike the data taken during 30 minute runs, the data taken during the 10 restsite

werecollectedone ri ght after the other. The frhdaodr e
the system during thigmie. As such, the nature of the measurements is subject to change as the

oil that may have deposited onto the heater tube will accumulate until a reaction temperature is
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met. Howeverthedatahadthe same trends as the 30 minute datae trends arélustrated

though the following figures.

Sample Average Total Run Concentration
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Figure 2-27 BAS Constant Temperature (185°C)
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Sample Average Total Run Concentration
220°C
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Figure 2-28 BAS Constant Temperature (220°C)
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Figure 2-29 BAS ConstantTemperature (250°C)
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Sample Average Total Run Concentration
280°C
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Figure 2-30 BAS Constant Temperature (280°C)

Sample Average Total Run Concentration
310°C
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Figure 2-31 BAS Constant Temperature (310°C)
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It can be seen that the pressure has a smaller effect on the particle sizes than the
temperature by the similarity of the gragior the 10 minute dateSince the Mobile Jet Il will
start to smoke at approximately 280Fgure2-30 andFigure2-31 have very similar size
distributions. The padles situated at 280°C have such a tight clumping of particle thiatthe
geometric meagare within 20nm of each oth@nd may be observed kgure2-32. It is stated
againthat,since multiple peaks occur in the aforementioned grapaggeometric and arithmetic
means are not a very accurate representation of the data. Instead theatmcentmass
graphs provide more information inbow the particles arsizedand how the mass is distributed.

It is further seen that the particles being generated are at a steady condition as evident in

Figure2-33. It was observed that in the course of a two hour measurement thitettiair

simulator produced the same particle concentrations.

Sample Geometric Mean vs. Time
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Figure 2-32 BAS Sample Geometric Mean_SMPS
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Sample Total Concentration vs. Time
310°C
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Figure 2-33 Stability of Concentrations at 310°C

2.4 Conclusions

The bleed air simulator provides the information necessary to investigate the
requirements for the simulated @mgruns. The simulator gave insight into how the particles are
distributed across the various pressures and temperature ranges that an aircraft bleed air might
operate at. It was observed that the particles are mainly submicron around the 100nm and 20nm
sizeswith variouspeaks during these simulated conditioifie smaller particles are generally
associated with a higher Gibfreeenergy, or for the most part a higher temperatdreere is
the question aboudhe way in which the processes are simulated by a reciprocal compressor and
a heater tuband whether onotthe BASactually simulatethe conditions to which a
contamination aerosol may Bebjected iran aircraftengine The compressor blades on an
aircraft will spin up to 50,000 rpm and this influence is still unknown.

However, it was observed that the main influencing factor on the particle sizes was

indeed the temperaturéncreasegressure appeats produce the smaller particle siz&sese
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condusions coincide with those given fiylann et al., 2014)The bleed air simulator was able
to produce consistent data for the particle sizes as shown by the data presented in the 10 minute
measurement sectiavith a greater correlation at the highhemperatures of 280°C and 310°C

The Laskin nozzles also have been shown to produce repeatatd®lsvith the particle
detectiorequipment able to measure the concentrations accurately over multiple tests. This
information helps to secure the knowdedthat the particles are being influenced by the pressure

and temperaturesxperienced by the flow stream
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Chapter3: Al | i s AW 006 3 C18) Engi ne

The second phase of the project for the measurement of particle distributions from
thermal degradation utilizaturbopropengine. For experiments to reach the temperatures
required the engine will need a pressure ratio of approximsitetp nine. Based on an ambient
temperature 021°C (7/0°P), to reach a temperature of 28Qt@e pressure ratio must Bet.

This is a large ratio for any nanodern small engine under 1000 hp. However, the gas will
never be compressed isentropically and thus the temperatures leaving the compressor will be
largerthanfor an isentropic compressiofVith anengine compressasentropic efficiency of

75%, apressure ratio 06.0will produce the required 280°C. Lower efficiencies are found in
older engines and with this information in hand it was decided to utilize an AlliscA 6B,

also known as the Allison 250 C18 foetcivilian application useThe fact that such an engine
was already available was¢soa factor in its selectiohis engine has five stages of axial and
one centrifugal stage for compressamd is rated adn approximate pressure ratio of 6.2. The
engine has a maximum power rating2Z¥#kwW @1%hp) shaft output at sea level while only
weighing approximatelg70N (50 Ibf). This engine has an approximate air flow rate at 90%

cruise power of..36 kg/s 8 Ibm/s).
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Figure 3-1 Allison C18 Test Engine
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3.1 Experimental Setup

Unfortunately it is impossible to separaieed airpressureandtemperaturérom engine
power. The nature in which a gas turbine engine works does not allow for these variables to be
guantfied independeny of each other Additionally, the problem is compounded by the
ambient conditions. The engine will run at higher power settmgeet the same compressor
bleed air temperature on a colder day than is required on a hotter dayth&hmgput pressure
and engine speed are fixed for any one given temperature, which is a unique function of the
atmospheric conditions. Earlier testing on the bleed air simulator indicates that the temperature
is the main controlling factor in regardsthe particle sizes generated. The choice was made to
utilize the temperature as the independent variable for testing on the C18 engine. Unfortunately
fuel costs prohibiteddditionaltesting of presseras the independent variable and was not
valued enagh to tesbased on the bleed air simulator resulfe influence of the engine speed
is unknown and thus was not includeslanindependent variable for testing. It was assumed
that any engine would be running at cruise power settings or closentbthaadifference in
bladeshear impadbetween the two settings would not be enough to contribute any meaningful
effect The C18 enige idles at 60% Nwhich is the gas producer turbiraed producea bleed
air temperature of about 100&Ethis speedTo bring the temperature up to 200°C, which is
below the point of thermal decomposition, the engine needed to run at about 80% power.

The experimental setup consists of several components for the bngmay be
grouped as

1. Oil Injection & Air Intake Henum

2. Bleed Air Extraction Line

w

Engine Accessories

a. Dyno; Coolant Loops; Oil Coolers; Fuel Pumps;
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3.1.1Design Modeled after real aircraft

The system for the bleed air tak#f was designed to be modeled after a real aircraft.
According to data provided Matthews, 2013)the time until the bleed air reaches the
precooler after exiting the engine compressor is between 60 to 130ms or 30 to 60ms depending
on theassociatedemperatures and pressures. The bleed air simulator was designed with an
approximate 70mresidual time.This transient timé an important parameter in the design of
the bleed air extraction line as this is the time until the chemical reactiogsearehedy the
heat exchanger.

Another critical factor in the bleed air design is the amofibleed airextracted
According to the design manual, no more than 4.5% of the total flow for the engine should be
extracted It should be noted that the more bléles extracted, the higher thelaustgas
temperatre (EGT) or also known as tha&tine outtemperature (TOT). The total flow for the
engine will vary greatlyrbm 0.68kg/s 1.51bm/s) up to1.5kg/s 8.31bm/s) to power the engine.
These flow rates will also change depending on the outside ambient temperature and pressure
conditions ofthe day. No more flow should be extracted than is necessapyevent a high
EGT. This requiremenis countetto thetransittime constraint as more mass flow would reduce
the travel timdrom the bleed air extraction pdd the heat exchangeA 0.25in diameteorifice
plate is used to restrithe bleed aiflow andat 220°C an@1 psiaprovides aboud7msfor the
residence time and gives a mass flaivibleed air of 2.5lbm/minA 0.15in diameteorficie plate
can also be used arat,160°C and 4 psi provides a mass flow of 0.97Ibm/min and a residual
time of 140ms.From testing data available after running the gas turbine, calculations of mass
flow compared to measurements were within 19%%oerror from the measurement giving
credence to theasign calculationsThus the two orifice plate sizegeld transit times thadre

approximately representative of the bleed air system as given by Boeing and research into the
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topic. As statedhe engingpowerandtestsettings will influence the time cooling of the bleed
air and it will not be the same between different runs or even during a period of testing as the
atmospheric conditions can vary.

Finally the particle dynamics should be considered in the design of the system. The
flows in the bled air extraction system will be turbulent throughout the entire flow regime in
order to meet the&ransit timeconstraint. Laminar flow coefficients and losses have been well
established for particle dynamics, with references including the famous aytic®bnley &
Kennedy, 1949¢haracterizing the diffusion losses from a stream flowing through a cylindrical
tube. The losses for a turbulent system howeveeasawell understoodue to the random
nature of the flow witm the tube and the probability that a particle will penetrate the boundary
layer and stick to the wall. There are also thermomephoric losses to be considered, which will be
very high through the precooler. However, in light of these difficulties, itldhimiunderstood
that this system imtendedo simulate a system on a real aircraft. Aoynmon airliner bleed
air systemwill have the pressure regulator and precodlgegrated into the system. The
associated particle lossedl occur regardlessfaheairframe or engine due to the nature of how
the bleed air system is conditioned for aircraft use. The losses that may occur are also
outweighed by the reaction times and safety of the operators. It is then assumed that these
losses, even though mag great, will not be considered. It is possible to characterize these
losses by the equations and formulas presented in literature by various authors, but the
uncertainty would be substantial and the teftesiulasdo not account for thiacreased
presure of the flow stream either.

The ultimate goal of this paper is to provide insight and diathe particles that result

from oil thermal degradatiothat could be measured on a typical aircaaiiused for
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development of a bleed air system sensor. It should be understood that the bleed air sensors will
also be situated after the precooler and pressure regulator systems. While there are a few ways to
use sensitive equipment in a high temperature and peessuironment, mostensorsre not

suited for such conditionsThe air temperature may easily rise up to 300°C, but the surrounding
casing in the engine may be much hotter due to radiation and conduction effects. This
temperature will severely limit argtectronic measuring devices that are between the precooler

and the bleed air taps. Additionally there is the issue of safety again in regards to the engine. It

iS not wise to put a sensor meant to monitor the bleed air in a high temperature environment

close to the operational parts of the engine. Any failure that may result could have potentially

devastating consequences.

3.1.2Engine Safety

It is important to note that the bleed air system set up in this experiment was not on a
simulator but rathewas @ an operatinggas turbine engine. It is then of importance to note that
safety was taken at all steps during this testing and also illustrates that some temperature settings
could not be reached as the engine was shut down by control systems to pregenioals
malfunction. The compressturbine and poweturbine sections are spinning over 50,000rpm
and 35,000rpm respectively along witle& 1G335dyno capable rotating at close to 8000rpm
and capable of handlin@8hp. It was decided to put in sajesystems such as the safety ball
valve on the bleed air extraction and the fuel control solenoid along with other redundant
systems.These systems were integratecrder to ensure the engine may be shut dowokly
and remotelyn an emergencyAdditionally, these safety priorities and spacing issues will also

limit the design of théleed air extractiosystem.
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3.1.30il Injection

The oil injection for this experiment used the same model-ABAite Laskin nozzle
unit from Air Techniquesis used with thbleed air simulator anghich has shown to be reliable
for injecting the oil at consistent aerosol size distributidrigure3-2 shows the oil injection
portion ofthe operational system. Shop aisigplied to the aerosol generafbhis air is dried
in order to remove any moisture that may be in the atmospheric air. From the building air tap,
the air passes through a pressure regulator and a solenoid valvere3$wee regulator prevents
the flow meter from bursting due to the high (100psi) supplied air. The solenoid valve is the
backup valve to shut off any air supplied to the aerosol generator as a safety system. It may also
be used to turn the aerosol geateron and offwithout being next to the operating engine,
assuming that the Laskin nozzles are in an open position. The Laskin nozzle air inlet pressure
was limited to 20psi as the default and was not changed.c@hssant inlet pressureas
controlledby an air pressure regulator on the aerosol generator unit. The oil was injected into
the air plenum bothrougha 10 swagl ok t ube Thistub¢inseriedod s moot h
parallelto the ambient air flow stream leading into the engine. @&m@gemenmmay be seen in
Figure3-3 along with the oil sample line. The oil sample line was later removed from the
system as the velocity in the air inlet produced pressures to great for the particle measuring
equipment.After this problem was identifieé pump was considered for use in the oil
extraction line, however it was ultimately disregarded as#inesolsample would be altered

while passing through a pumping device.
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Figure 3-2 C18 Air Inlet System

The air entering the engine from the atmosphere péissmeyhan air plenum box, as
wasspecifiedin the design manual. Two K&N filters were used on the top of the system to
provide air filtering fora flow rate of 2460scfm at 1.5inH20 pressure drop. These filters are not
HEPA filters and are intended to limit debris that may cause malfunction to the értgeyeare
not effective at removing the submicron particles of interest in the blegktditionally, since
the engine is not on a moving platform, there isnhet velocity assistance to the compressor for
pressurgeneration. Thysany pressure drop leading to the compressor section of the engine
should be minimized in order for the systenmun properly and prevent potential overheating.
An ambient air pickoff line is situated under a filter on the air plenum box and is arranged
parallel to the flow direction. This pickoff line is shownFigure3-4. No flow meter was
established on the inlet of the engindteslength of straight inlet duotquired upstrearof the
flow meter was not availablnd thus any measurement of the inlet flow would have bee
inaccurate.Pricesfor short measurement ventmozzles were investigated but costs became
prohibitive for procuremendditionally, the pressure drefor available flow meters were not

acceptable.
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All of the thermocouples on the engine system agh temperature Kypewith an
uncertainty of £1°C. On#hermocouple was placed next to one of the air filters in order to
provide an incoming air temperature measuremgntvasstationedn the side closest to the
exhaust gases in case the wind rede@eny of the combusted gas back into the air inlet. The
convection over the temperature probe is much larger than any radiation or conduction effects
and thus gives the accurate temperature of the incoming air. It was found during testing that the
incoming air did indeed fluctuate by up to 10°F due to the exhaust gases but no particles were
detected relative to trembient conditionfrom this contaminationlf particles did
intermittentlyenter the engine from the combustion gases, the SMPS systehaugy
completely missethem as the size set by the classifier at that point in time may not have
matched the particles entrained. The temperature ahttosing air could also vary from the

lab ambientemperatureneasurements by up to 4°F dependinghantime of day.

79



Figure 3-3 C18 Qil Injection and Sample Ports
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Figure 3-4 C18 Ambient Air Pickoff Inside Plenum Box

3.1.4Bleed Air Extraction Line

Figure3-5illustrates the bleed air system extraction line. All of the bleed air extraction
line was constructed of stainless steel Swagelok tubing indicated for gaseous trartsport.
grounded metallic tubing ensures thahimal electrostatic losses will occurside the lines,
though otheparticlelosses still exist.The C18 engine has two bleed air ports on the compressor

scroll and it was decided to pdllbw from both ports in order to minimize any effect or chance
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of unbalancindglows. An American Sensdfechnologies #A 4000A00100P4B100 analog
pressure transducernth +0.5%BFSL accuracy and +0.25% FS stabivigs usedo measure
pressur@n one bleed atap. It was situated vertically in order to minimize the chance of

water condensing inside the tn@ and causing inaccurate readings. A thermocouple was placed
onthe other bleed air port. Thwo bleed ailines were connected by flexible stainless steel
hoses in order to minimize the vibrational effects of the endiine. two lines were combined
into a single line and sent through-#3 hi gh per formance metal seat
was designed for a fatlosedposition via a spring and a metal seatl had a degn temperature

of 370°C (f00°H. After the valvethe flow will encountethe orifice plate. Several orifice

plates were made but only tBe88mm (0.15in)and6.35mm (0.25inprifice plates were usddr

the C18 engine testingt was determined that tl&e35mm (0.25inprifice plate provided flow

at approximatelyl.13 kg/min(2.5lbm/min) or velocities after the orifice plate 69 m/s 225

ft/s). The6.35mm (0.15inprifice plate provided approximately45 kg/min ¢ lbom/min)to 0.54
kg/min (1.21bm/min) or about30.5 m/s {00 ft/g after the orifice plate. These velocity
calculations include pressure and heat losses of the lines using known factors for friction and
heat transfer. After the orifice plate thadlow line transitiosi nt o a af t 2.0Thdli5me
precooletis from a King Air 200 aircraft which has a larger working engine than the C18. Thus
the precooler would have enough cooling capacity to lower the bleed line temperatures to
suitable sampling conditions. The sampling conditions should nominally be #@ta&104°H

for the SMPS and APS to measure properly. The working pressure of the precooler is
approximately241kPag 85psig and thus the orifice plate is required to lower the pressure of the
system and control the flow. It was originally intendeat the orifice plate would be a control

valve, however the decision to use a precooler forced the design to incorporate an orifice plate as
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the precooler working pressure was discoveéodae below the bleed air pressuréglditionally
any high temperatercontrolvalve would have been too costly for the project.

After the precooler the flowateis measured bgn orifice flow meterplateprocured
from Lambda SquaredThe flow measurement orifice plate is an ORIPAC Model 5300 which
features the pressurapis on the side of the plate thus reducing the piping lengths requilned.
orifice platecomplies withthe ASME MFC-3M-2004 standardnd meets or exceeds the AGA
and ISO standards as well. A thermocouple is situated on this 3in line @dega Px725
100WCGlpressure transducer measures the static flow presgiran accuracy of +0.15% of
calibrated span with £0.05% repeatabilihn Omega Px771A00WCDI pressur&ransducer
measures the differential pressure across the ORIPAC orificenptatan acuracy of +0.1% of
URL with the upper limit sett@ 0 6 0 0.f

Following the measurement devicdse samplingpickoff line islocatedinside the 3in
pipe, which transitions to PVC after approximately 10 more inches of metallic tubing. As stated
earlia the metal piping ensures that the electrostatic losses are minimized. The FTIR pulls its
measurement off the PVC piping since gas compositions are not influenced by the PVC piping.
The pickoff lines rurthroughtwo solenoid valves used to control measaents during testing
and allow rapid response. The bleed line and oil injection line run to the first solenoid valve with
the ambient air measurement line connected to the second solenoid valve. During testing where
only one parameter will be measurdte equipment was hooked directly to bleed aimpickoff
line to minimize any losses.

The 3in bleed air line was also insulated from radiant energy produced from the exhaust
gasses and may be seerfrigure3-6. This figure shows the overall system setup as

implemented for testing.
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Figure 3-5 C18 Bleed Air Extraction System
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Figure 3-6 C18 System Setup
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Figure 3-7 C18 Engine Accessory Systems

The accessorider the engine are shown Figure3-7. This information is displayed to
show the reader the required systeraeded to enable the engine to run. During testing all the
this information was monitored by OPTO 22 and warnings wsetréo ensure that the fuel
system would be shut off as soon as any limit was exceeded. As shbigane3-7, the control
valve was used as an on an off valve for the fuel. Another solenoid valve was inserted at the
combustion chamber inlet fuel line to prevent hot starts of the engine, whileualrbaii valve
ensured that if all electronics failed this valve would cut the fuel from the engine. Gas turbines
are selfsustaining power generators that will continue to run as long as fuel is provided. Thus
the only sure way to stop a gas turbineieags to eliminate any fuel sourc€igure3-7 also
shows the coolant loop system for thanamometer The cooling capacity required for the
dynamometewas meet \th aJE205 G ooling tower. Pressures and temperatures of this
system were also monitored during the system run as any overheating or pressure irregularities

would also cease the engine testing for the day.
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3.1.5Process Control and Monitoring

OPTO 22 was uskfor the entire system monitoring and is Metional Gas Machinery
Laboratory (NGML)default controutility. It is an entire system package of controllers, 1/0,
solid-state relays and software. It uses a brain design where the control informaismeis |
into the brain and allows the process control and monitoring to take place independent of edits to
the system.OPTO monitored the readings from all control components and was set up to display
any warnings i n a mannenr Intasdimgsrwareexdedded and@mer at or
shutdown was implemented, the fuel contralveswereclosed All of the fuel control systems
were established in series and thus if any one of the fuel controls lost power or was ordered off
no fuel would be provied to the engine. A manual switch controlling power to the system was
al so next to the oper Durmgssdthesfuelavas albowed foenter e a s e
the engine only when the compressor speeds had reached approximately 20%. Tmgrélel ¢
governoron the gas turbine were set to idle flow during the prestart check of the system. This
procedure was done toinimize the probability of a hot start where the combustion gasses
exceed th&GT. Whena hot starbccurs the engine must bespected for damage and if
necessary sent back for repair. The fuel control system was implemented in this way after a hot

start was encountered but luckily the OPTO controls prevented any damage.

3.1.5.1.1Data Extraction

The datavereextracted from the brain usj VBA code to access the information over
the network.An Excelspreadsheet connected to the controller and then pulled the information
stored for output from the controller memory. This information was then processed by more
VBA code and put into thepseadsheet itself. Wheacording wasnitiated the data would be

recorded every 3 seconds during the testing until the time allotted expired. Ablackding
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section was also eated in order to capture the datacaseof power outages or other augction
errors. Whenever the code was connected to the controlley thiainformation stored for

output was recorded at intervals of 1d$esedatawerenot only recorded in the excel
spreadsheet but also written and appended to a text file eveiryddise an error on windows or
with excel occurred. Thislackbox implementatiomllowed the data to be captured and was
implemented after a short on the system blew the main breakers during the initial trial starts of

the engine.

3.2Data Analysis

3.2.1Designand Error Estimations

3.2.1.1Losses due to norsokinetic

The variations in the flow rate in the bleed air extraction line do not allow for isokinetic
sampling. The flow rates mentioned earlier from the orifice plate used may vary between 450LP
(15.9cfm)to 1250.PM (44.1fm)depending on the engine power setting and the conditions of the
day. The bleed air extraction line sizes do not changaninghat the velocities encountered on
the bleed air sample port will change and be-isokinetic. These variation®ivever are able
to be quantified. From testing data available the maximum particle size generated that is
significant in concentratiors aboutt0O00Onm or 1. m. tokds aumBer of a DOnm particle
in the flow stream af.6m/s @5ft/s) for oil particles in the sampling tubis 0.003 The Stokes
numberfor most testingvill be lower than this worst case scenaial closer to a value @E-4.
Figure3-8 provides tle aspiration efficiency based on the weibwn relation by Belyaev and
Levin (1974). We can see that even for our systeragpeation efficiencyvill be very close to
1. (Baron & Willeke, 2001)ives a reference for Rader and Marple (1988) that provides the

aspiratiorefficiencyfor a larger Stokes range and is grapheigure3-9. This image shows
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that the aspiration for the majority of the particles concerning our testing willdspugtion
efficiency close to 1. The aspiration efficienciesill only deviate athigher flow rates but

currently the flow rates produced by the 0.25in orifice will provide the needed residence time
and thus more flow is not needed. More flow will also raise the EGT and restrict the ability of

the engine to achieve higher operatingditions.

T T T LN B I B
4,0 T T SR EE PR B RY | T et bt ot UL |

Aspiration efficiency
3.5 Belyaev and Levin (1974)
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T A U/U = 0.2
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Figure 3-8 Aspiration Efficiency
Reproduced froniBaron & Willeke, 2001with permission
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Figure 3-9 Aspiration Efficiency using Rader 1988formulation

The diffusional losses, while large for small particles, will not be more2t#f at the
low range end for our particle size ranges. In fact the SMPS system is liasitechow small of
particles it may measure purely by the fact of diffusibigure3-10 shows the information
regarding diffusional losses. 10nm is the smallest particle size our system is able to measure
with the typical lower range being set at 14 nm. From this imaigeclear that the losses will
not be great in the sampling tube as the Reynolds number is approximately 900 t&ifQ0®.
3-11 also shows the diffusional losses foe tsampling tubes going from the SMPS and APS to
the bleed air pickoff line. These estinmtedicate a loss @pproximatelyl0% at most and only
for thesmallestparticle sizesneasureable by the SMPShe flow velocities using a 0.25in

diameter orifie plate are no more than 15ft/s at the most.
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Figure 3-10 Diffusional Lossesin General
Reproduced froniBaron & Willeke, 2001)
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Figure 3-11 Diffusional Losses Plotted
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In fact the losses of particles for the system sampling pickoff portateriow with the
diffusional losses being the primary means of inefficiencies. Tlbeses showp most on the
ambient air measurement line as the length is much longer than it is for the bleed air sampling
line. However, the losses are still low and therof sampling from the 3in line is no more than
about5% nominallyfor all losses combinedncluding gravitational settling, curve bending
efficiency, and various other correctionBhe particles measured by the equipment are
representative of the bléair line. Recall that sensors utilized for the bleed air measurement
will also be in a similar location to that of the bleed air line pickdtie bleed air oil injection
losses are also minimal and express efficiencies close to 98%.

The system was diggmed based on standard equations of heat transfer and pressure drop.
From information gained from testing, the design flow rate was in error by ¥% foom the
measured flow rates. The measured flow rates are calculated according to ASME orifice plate

standards with values of coefficients provided on the data sheet given by Lambda Squared.

3.3 Results and Discussion

3.3.1Notes on data naming

Refer tosection2.2.2.2.Ifor the discussion of graph legends.

3.3.2Notes on FTIR Data
The data taken by the FTIR during the engine testieigefound to be very low in

resolution compared to ambient conditions. The da&tafor all practical purposes
indistinguishable from the ambiereadings and thus no solid conclusions could be made. While
there were some apparent CO2 peaks that occurred, nothing was definitive to a great degree.
These low concentrations arest likely due to the large volume of air compared to the minor

amountof oil injected. CO2 and CO peaks were able to be picked up on the bleed air simulator,
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but only after the connecting directly to the injection system after the heater tube and before the
airstream wasliluted by the main airflow Thisarrangemenbypased the dilution air of the
bleed air simulator anenabledhe FTIR to distinguish the gas compositions from the
atmospheric baseline. Increasing (€@elswere observed for increasing pressure and
temperatures CO measuremenks&d a maximunat 42 ppm 8310°C and 690kPa (100psi) with
concentrations being lower at lower temperature conditi®nsce it is impossible to separate
the dilution air from the oil injection air in a gas turbine seitthg FTIR measurements yielded
nothing. The flow rate fathe oil injection air at the BAS was approximatéBLPM (2.7cfm)
while the C18 engine flow rates are up to 2500scfm, and thus the 422ppneasurementaken
at 310°C and 690kPa (100psi) the BASwill be diluted below the resolution of the FTIR.
Detailed FTIRandaldehyde concentratiatata will beaddressed bRpr. Shahin Nayyeri Amiri

in a complementary project

3.3.3Ambient Separation

The first data set taken on the engine iméasndedo establisithe ambient, background
and air plenum box readings. Thigta setvasintendedto ensure that theoncentrations
measuredluring the injection of oil were due to the oil going through the engine and not an
artifact of ambienparticulateor exhaust gase The background refers to measurements taken
with noengine runningvith nooil injection It is usedto establish the baseline readings of a
sample location. The ambient readings refer to data taken by the equipment not hooked up to a
sample locatiomut measuring from the ambient air next to the testing stancse@iaawere

taken in sample sets of five runs back to back and the data shownavetbes averagestalues
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Sample Average Total Run Concentration
Ambient and Background Measurements
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Figure 3-12 C18 BackgroundMeasurements

TO1 SO1 and TO1 S04 are both ambient measurements. S02 and S03 are both
measurements of the bleed air sample port and the air plenum box sample ports respectively. As
can be seen, the information showdicates that the ambienmteasurements are all relatively
close in concentrations and are low in concentrations. The typical concentrations seen over a
120s run on the SMPS system indicate concentration levels arourtNI¢&E3or ambient
readings.

Datawerethen recorded while @pating the engine at the following conditions: &6
N1, 8078% N2, 200°C, 53 psiand about 100hjm the same five sample increments. These

sample runs add up to approximately 11 minute data sets that are shown as averaged.
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Sample Average Total Run Concentration
No Injection Measurements
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Figure 3-13C18 No Injection

It may be seen frorRigure3-13that there are particles picked up during the running of
the engine. These paties are most likely then the particles associated with the combustion
gases of the exhaust. The concentrations are also a magnitude higher than the background and
ambient baseline concentrations. S05 and S12 are ambient while SO06 and SO7 are both bleed

line measurements.
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Sample Average Total Run Concentration
Injection Measurements
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Figure 3-14 C18 Initial Injection

Figure3-14 shows the data taken when oil was injected. &@BS09 are both bleed air
line measurements while the S10 is the air plenum box measurement. The air plenum box is
indeed much lower as there should be no oil pickup from this measurement. A comparison of
the air plenum box while the engine is runniadhe no injection measurements of the air
plenum box is shown iRigure3-15. Thismeasuremernihdicates that while oil is being injected
the particulate matter maycrease in the exhaust gases; the increase is marginal compared to the

concentrations seen kFigure3-14.
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Sample Average Total Run Concentration
Air Plenum Comparison
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Figure 3-15 Air Plenum Comparison

However, it was observed that oil did build up on the system during the tehisand
effectis shown in thd=igure3-16. S08 and S09 areth the oil injection measurements while
all S11 RXX data points are taken after the oil has been turned offfigurisclearly shows
that oil residual will remain on the engine after the oil is turned off and thatikligposition
effectcould potetially impact the results. It is further seen that the concentrations move to the
smaller sizes as the test continues. This begs the question if the amount of oil injected will affect
the concentration peaks and how long until the oil is removed aftémjdctions take place. Itis
obvious that this process will be longer than 10 minasethe mass decay may be sedrigure

3-17. These figures seem to indicaehin layer of oil film being deposited snrfaces irthe
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engine. The deposition of particles on the inlet intake transition is likely to be small as the main

point of impact will obviously be the compressor blades.

Sample Average Total Run Concentration
Bleed Air Line Measurements
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Figure 3-16 C18 Bleed Air Line Measurements
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Figure 3-17 C18 Initial Mass Decay
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3.3.4Steady State Decay

The steady state decay measurements were taken at similar conditions to those in the TO1
data set. The engim®nditionsweremaintained at approximately 200 and 60 psi& 57psia.
These engine conditiomgave an approximate power output of 126Hd 7hp as the ambient
temperatures of the plenum varied from 70°F to 77°F. These variations took place over a three
hour time period and illustrate the difficulties of maintaining a constant testing state of the
engine. The test was done by first atjeg oi with a single Laskin ozzle. The number of
nozzleswasincreasedricrementally up to three and immediately following the completion of the
three nozzle test the aerosol generator was removed and the injection line sealed with a cork to
prevent anyurther injection Thus, with no more oil being injected and the source of oil
injection removed the decay of the oil film on the engine was measured over a 1hour and

15minute period.

3.3.4.1Nozzle Injection Variation of Particle Concentrations

In this test TO4 to TO6 correspond to increasimgmber ofnozzlesfor injection. From
Figure3-18 andFigure3-19it may be seen that the variation in particle size concentradioas
with the amount of oil injected. Several theories may be developedhesedata. This author
puts forth the idea that as more oil is deposited, a thicker\@ldorm on blade surfaces and
allowslarger particles to develggnd thus shift the size distribution to the right. The shift in the
data from each nozzle is approximately 8 to 10nm for each additional néxglee3-19 also
indicates that the geometric mediameterfor the data is actually relatively stable considering
the uncertainty on size is £3.5%. Thtability in geometric mean diametadicates that th
dataweretaken at a steady state operating condition and that the time of injection for the oil does

not matter. If the time of injection were to influence the data, the trends would have a positive
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slope. Additionally, each test was initiated no ntben 30 seconds after the previous test

indicating that the film build up is very quick as well. It is possible that the accumulation of the

oil layer is responsible for the apparent increase in the first point of the single hazkia

injection. Whais also seen is that the concentration levels are very close in amount measured as
well, providingfurtherevidence that the Laskimozzles have a repeatable injection rate for
concentration and mass.

Sample Average Total Run Concentration
Oil Mass Injection Rate Variation
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Figure 3-18 C18 Nozzle Concentration Variation
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Sample Geometric Mean vs. Time
Oil Mass Injection Rate Variation
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Figure 3-19 C18 NozzleGeometric MeanVariation

100

12



Sample Average Total Run Mass
Oil Mass Injection Rate Variation
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Figure 3-20Nozzle Variationi Mass

Figure3-20 shows that the mass also increases for more nozzles being acivated|d
be expectedFigure3-21 provides the total calculated mass through time and indicates as well
that the mass increase between each nozzle is clearlyl$meamount of mass increase is
approximately the same between the number of nozzles actavaddad estimated t 2 843 5

and 270& g/ for one to two and two to three respectively
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Figure 3-21 Nozzle Variation Total Mass

3.3.4.2Decay of Oil Film

12

T02 and T03 both recorded the de@agoncentration after thal being injected into the
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engine test stantkases The main difference between the two tests is that TO3 was recorded for
a longer period of timand oil was reintroduced into the system for five minutes between T02
S08 and T0O2 S09FigureA-22 andFigure3-23clearly illustrate the oil decay happening during
the recorded measuremts. The cumulative distribution is used to show that at test T02 S09,
almost 90% of the recorded partisiees ardelow the size of 20nmT02 S09 was recorded an
hour after the initial oil injection and 20 minutes after the reinjection. LikewiseS0@Zhows

that about 80% of the particles are below 201ithe oil mass recorded also decays at a fairly

exponential ratasis seen in T02 S05 on the total oil mass graph.mass being shed by the



system reaches approximat@8e g/ after 35 minutedeforeoil is reintroduced into the
system. After a five minutetime periodof oil injection into the system, the recorded mass
reaches approximateffbe g/ within 10 minutef no oil injection The relative
concentrations stayed approximately the same in number as can be shkaguna-24 thus
indicating that there is an oil film buildup and that thefibit decays relatively slowly compared
to the buildup times. The time of buildup seems to be faster than the 120nedg&riodas
seen inFigure3-19.
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Figure A-22T02 Oil Decay Total %
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Total Mass vs. Time
Oil Decay
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Figure 3-23T02 Oil Decay Total Mass
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Sample Average Total Run Concentration
Oil Decay
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Figure 3-24T02 Oil Decay Concentration 11min averages
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Figure 3-25T03 Oil Decay Concentration11min averages
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The oil decay rate may be seen frbigure3-25. S06 was takewith three nozzle
injectingwith the following data at the same approximate 11minute intervals. Thus S07 to S15
show the decay of the oil injection. The same trend may also be obsemélas The dat
also indicatehat the particulate distribution shifts lower and lower until the equipment is no
longer able to measure the nanoparticlegiure3-26is also giverfor the TO3 test data and
indicates again the movement of the particle distribution to the smaller and smaller sizes as the
oil is removed from the system. By S12 95% of the oil particle distribution is below ZDmen.
mass is &ubicfunction of the cacentrations, and thus will decay much fasteolaserved in
earlier figures.
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Figure 3-26 Oil Decay T03 Total %
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The preceding data also establisk information needed in order to vary engine
conditions. While these tests were recorded at approximately the same engine power throughout
the test, we need to test other temperatures and pressures. Thus, with fuel supply limiting the
testing run timewe will vary the engine conditions with knowledge that the buildup of any oil
film will be quick and that while the oil is being injected the system will be at a constant state.

Oil in the remaining tests was injected with three nozzles and left amgdemgine transitions.

3.3.5Results &Trends

The following graphs wilpresenthe datégor various emperatureand pressures. It is
unknown why the concentrations varied so much between some runs and is thought to be
attributedto the engine flow ratandpowervariations due to atmospheric temperature and
pressure differencedt is unfortunate that the dasaenot consistently repeatable between days,
butthere are some trends evide#rts the temperature increases a trenthénparticle sizes may
be ®en. There is also evidence that the blades do impact the particles generated at lower

temperatures.
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Figure 3-27 C18 100°C Compiled Concentration Data
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Figure 3-28 C18 115°CCompiled Concentration Data
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Sample Average Total Run Concentration
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Figure 3-29C18 125°C Compiled Concentration Data
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Figure 3-30C18 135°C Compiled Concentration Data
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Sample Average Total Run Concentration
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Figure 3-31C18 140°C CompiledConcentration Data
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Figure 3-32C18 140°C & 143°CCompiled Concentration Data
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Figure 3-33C18 143°C & 145°C Compiled Concentration Data
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Figure 3-34C18 150°C Compiled Concentration Data
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Sample Average Total Run Concentration
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Figure 3-35C18 155°C Compiled ConcentratiorData
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Figure 3-36 C18 160°C Compiled Concentration Data
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Sample Average Total Run Concentration
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Figure 3-37 C18 165°C Compiled Concentration Data
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Figure 3-38 C18 180°C Compiled Concentration Data
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Sample Average Total Run Concentration
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Figure 3-39C18 200°C Compiled Concentration Data
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Figure 3-40C18 210°C Compiled Concentration Data
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Sample Average Total Run Concentration
210°C to 213C
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Figure 3-41C18 210°C & 213°C Compiled Concentration Data
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Figure 3-42C18 213°C & 215°C Compiled Concentration Data
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Sample Average Total Run Concentration
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Figure 3-43C18 220°C Compiled Concentration Data
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Figure 3-44C18 230°C Compiled Concentration Data
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Sample Average Total Run Concentration
235°C
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Figure 3-45C18 235°C Compiled Concentration @ta
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Figure 3-46 C18 240°C Compiled Concentration Data
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3.3.6Discussion

Further information is in the appendidasluding presentation dhe cumulative percent
distribution. The cumulative percent graphs and sample average concentrationpy@apties
the necessary information to also denwanyof the graphs andtherinformation needed.

The low temperaturtestsof 140°C and below show variations in the concentration
duringa run. These variations atikely due to the engine running close to idle and the
fluctuations of the power turbine that result from such a low power setting. The power turbine
will fluctuate slightly as very little torque load is applied at the caomualt producing a
temperature range of 100°C to 150°C. Additiontily aerosol may not be mixing adequatdly
such a low flow rate A gas turbine is not meant to be run closiell®and is very inefficient
when running at such power settings. The*@@raph showthe main aerosol peak distribution
center at approximately 230nm. Thgormationconcurs with the information from the Laskin
nozzle testingthough the peak may be slightly higher due to some coagutdttbe particles
There is alsdhe appearance of a smaller peak around the 20nm range. As the settings of the
engine increase up to 140°C the smaller peaks start to shift towards the 200nm range peak.
Additionally the 200nm peaks start to mdedower particle sizeslightly. Both gaks are about
the same concentration magnitudes indicating the majority of mass is still at the sieeso
generated by the Laskionzles. It is evident that the temperatures are much lower than the
temperatures required ftrermal decomposition anbde prime suspect causing the smaller
peaks is blade shear. The blades at 140°C are rotating at approximately 35750rpm, which
amounts to blade tip velocities in excess of 800ft/s. Thermal decomposition is estimated at

180°C to 230°C from the bleed ainsilator and literature. Thaossibility that the particle sizes
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are being influenced by blade shear indic#tes the bleed air simulator results may not be
accurate in modeling what happens in a gas turbine engine. The main difference is how
compressia is achieved. In the simulator a reciprocating compressor was used,invaitgas
turbing axial and centrifugatompressostages are used in order to compress the incoming air.

From 140°C to 150°@he smaller peak seems to move out of the measunesatige
while slightly increasing in concentration. It is very possible that an effect with the speed of
sound and the particle shear is taking place as the blade velocities are approaching the speed of
sound at these temperatures. It is also indicdtiatthe particles are being sheared very readily
when the peaks completely vanish as seen at 155°C and 145°C. The oil is being injected at this
point, butthe particles canndite detected, and only tlead of the size distribution seemas
appear.

At 165°C the particle datappearo have stabilized arareunder the influence of
thermalfactors All of the data takeabovel65°C arenonomodal in nature and no secondary
peaks occur as was observed on the bleed air simulettermode of the data appetvde at
30nm. The data at 165°C lines up very nicely, iugretaken on a single day.

The measurements at 180°C however dcendirely line up as expected but the trend is
observedn theshift in peak sizesThesedata show that the peaks are shgtto the right and sit
at approximately 50nm to 70nm. As the graphs clearly show, the peaks continue to shift to the
right as the temperature increases and stop at approxirG@tetyto 100nm with the data sets
starting to line up better. While the inconsistency between the tests may be observed, the
information about the trend remains clear. The particle size distribution collapses to a

monomodal peak and is fairly consistenthie mode of size between 200°C and 240°C.
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Chapter4. ComparRessounl t s & Di scussi

The data generated by the bleed air simulator produced resukisg¢bamewhat
representative of the gas turbit@ta Figure4-1 shows the bleed air simulator and the gas
turbinedata comparedThe data from the 30 minute run on the BAS is lower in concentration
due to the difference in flow rate and mass injectiddgting the BAStestsonly one Laskin
nozzle was used, which when run on the gas turbine was shown to have a smaller peak size
distribution on the data by about 20nm when compared to the three nozzle injection rate. The
difference in peaks are approximigt20nm in size and thus the information between the BAS
and the gas turbine do indeed correlate when these factors are taken into account. Unfortunately
no test of multiple nozzles were run on the simulator primarily due to the reason that the particles
would overwhelm even the SMPS and APS systems and would produce inaccurate
measurementsThe fractional concentrations also show that the two test points correlate,
although the bleed air simulator produced resultse tightly clustered wh a lower geortric
deviation. Table4-1 shows this information in a condensed forithe C18 data are represented
by the TO6 and TO7 data sets while the BAS is represented bthirs. As noted earlier, the
C18 and Laskin nozzle data are uniquely named by the TXX & SXX system. The BAS data has
no naming system.

Table 4-1 230°C 70psia Test Conditions

BAS BAS_Shiftedroé SO5ro6 Soi
Geo. Mean 44.89 65.6 69.46 67.04
Geo. STD 1.376 1.242 1.454 1.453
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Sample Average Total Run Concentration
230°C & 70psia
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Figure 4-1 C18 & BAS Comparison
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Figure 4-2 C18 & BAS ComparisonPercent
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Total Run % Concentration
115°C & ~30psia
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Figure 4-3 C18 & BAS Low Run Comparison

Figure4-3 showsresults fromtests withtemperature maintained at approximately 116f@re

the conditions between the BAS and C18 are closEsis figure seems to indicate that the type

of compression does influence the particle sizes. It is possible that the heater tube temperature
may be affecting the distribution, but in the 115°F test, the reciprocating compressor produced a
heatofcompessi on approxi mately at 110AF and thus

115°F. The most likelyeason foof the differencess the reciprocating compressor for the BAS
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and the axial blade shearing for the gas turbine tests.

Total Run % Concentration
280°C BAS & 240 C18
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Figure 4-4 High Temperature Test Comparison
Figure4-4 shows the data for 280°C on the BAS and at 240°C foCfl&engine. T23

& T25 areboth from the BAS while the TO6 samples are from the C18. The concentration mode
for the C18 at 240°C is at approximately 80nm. This is a 10nm offset from the data at 230°C
shown inFigure4-1. If comparing the geometric means, the offset between C18 at 240°C and
230°C is only 3nm.However, the data from 280°C is the next closest point to compatbend

do not line upas well although he data do show the tredaéscussed earlier. The BAS has a

smaller geometric standard deviation than the C18 data with T23 and T25 having a 1.25 and 1.24
respectively. TO6 S01, TO6 S02, and TO6 SO03 have geometric standard deviations of 1.46, 1.41
and 1.415 respectivelyAs a reninder the geometric standard deviation is a dimensionless

quality with a value equal to or greater than 1.0.
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Chapter5: Concl usi ons

Overall the information presented in this paper gives the reader insight into the aerosol
distributionsof oil by ableed airsimulatoranda gasturbineengine The data produced by the
bleed air simulator was shown to be approximately similar to the gas turbine generated data
when corrections for various factors were considetdtie elevated temperatureghe
information produced by the BAS did not correlate well at the |¢@reperaturesettings and the
type of compression is thought to affect the aerosol distributitmwever, in a very general
sense there is consistency in that the majority of thecfgsmeasured in all cases are well into
the submicron range.

The particle size distributions are seen to be affected by the compressor type at low
speeds; however at higher speeds the temperature appears to be the controlling factor.
Additionally, abowe approximately 200°C the aerosol seems to be betdé@&00nm depending
slightly on the conditions. Thisendis observed on both the gas turbine and BAS when
compaable conditions are considered. Increasing the BAS to 310°C showed this same trend
while increasing pressures in a similar manner to those seen on the gas turbine. However, when
pressure was lowered at conditions such as 3§8tGndaryeaks started to appear in @
30nm range.

While it is not possible to know the exact physjgaicesses that lead to aerosol
generation in the engine compressatade shear in the gas turbindikely to have an effect on
the particle size distribution as the particles disappear below the smallest size measureable by the
SMPS equipment, but theaappear as the temperature and pressure increase.

It was also observed that the amount of oil injected into the system would influence the

particle sizes witla peakshift up to 20nm with a change of approximately a factor of three in the
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injection massate It was decided to run the engine tests with all three nozzles injecting oil into
the system to maintain consisteranyd to allow rapid data collection. The latter consideration is
importantdue to fuelconsumption The data produced by the engindicates that repeatability

is very unlikely. While the gas turbine will produce consistent data during an operation or test,
the results will vary from day to day. Variations in atmospheric conditiananfluence the

mass flow and power settings oetengine, and houghtto be the primary contributor for these
discrepancies.

While the above discussion focuses on the differences between the BAS and C18 results
and on variations in the results, there is one overriding and consistent result. Regsrdle
whether the BAS or C18 is used and regardless of the test conditions at temperatures
representative of engine operation, there are large numbers of submicron particles at
concentrations well above background levels. Thus, there is every reasbeve that an
appropriate submicron particle detector would be a reliable indicator of oil contamination of
bleed air. The chemical gas analysis data collected thus far indicates that exceedingly low
detection levels may be required for reliable oil contetion detection by gaseous chemical

detection means.

5.1 Future Work

Future work shouldltimatelyinclude the investigation of testing sensdesignson
aerosols similar in nature to those presdnh the data in this reporT.he reason is so that an
adual low cost sensor capable of detecting air quality incidents may be developed and deployed
oncommercial aircraft.

Further additional work for the future is to repeat the testing of oil injection into an

aircraft engine with a higher pressure ratio.rrf€nt work is being done to ready an Allison 250
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C28Bengine on the¢est stanct NGML at KSU This newer engine has a pressure ratio of
approximately 7.0. This pressure ratio should allow the engine compressor to achieve the higher
temperatures that anecessary to produce thermal decomposition of Mobile J&@verlapping
conditions such athe temperature range of T&Dto 200°C may also be tested to analyze the
effect of how the gas is compressed. The C28B engine has only a single centrifiegirstag
compression, which is in contrast to the 5 astajesand one centrifugal stage on the C18
engine. The compression may very well alter the particle sizes.

A possible option to gain better understand the effects of temperature, pressure and
enginespeed would be to repeat the work in an altitude chamber. This would allow for the
control of ambient pressure and temperature which would allow the operator some control over
the parameters. A major drawback to this option is the extraordinary cdsistliid be
unavoidable. Very few facilities have this capability and the engine test stand must include a
rigid metallic bleed air extraction line.

In addition work should also be undertaken on a commercial aircraft engine such as the
F117PW-100 power fant used in C17 airframes. Kansas State University is currently involved
in a large scale project that will utilize the aforementioned engine for various regealsh
Industry partners such as Boeing, Honeywell, and NASA are heavily involved mveéstment
of the research project code named VIBKNng place at Edwards Air Force Base (EAFB)

Kansas State University paired with Auburn University working under the Aircraft Cabin
Environmental Research (ACER) Lab are working on measuring partidegaarconstituents
from oil injected after the'®stage of compressiorThis research will be taking place in the
summer of 2015 and should provide more informadéibautthe process of thermal

decomposition of oil.
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Bleed air contamination with kyaulic fluidsshouldbe tested athese fluidsan be the
cause of bleed air incidemtHydraulic fluids were not tested on the current system and as such,
may show an entirely different aerosol distribution peak. Thermal decompasitigdraulic
fluidsoccursat different busimilartemperature conditions as Mobile Jet Il oil. The thermal
decompositions may affect the aerosol output just as the different viscosity may affect the
particles generated due to blade shear.

Another consideration is to meldan oil leak in a gas turbine engine. It could very well
be that smaller oil leaks occur throughout the flight, but due to flow patternsritemination
would not reach a bleed air tap. Modeling an engine and evaluating the probability of heated oil
entering the bleed air flow stream may be a significant facdrleaks in a larger gas turbine
may not be well distributed as assumed in this projeg&h oil leak occurring on the compressor

may or may not reach the bleed air extracport
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Data for the mass distributions are shown first for the 10 minute and 30 minute data.

They are later followed by the data sets of cumulative percent concentration for both the 10

Appendix A: Bl eed

minute and 30 minute data sets.

A.1 30 Minute Data Summary

The data table below shows the information of the tests conducted on a 30 minute time

Al

rSi

period. The graphf®llowing are given for various temperature and pressures.

Table A-1 30 Minute Data Summary

Actual Std. Deviation Reactor Tube Temp
C psi C psi C C C C C

Designated

Name Temp Pressurel Temp Pressure TS1 TS2 TS3 TS4 TS5
115C 30psia 115 29 0.72 0.46 106 113 116 116 115
185C 30psia 187 28 2.96 0.41 157 192 208 215 225
230C 30psia 230 29 2.95 0.46 186 232 255 281 291
230C 50psia 230 54 0.51 1.01 181 217 239 262 271
230C 50psia T2 | N/A N/A N/A N/A N/A  N/A N/A N/A N/A
230C 50psia T3 | N/A N/A N/A N/A N/A N/A N/A N/A N/A
230C 70psia 236 69 1.43 1.77 185 219 241 263 273
250C 30psia 248 30 3.14 0.50 195 247 272 301 313
280C 30psia 281 31 4.00 0.53 217 279 309 344 357
280C 50psia 285 51 1.74 1.01 210 263 295 331 344
280C 50psia T2 | 274 50 1.16 0.78 233 282 307 331 340
280C 70psia 281 69 1.69 1.33 202 250 282 317 332
305C 67psia 305 66 2.89 1.78 220 274 312 352 368
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A.2 Mass Data30Minute Simulator

Sample Average Total Run Mass
200kPa (30psi)

4.00E+02
3.50E+02
3.00E+02
2.50E+02

2.00E+02

Mass (ug/m”3)

1.50E+02

1.00E+02

5.00E+01

0.00E+00 4/—J

10 100 1000
Aerodynamic Particle Size (nm)

——115C 30psia

185C 30psia

230C 30psia 250C 30psia

280C 30psia

Figure A-1 BAS 30Min Mass- 200kPa (30psi)



Sample Average Total Run Mass
345kPa (50psi)
4.50E+02
4.00E+02
3.50E+02
3.00E+02

2.50E+02

2.00E+02

Mass (ug/m”3)

1.50E+02

1.00E+02

5.00E+01

0.00E+00
10 100 1000
Aerodynamic Particle Size (nm)

———230C 50psia —230C 50psia T2 —230C 50psia T3 280C 50psia ——280C 50psia T2

Figure A-2 BAS 30Min Mass- 345%Pa (50psi)



Sample Average Total Run Mass
480 kPa (70psi)

4.50E+02
4.00E+02
3.50E+02
3.00E+02
2.50E+02

2.00E+02

Mass (ug/m”3)

1.50E+02

1.00E+02

5.00E+01 \

N
0.00E+00 4-4 S~ —

10 100 1000
Aerodynamic Particle Size (nm)

———230C 70psia ——280C 70psia ——305C 67psia

Figure A-3 BAS 30Min Mass- 480kPa (Dpsi)



Sample Average Total Run Mass
230°C & 250C

4.50E+02
4.00E+02
3.50E+02
3.00E+02
2.50E+02

2.00E+02

Mass (ug/m”3)

1.50E+02

1.00E+02

5.00E+01

0.00E+00
10 100 1000
Aerodynamic Particle Size (nm)

— 230C 30psia

230C 50psia

230C 50psia T2 = 230C 50psia T3 = 230C 70psia

250C 30psia

Figure A-4 BAS 30Min Mass- 230°C & 250°C



Sample Average Total Run Mass
250°C & 280C & 300C

4.50E+02
4.00E+02
3.50E+02
3.00E+02
2.50E+02

2.00E+02

Mass (ug/m”3)

1.50E+02

1.00E+02

5.00E+01

0.00E+00
10 100 1000
Aerodynamic Particle Size (nm)

—250C 30psia 280C 30psia 280C 50psia 280C 50psia T2 =——280C 70psia

305C 67psia

Figure A-5 BAS 30Min Mass- 250°C to 300°C



A.3 10 Minute Data Summary

The 10 minute dataresummarized in the table below. The conditions are listed along
with the naming convention used. TXX is used as the primary unique identifier with the
temperature and pressure following. Suffix of OL indicates that oil injection was done while a
suffix of A indicates that the tests were done with no oil injection. Gméynozzle was used
during the 10 minute testing.

Standard deviations are given from the average measured temperature and pressures.
Highlighted values in red are given for tests that had a standard deviation above 2. The enthalpy

and Gibbs plots earliersed the average measured temperatures for calculating the graphs.



Table A-2 10 Minute Data Summary

Test
#

© 0o ~NO O WDN PP

W WWWWWWWNDNDNDNDNDNMNMNNMNNNNRPRERPRPEPERPEPRPERPPRPRPRERPRE
NO O, WNPFPOOONOOOPRRWNPEPOOONO OGMMWDNDLEREDO

Targets

Pressure
psia
30
30
30
30
30
30
30
30
30
50
50
50
50
50
50
70
100
70
50
70
70
70
70
70
70
70
70
70
100
100
100
100
100
100
100
100
100

Temp
Deg C
220
250
280
310
185
220
250
280
310
185
185
220
250
280
310
310
310
310
310
185
220
250
280
310
280
250
220
185
185
220
250
280
310
280
250
220
185

Pavg
psia
30.62
31.08
31.07
31.64
30.29
31.61
32.56
34.15
34.79
48.41
49.76
49.62
49.12
49.20
49.21
75.72
124.06
66.08
52.04
70.75
69.67
69.36
70.86
70.96
72.56
72.35
70.75
67.88

P sig
psia
0.461
0.375
0.484
0.507
0.419
0.462
0.384
0.588
0.448
1.413
0.460
0.438
0.441
0.485
0.482
1.391
17.237
3.005
0.361
0.730
1.079
0.694
0.662
0.977
0.802
0.923
0.982
11.248

Tavg
Deg C
215.40
254.71
280.11
310.68
183.57
217.30
245.83
279.22
304.10
180.33
187.24
220.49
249.29
278.14
309.87
309.25
313.77
309.20
306.69
178.49
221.25
253.73
289.63
310.47
284.74
256.15
221.95
185.09

T sig

Deg C
6.861
1.185
0.902
6.206
3.457
2.406
1.600
0.987
3.966
1.41

0.474
0.590
0.677
0.542
0.398
0.984
1.001
1.108
0.36

2.150
1.957
1.007
1.113
1.138
0.588
0.752
4.702
3.648



A.4 Mass Data 10 Minute Simulator

Sample Average Total Run Mass
200kPa (30psi)

1.80E+02
1.60E+02
1.40E+02
1.20E+02
1.00E+02

8.00E+01

Mass (ug/m”3)

6.00E+01
4.00E+01
2.00E+01
0.00E+00

10 100 1000
Aerodynamic Particle Size (nm)

——T05 - 185C 30psia G&=—TO06 - 220C 30psia G&—T07 - 250C 30psia OL
TO8 - 280C 30psia G=—T09 - 310C 30psia OL

Figure A-6 BAS 10Min Mass - 200kPa (30psi)



Sample Average Total Run Mass
345kPa (50psi)

1.40E+02

1.20E+02

1.00E+02

8.00E+01

6.00E+01

Mass (ug/m”3)

4.00E+01

2.00E+01

0.00E+00
10 100 1000

Aerodynamic Particle Size (nm)
——T11 - 185C 50psia G==T12 - 220C 50psia Gt T13 - 250C 50psia OL

———T14 - 280C 50psia G&=—T15 - 310C 50psia &=—T19 - 310C 50psia OL

Figure A-7 BAS 10Min Mass- 345«Pa (50psi)



Sample Average Total Run Mass
480kPa (70psi)

1.80E+02
1.60E+02
1.40E+02
1.20E+02
1.00E+02

8.00E+01

Mass (ug/m”3)

6.00E+01

4.00E+01 - /

2.00E+01 N

0.00E+00
10 100 1000

Aerodynamic Particle Size (nm)

——T16 - 310C 70psia ©=—T18 - 310C 70psia G T20 - 185C 70psia Ct—T21 - 220C 70psia OL
——T22 - 250C 70psia G&=—T23 - 280C 70psia Gt T24 - 310C 70psia C—T25 - 280C 70psia OL
~—T26 - 250C 70psia CL—T27 - 220C 70psia G T28 - 185C 70psia OL

Figure A-8 BAS 10Min Mass- 48kPa (70psi)



Sample Average Total Run Mass

690kPa (100psi)
3.00E+02
2.50E+02
2.00E+02
2
<
£
D
= 1.50E+02
[%)]
9]
©
E /
1.00E+02

5.00E+01 /

_z_ Z
0.00E+00 — -

10 100 1000
Aerodynamic Particle Size (nm)

——T17 - 310C 100psia G—T29 - 185C 100psia G=—T30 - 220C 100psia C=—T31 - 250C 100psia OL

——T32 - 280C 100psia G=—T33 - 310C 100psia Gt=—T34 - 280C 100psia €t T35 - 250C 100psia OL
~—T36 - 220C 100psia CL—T37 - 185C 100psia OL

Figure A-9 BAS 10Min Mass- 69kPa (100psi)



Sample Average Total Run Mass
185°C

4.50E+01
4.00E+01
3.50E+01
3.00E+01
2.50E+01

2.00E+01

Mass (ug/m”3)

1.50E+01
1.00E+01
5.00E+00

0.00E+00
10 100 1000

Aerodynamic Particle Size (nm)

——TO05 - 185C 30psia O=——T11 - 185C 50psia O==——T20 - 185C 70psia OL
———T28 - 185C 70psia O=——T29 - 185C 100psia &= T37 - 185C 100psia OL

Figure A-10BAS 10Min Mass- 185°C



Sample Average Total Run Mass
220°C

6.00E+01

5.00E+01

4.00E+01

3.00E+01

Mass (ug/m”3)

2.00E+01

1.00E+01

— /
0.00E+00 $&:¥—-‘/¢

10 100 1000
Aerodynamic Particle Size (nm)

b/

——T06 - 220C 30psia O==—T12 - 220C 50psia O==——T21 - 220C 70psia OL
——T27 - 220C 70psia O=—T30 - 220C 100psia ©+=—T36 - 220C 100psia OL

Figure A-11BAS 10Min Mass- 220°C



Sample Average Total Run Mass

250°C
1.20E+02
1.00E+02
8.00E+01
D
<
E
(@)]
3 6.00E+01
[7)]
(]
©
s
4.00E+01 =
2.00E+01 /‘7< \
N\ — \\
0.00E+00 ~——
10 100 1000

Aerodynamic Particle Size (nm)

——T07 - 250C 30psia O=—T13 - 250C 50psia O=—T22 - 250C 70psia OL
——T26 - 250C 70psia O==—T31 - 250C 100psia &= T35 - 250C 100psia OL

Figure A-12 BAS 10Min Mass- 250°C



Sample Average Total Run Mass
280°C

1.60E+02
1.40E+02
1.20E+02
1.00E+02

8.00E+01

Mass (ug/m”3)

6.00E+01

4.00E+01

2.00E+01

0.00E+00
10 100 1000

Aerodynamic Particle Size (nm)

——T08 - 280C 30psia Ok——T14 - 280C 50psia Ok——T23 - 280C 70psia OL
———T25 - 280C 70psia O=——T32 - 280C 100psia G&==—T34 - 280C 100psia OL

Figure A-13BAS 10Min Mass- 280°C



Sample Average Total Run Mass
310°C

3.00E+02
2.50E+02
2.00E+02

1.50E+02

1.00E+02 /
5.00E+01 /

0.00E+00 ———
10 100 1000
Aerodynamic Particle Size (nm)

Mass (ug/m”3)

——T09 - 310C 30psia O——T15 - 310C 50psia G==—T16 - 310C 70psia G—T17 - 310C 100psia OL
——T18 - 310C 70psia O==—T19 - 310C 50psia Ot——T24 - 310C 70psia Ot T33 - 310C 100psia OL

Figure A-14BAS 10Min Mass- 310°C



A.5 Cumulative Percent 30 Minute Simulator

Total Run Cumulative % Concentration
200kPa (30psi)

100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%
20%
10%
0% =

10 100 1000
Aerodynamic Particle Size (nm)

——115C 30psia

185C 30psia

230C 30psia 250C 30psia

280C 30psia

Figure A-15BAS 30Min Cumulative - 200kPa (30psi)
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Total Run Cumulative % Concentration
345kPa (50psi)

100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%
20%
10%

0%
10 100 1000
Aerodynamic Particle Size (nm)

———230C 50psia —230C 50psia T2 —230C 50psia T3 280C 50psia ——280C 50psia T2

Figure A-16 BAS 30Min Cumulative - 345%Pa (50psi)
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Total Run Cumulative % Concentration
480 kPa (70psi)

100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%
20%
10%

0%
10 100 1000
Aerodynamic Particle Size (nm)

———230C 70psia —280C 70psia — 305C 67psia

Figure A-17 BAS 30Min Cumulative - 48kPa (70psi)
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Total Run Cumulative % Concentration
230°C & 250C

100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%
20%
10%

0%
10 100 1000
Aerodynamic Particle Size (nm)

———230C 30psia ——230C 50psia ——230C 50psia T2 ——230C 50psia T3 ——230C 70psia —— 250C 30psia

Figure A-18 BAS 30Min Cumulative - 230°C to 250°C
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Total Run Cumulative % Concentration
250°C & 280C & 300C

100%

90%

80%

70%
%)
=
IS

S 60%
IS
]
(@)

NS 50%
@
o)

€ 40%
>
pd

30%

20%

10%

0%

10 100 1000
Aerodynamic Particle Size (nm)
—— 250C 30psia =——280C 30psia ——280C 50psia — 280C 50psia T2 =——280C 70psia —— 305C 67psia

Figure A-19 BAS 30Min Cumulative - 250°C to 300°C

14



A.6 Cumulative Percent 10 Minute Simulator

Total Run Cumulative % Concentration
200kPa (30psi)

100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%

20%

10% /

0%
10 100 1000
Aerodynamic Particle Size (nm)

——T05 - 185C 30psia G&=—TO06 - 220C 30psia G—TO07 - 250C 30psia OL
TO8 - 280C 30psia &= TO09 - 310C 30psia OL

Figure A-20BAS 10Min Cumulative - 200kPa (30psi)
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Total Run Cumulative % Concentration
345kPa (50psi)

100% ? 7
90%

80%

70%

60%

50%

40%

Number % Cumulative

30%

20%

10%

0%
10 100 1000
Aerodynamic Particle Size (nm)
——T11 - 185C 50psia O=—T12 - 220C 50psia G==T13 - 250C 50psia OL
——T14 - 280C 50psia O+==T15 - 310C 50psia &= T19 - 310C 50psia OL

Figure A-21 BAS 10Min Cumulative - 345%Pa (50psi)
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Total Run Cummulative % Concentration

480kPa (70psi)
100% T [ —
90%
80% 7
o 70% /
2
s
2 60%
>
o 0,
N 50%
g
£ 40%
>
2
30% /
20% /
10% L~
0%
100 1000

Aerodynamic Particle Size (nm)

——T16 - 310C 70psia ©=—T18 - 310C 70psia G&=—T20 - 185C 70psia G T21 - 220C 70psia OL
——T22 - 250C 70psia G&=—T23 - 280C 70psia Ci=——T24 - 310C 70psia C—T25 - 280C 70psia OL
———T26 - 250C 70psia CL——T27 - 220C 70psia C—T28 - 185C 70psia OL

Figure A-22BAS 10Min Cumulative - 48kPa (70psi)

17



Total Run Cumulative % Concentration
690kPa (100psi)

100% ‘ ?—/—f
/

90%

80%

70%
60%
50%

40%

Number % Cumulative

30%

20% /—-7
10% /
0% 4 !
10 100 1000

Aerodynamic Particle Size (nm)

——T17 - 310C 100psia G&=—T29 - 185C 100psia G=—T30 - 220C 100psia G T31 - 250C 100psia OL
——T32 - 280C 100psia G=—T33 - 310C 100psia C==—T34 - 280C 100psia G- T35 - 250C 100psia OL
- T36 - 220C 100psia CL——T37 - 185C 100psia OL

Figure A-23BAS 10Min Cumulative - 69kPa (100psi)
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Total Run Cumulative % Concentration
185°C

100%
90%
80%
70%
60%
50%

40%

Number % Cumulative

30%

20%

10%

0% =
10 100 1000
Aerodynamic Particle Size (nm)

—— T05 - 185C 30psia O==—T11 - 185C 50psia O==——T20 - 185C 70psia OL
———T28 - 185C 70psia O==——T29 - 185C 100psia &= T37 - 185C 100psia OL

Figure A-24BAS 10Min Cumulative - 185°C
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Total Run Cumulative % Concentration
220°C

100%

90%

80%
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60%

50%

40%

Number % Cumulative

30%

20%
10%
0%

10 100 1000
Aerodynamic Particle Size (nm)

——T06 - 220C 30psia O==—T12 - 220C 50psia O==——T21 - 220C 70psia OL
——T27 - 220C 70psia O=—T30 - 220C 100psia ©+=—T36 - 220C 100psia OL

Figure A-25BAS 10Min Cumulative - 220°C
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Total Run Cumulative % Concentration
250°C

100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%

20%

10%

0%
10 100 1000
Aerodynamic Particle Size (nm)

—— T07 - 250C 30psia O==—T13 - 250C 50psia Ot=——T22 - 250C 70psia OL
———T26 - 250C 70psia O=—T31 - 250C 100psia &= T35 - 250C 100psia OL

Figure A-26 BAS 10Min Cumulative - 250°C
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Total Run Cumulative % Concentration
280°C

100%
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50%
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Number % Cumulative
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Aerodynamic Particle Size (nm)
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———T25 - 280C 70psia O=——T32 - 280C 100psia G—T34 - 280C 100psia OL

Figure A-27 BAS 10Min Cumulative - 280°C
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Total Run Cumulative % Concentration

310°C
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——T18 - 310C 70psia O=—T19 - 310C 50psia O=——T24 - 310C 70psia Ot——T33 - 310C 100psia OL

Figure A-28 BAS 10Min Cumulative - 310°C
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AppendixB: C18 Engine Dat a

Similar to Appendix Athe following section has the data table summarizing the test
conditions along with the naming convention shown for each test. The sample numbers are
given as shown in the AIM software andnagntioned during the initial introduction section
2.2.2.2.1 Samples taken back to back are listed as a run with the naming convention of RXX.
The MMP numbecorresponds to the engine data output file which has the various engine
parameters such as temperatures, pressures, and flow rates. The heading labeled location shows
the type of measurement taken. Ambient refers to the ambient air measured whileeé&gnd r
to a measurement taken inside the lines. BL indicates the measurement taken from the bleed air
extraction |ine while AP refers to the air pl
is a number that symbolizes the number of aerosolizingle®nsed during the test. No Inject
refers to a measurement taken where no oil was injected during the test but the engine was
running. Theseonditionsare more prevalent during the steady state decay measurements.
Following the data table are the cuative percent concentration graphs for the same
data sets as shown in sect®.5 Hundreds of graphs were generated during the analysis of
the data, but onlyhe most importamnesare shown in this report. Thisformationallows the
reader the ability to derive any set of data as seen below. [It should be noted that printing in
color is the best way to observe the graphs as over 100 data points are aaet fmre, thus

makinggeometricsymbols an unwieldy way of showing the data].



A.1 C18 Data Test Point Targets

Table B-1 C18 Data Summary

Name
T01 SO1
T01S02
TO1 S03
TO1 S04
TO1 S05
TO1 S06
TO1 SO7
TO1 S08
TO1 S09
TO1 S10
TO1 S11
TO1 S12
T02 SO1
T02 S02
T02 S03
T02 S04
T02 S05
T02 S06
T02 SO7
T02 S08
T02 S09
TO3 SO01
TO3 S02
TO3 S03
TO3 S04
TO3 S05
TO3 S06
TO3 S07
TO3 S08
TO3 S09
TO3 S10
TO3 S11
TO3 S12
TO3 S13
TO3 S14
TO3 S15
T04 SO01
T04 S02

Sample
#

1
6
11
16
21
26
31
36
41
46
51
56
1
6
11
16
21
26
31
36
41
1
6
11
16
21
26
31
36
41
46
51
56
61
66
71
1
6

End
5
10
15
20
25
30
35
40
45
50
55
60
5
10
15
20
25
30
35
40
45
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
5
10

MMP#

OOl WDN P

© 0O NO Ol h WN -

e el el
W N PR O

T
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

138

53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57

38

Location
Ambient

BL Bkgnd
AP Bkgnd
Ambient

AP No Inject
BL No Inject
BL No Inject
BL Inject 3
BL Inject 3
AP Inject 3
BL No Inject
AP No Inject
Ambient

BL Bkgnd
BL No Inject
BLInject 3
BL NO Inject
BL No Inject
BL No Inject
BL No Inject
BL No Inject
Ambient

BL Bkgnd
BL No Inject
BL Inject 1
BL Inject 2
BL Inject 3
BL No Inject
BL No Inject
BL No Inject
BL No Inject
BL No Inject
BL No Inject
BL No Inject
BL No Inject
BL No Inject
Ambient

BL Bkgnd



T04 S03
T04 S04
TO04 SO5
T04 SO6
T04 SO7
T04 S08
TO5 SO1
TO5 S02
TO5 S03
TO5 S04
TO5 S05
TO5 S06
T05 SO7
TO5 S08
T05 S09
TO5 S10
T05 S11
TO5 S12
TO5 S13
TO5 S14
T05 S15
TO5 S16
T0S5 S17
TO5 S18
T05 S19
TO5 S20
T05 S21
TO5 S22
T05 S23
TO5 S24
T0S5 S25
TO5 S26
TO5 S27
TO5 S28
T05 S29
TO5 S30
T06 SO1
TO6 S02
T06 SO3
TO6 S04
T06 SO5
TO6 S06
T06 SO7
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140
160
180
200
220
235

160
160
160
160
200
200
200
200
213
210
211
211
215
214
230
230
230
213
213
200
200
180
180
160
160
143
143
103
100
240
240
240
235
230
230
220

38
45
50
53
60
63

54
52
52
53
65
65
65
65
70
70
70
70
70
70
77
77
77
70
70
65
66
58
58
53
53
49
50
36
36
70
70
72
69
68
68
63

BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
Ambient
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL InjecB
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3
BL Inject 3



TO06 S08 8 8 220 66 BL Inject 3

TO6 S09 9 9 210 62 BL Inject 3
TO6 S10 10 10 210 62 BL Inject 3
TO6 S11 11 11 155 48 BL Inject 3
TO6 S12 12 12 155 48 BL Inject 3
TO6 S13 13 13 155 48 BL Inject 3
T06 S14 14 14 140 42 BL Inject 3
TO6 S15 15 15 140 42 BL Inject 3
TO6 S16 16 16 140 42 BL Inject 3
TO6 S17 17 17 140 42 BL Inject 3
TO6 S18 18 18 146 44 BL Inject 3
TO6 S19 19 19 145 45 BL Inject 3
BL Background /

TO7 SO01 1 - - Ambient

TO7 S02 2 1 115 32 BL Inject 3
TO7 SO03 3 2 115 32 BL Inject 3
TO7 S04 4 3 115 32 BL Inject 3
TO7 SO5 5 4 124 35 BL Inject 3
TO7 S06 6 5 125 35 BL Inject 3
TO7 SO7 7 6 125 35 BL Inject 3
TO7 S08 8 7 125 35 BL Inject 3
TO7 S09 9 8 135 38 BL Inject 3
TO7 S10 10 9 135 38 BL Inject 3
TO7S11 11 10 135 38 BL Inject 3
TO07 S12 12 11 135 38 BL Inject 3
TO7 S13 13 12 145 40 BL Inject 3
T07S14 14 13 145 40 BL Inject 3
TO7S15 15 14 145 40 BL Inject 3
TO7 S16 16 15 155 44 BL Inject 3
TO7 S17 17 16 155 45 BL Inject 3
TO7 S18 18 17 155 45 BL Inject 3
TO7S19 19 18 165 48 BL Inject 3
TO7S20 20 19 165 48 BL Inject 3
TO7S21 21 20 165 48 BL Inject 3
T07 S22 22 21 150 41 BL Inject 3
T07 S23 23 22 150 42 BL Inject 3
T07 S24 24 23 150 43 BL Inject 3

BL Background /

T08 S01 1 - - Ambient

TO8 S02 2 1 220 61 BLInject 3
T08 S03 3 2 220 61 BL Inject 3
T08 S04 4 3 220 61 BL Inject 3
TO08 S05 5 4 220 61 BL Inject 3



T08 S06
T08 SO7
T08 S08
TO8 S09
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BL Inject 3



A.2 C18PercentCumulative Data
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Figure B-1 C18 Cumulative - 100°C
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Figure B-2 C18 Cumulative- 115°C



Total Run Cumulative % Concentration

125°C
100%
90%
80%
70%
(0]
=
‘—é‘ 60% -
3 yd ]
o 50% /
S L~
oy //
o]
E 40% —
2
/| P
30% o
aiyd
20% T
/ d
10% /
0% AZ

10 100 1000
Aerodynamic Particle Size (nm)

——T07 SO5 ——T07 S06 ——T07 SO7 ——T07 S08

Figure B-3 C18 Cumulative- 125°C
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Figure B-4 C18 Cumulative- 135°C
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Figure B-5 C18 Cumulative - 140°C



Total Run Cumulative % Concentration
140°C & 143C
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Figure B-6 C18 Cumulative- 140°C to 143°C
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Figure B-7 C18 Curnulative - 143°C to 145°C
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Total Run Cumulative % Concentration
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Figure B-8 C18 Cumulative- 150°C



Total Run Cumulative % Concentration
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Figure B-9 C18 Cumulative- 155°C



Total Run Cumulative % Concentration
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Figure B-10 C18 Cumulative- 160°C
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Total Run Cumulative % Concentration
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Figure B-11 C18 Cumulative- 165°C

11



100%

90%

80%

70%

60%

50%

40%

Number % Cumulative

30%

20%

10%

0%

Total Run Cumulative % Concentration

J/

180°C

10

100
Aerodynamic Particle Size (nm)

——T04 S05 ——T05 S23 ——T05 S24

Figure B-12 C18 Cumulative - 180°C
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Total Run Cumulative % Concentration
200°C
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Figure B-13 C18 Cumulative- 200°C
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Figure B-14 C18 Cumulative - 210°C
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Total Run Cumulative % Concentration
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Figure B-15C18 Cumulative - 210°C to 213°C
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Total Run Cumulative % Concentration
213C to 215C
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Figure B-16 C18 Cumulative- 213C to 215°C
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Total Run Cumulative % Concentration
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Figure B-17 C18 Cumulative - 220°C
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Total Run Cumulative % Concentration
230°C
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Figure B-18 C18 Cumulative - 230°C

18



Total Run Cumulative % Concentration
235°C

100%

90%
80%
70% /
60%
50%

40%

Number % Cumulative

30%

20% /

10% /
0% = 24

10 100 1000
Aerodynamic Particle Size (nm)

\

——T04 S08 ——T06 S04

Figure B-19 C18 Cumulative - 235°C
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AppendixC: C28B Ehgifoemati on & Dat e

Figure C-1 C28B Test Engine

A.1 Notes about testing

Unfortunately due to various issues including a driveshaft vibration issue the data was not

obtained before thithesiswas written. This appendix is here for documentation purposes.

A.2 Experimental Setup
The experimental setup of the C28 is almost idehticthat of the C18 engine. The

main difference is how the bleed air controls work on this particular engine. The bleed air must
be vented properly to prevent the centrifugal compressor from surging. Unfortunately this
engine did not come with a largertion of the controls that aseipposed to bestalled by

default. Modifications were made to the bleed air line and a sample was only able to be drawn



from on port. However, the residence time is nearly identical and varies by no more than 2ms
from the previous engine. The velocities are higher for a longer period, but the lines are kept

straighter with fewer bends or turns compared to the sample lines on the C18.

C.2.1Bleed Air Extraction Line

A single bleed air extraction line was used on the C28fe dkher line on the C28B is
used for the internal fuel control of the engine. Pressure from the compressor is generally
relayed to the fuejovernorsand the system automatically controls the fuel. Additionally the

C28B has only a single centrifugal cprassor stage and no axial stages.

C.2.2Design and Error Estimations

The design error estimations are the same for the C28B engine. No large changes were
made and the 0.25in orifice plate was used for testing in order to minimize the bleed air
extraction flowrate while still meeting the residence time of approximately 60ms for the bleed

air to be cooled.

C.2.3Process Control and Monitoring

The C28B engine uses the same method of process and control as the C18 used. There is
a minor difference in the systems usmetpys and other electronics. However, none of these

systems will influence the particle data being generated.

A.3 Data Analysis

The data for the C28B engine was processed in the same manner as the C18 engine. The
custom software written was updated alorgywlay and the information imported into the newer

version if errors or useful information updates were found.



AppendixD: Bl efeidr C17 Data | nfor mat

Record of Discussion

Log Number: PWMSEVIPR-2013001
Date: November 13, 2013
Boeing Author: Kurt Matthews
KansasState Recipient:Jake Roth
Subject: Time to cool
References:
1. Email, Bleed Airi Time to cool, Jake Roth to Kurt Matthews, dated Oct 1, 2013
2. MDC J9135, Rev E, @7 ECS Description, Operation and Controls, dated Apr 30, 1997
3. MDC J9591, Rev D, Volume 1,-C7 Environmental Control System Design Analyses
Report, dated May 30, 1997
4. SAE ARP699, Rev E, High Temperature Pneumatic Duct Systems for Aircraft, dated
Dec 1997
5. 17N8NO0880, 17N7N0735, 17N6N0680, 17N2N0250 & 17N2N02517 ®neumatic
Ducting Installation Draings, Engine Compartment to Air Conditioning Packs
Summary: Reference (1) states the following:
| am currently working on a turboprop engine to replicate the bleed air systems that are
typical in an aircraft for the oil injection experimems such, onef the critical parameters | am
looking at is the time it takes for the bleed air discharge from the compressors to the bleed air
coolers. Would you know the typical time for this process to take, and or the time that it takes to

cool? If you do, is thee a large difference between the C17, a typical passenger airliner, and a



smaller planef you do not know off hand, would you be able to direct me to literature or
somebody that know.
The operating conditions |1 6m | ooking at ar
1. Initial Desent from Cruise
2. End of Descent
3. High Pressure to Low Pressure
4. Cruise

5. Top of Climb

The G17 is a four engine turbojet aircraft. Just considering the inboard engine, the
pneumatic duct installation is similar to that of all passenger jet aircraft withramgrengine.
The air is routed from the engine compressor to a close coupled heat exchanger (precooler) in
order to drop the compressed air temperature to safe levels as quickly as possible. The engine
compressor temperature can reach values up to 1000E,the exit temperature of the
precooler is modulated to 300F. The distance between the two is roughly 6 ft. The air is then
ducted down the wing, into the fuselage and down the the air cycle machine located in the wheel
pods. Many commercial passengk&rnes locate their air cycle machines in the belly under the
cargo floor, but at the same general fuselage station asfentachines in the pods. Therefore,
the distances of duct run would be similar. The travelled distance from the engine compressor
(including precooler) to the air cycle machines is roughly 68 ft. The duct diameter is 5.0 inches
for the entire run.

The referenced reports were reviewed to see if there were any specific analyses or flight

test measurements conducted to determine thelaicities within the pneumatic distribution



ducting. There were none found. Reference (4) stipulates a maximum design velocity of
0.20Mach (217 fps) inside any pneumatic duct. This standard is meant to avoid resonance issues
with bellows and noise in thgstem. Since this standard is routinely met, it can be stated that at

no point in the system the velocity will be higher. A senior engineer involved in the original
analyses and flight test was contacted to confirm this was the case.

Five operating conditns are of interest, but for the17, these actually reduce to (3) sets
of flow rates. Operating conditions 1), 4) & 5) have a flow rate on the order of 34 lbm/min,
condition 2) is 45 lbm/min and condition 3) is 74 Ibm/min. The regulated system prissaite
cases is 34 psig.

Two very rough calculations were performed looking at the 74 [bm/min and 34 lbm/min
flow rates. Please note that friction, bend and other loss affects such as butterfly valves and the
like were not considered. The purpose was tmlyet a rough idea of internal duct air velocity
and compare that to the SAE requirement. The calculated velocity for the 74 Ibm/min flow was
196 fps and the 34 I bm/ min flow was 98 fps.
starting point.

Utilizing those velocities and just looking at overall length (no other losses from walls,
bends, tees, valves, etc) the time for the air to transit from the engine to the precooler is less than
a second. The time for it to transit from the engine to theyale machine is less than 2 seconds.

Considering the losses, it can be safely said that the time it takes the air to go from the
engine compressor to the precooler outlet would not exceed 1.0 seconds. The time to go from the
engine to the engine compresso the air cycle machine would not exceed 5.0 seconds. The
time for the air to pass through the air cycle machine itself (compressor, intercooler, turbine) is

not published, but | guess would be anoth&rs&conds.



The G17 values should compare well ather passenger aircraft in its class with
underwing engines. Since the velocities are relatively high, only a few seconds would separate a
737 from say a much larger 777. Turboprop aircraft may be somewhat slower due to the lower
bleed flow rates and pssures, but that would be offset by the shorter distances. If there is a
written comparison between different classes of aircraft, the author is not aware of it.

In summary, a good estimate would be in tiegecond range. If any experiments are

conducté, perhaps a wider band to determine sensitivity is in order.



AppendixE: Fracti onal Concentrations

This document details some of the calculations of the items below:

5/29/2013 5/29/2013 5/29/2013 5/25/2013 5/25/2013
15:19:50 15:22:05 15:24:20 15:26:35 15:28:50

D, :=excel N, :=excel
“A23:4128” “U23:11287

QOutputs

N, . :=excel
per “T23:T128"

Percent of Particles per Dp

Cummulative Percent of Particles




0+ (max (D,) —min (D,))
length (D)

for i e 1..length (D)

| i+ (max (D,) —min(D,))

range (D) :=||Vec « +min (D,)

|
+min (D
Il length (D) ®)
i Vec «stack(Vec,V)
Defining the B-Spline:
One using the Midpoint Diameter
Cther using a linear range
b:=Spline2 (D, N, 3) DWS(b)=2.271
T T
sp:=Binterp (D,, ) 8Py = Binterp (range (D,) , b)
Defining a cubic spline fit as below:
e:=cspline (D, N,
fite(x) =interp (¢,D,,N,, x) x is the independant variable of evaluation
_
dfite(r):= mtllmfz'tc (r)
dr

Defining the Cubic Spline Fit for the percentage vs particle size
nper = cspline (D), N )

per

fit, per () :=interp (nper, D, , N, , )



range (D)

D

P

As we can see, our 3 curves fit the data very nicely. The sp line has the logrithmic spacing, as given by the
diameter midpoint vector of TSI's equipment. The sp,,,,line has the linear spacing which has divisions equal

to the number of elements given. The last line is a cubic line fit.

The entire reason for expressing the data this way is due to the fact that the bins are spaced logrithmically.
The is due to the observed data that most of the particles occur as smaller ranges and aerosols generally
tend to have a logrithmic distribution. As such however, when looking at the data, it can be misrepresented
due to this bin spacing. The example is if we had a constant distribution of particles, the bins with larger
bounds will pick up more particles and respresent that we have more at the higher range, when infact this is
not correct. It is also not a benificial to express the values as a logrithm, as that would also skew the data
as In(x)is not a constant. As such, we are normalizing the data by removing the bin bounds by taking the
derivative.

The area under the derivative curve should be equal to one, as the cummulative concentration is equal to 1.



sp rng
» *

dfitc(D,) " !

......

range (D,)

As we can see, the B-Spline derivative is continuous through our entire range, where as the Cubic Spline is
not. The B-Spline was developed to be continuous, and as such, is our best way to represent the data in a
normalized manner.
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A question the reader might ask is why not use the precent values for the distribution representation? The
answer is that the area under the representation curve is not equal to 1 as it is under the fractional
representation. There is the added 'increase' to the height of the curve from the spacing and this fractional
representation will normalize each curve.

D

Prast (D Prast (D.
last (D) last (D)

[ dfite (D) dD,=0.998 [ fityper (D) 4D, =2.759
D*‘u D,"o

The cubic fit lines are not perfect and thus they fall short on the exact values of integration. However, the
point being made is clear; the fractional representation is a normalized set of data that accurately portraies
the information regardless of bin spacing.

Nper
T (0
sp
D:P
A
24.5
205+ N;npr
s p(l)
LG+
D.'P
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AppendixF: Addi ti onal

Figure F-2 C8 Driveshatft 2

12

Phot os

of



Figure F-3 Engine Inspection after Hot Start

13



S
—al

AT

SO SIRR NS
SN A A

\ ,,/ P ne

"

v

-

wad

(e (L

Figure F-4 Closeup of Engine Turbines during Inspection
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Figure F-6 C18 Setup 2
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Figure F-7 C18 During test run

Figure F-8 C28B Engine Setup
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