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Abstract

Airline cabins represent an indoor environment ol the spread of particles or
contaminants is of interest due to the large nurobpassengers and distances they travel. In
fact, hundreds of millions of passengers traveheaar spending extended periods in close
proximity to one another. This close proximity sas concern about the spread of disease and
contaminants amongst passengers. These passammar$rom region to region of the world
increasing the potential for worldwide epidemids.an effort to understand the aircraft cabin
environment and the dispersion of fine particlesegperimental study was conducted. The
cabin used for the experiments is a simulated Bpé6v-300 with eleven rows, each comprised
of seven seats. The particles release occurragiort burst in all the seats across the second
row simultaneously. This design focused on thgitoinal dispersion of particles throughout
the cabin. The particles from this release hadected aerodynamic diameters between 0.87 and
1.70 micrometers. The collection and analysisatédook place based on five criteria. The first
analysis focused on the total particle counts do@dtions throughout the cabin. The second
analysis made use of a reference location for eatte tests and presents the exposure in each
of those locations as a fraction of the referenaingd the same test. The third analysis centers
its attention on the transient behavior as thageastwere counted at various locations. The
forth and fifth types of data analysis focus ontilree required for each tested location to reach
either 100 total particle counts or ten percenheftotal seen at that location during that test.
The tests show the regions close to the sourceiexge higher levels of exposure, less time to
reach the time limits, and higher levels of vagatirom test to test. The locations farther from
the source show lower exposure levels, longer timesach the limits, and less variation from
test to test. This indicates the variations clostne source stem from the chaotic nature of the
airflow rather than from irregularities of the déspion system. The data agree well with
previous work and suggest further studies would-awe the understanding of the aircraft cabin
environment and the spread of airborne particlelscamtaminants.
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CHAPTER 1 - Introduction and Literature Review

In recent years the world has been shifting toveandore connected and integrated
society in which information and people can trayakckly across the globe. A key player in the
transport of large numbers of people from one meggoanother is the continually growing
airline industry. The development of the airlinéastructure continues through projects such as
the Next Generation Air Transportation System.sTdevelopment also means an increased risk
of spreading diseases and contaminants more quektl/over greater distances (ACER-CEO
2009). Whether this spread is accidental or oblaius intent remains irrelevant, and a better
understanding of contaminant spread in aircrafirsais needed to help prevent epidemics.

To address this need in the commercial airline strguthe Federal Aviation
Administration (FAA) acting through a cooperativgr@ement entitled, the National Air
Transportation Center of Excellence for Researdhenntermodal Transport Environment,
formed the Aircraft Cabin Environmental ResearcRER) Center. The experiments in this
thesis are part of the “comprehensive and intedrptegram of research and development” in
the aircraft cabin (ACER-COE 2009). Support fas tiype of research stems from the more
than 710 million revenue passenger enplanemenishvtaveled more than 780 billion revenue
passenger miles between February 2009 and Jandd@y(BTS 2010). These numbers
represent the international and domestic flightgtie United States alone. Due to the large
number of individuals spending time in commerciatraft each year, concern has risen about
the spread of diseases such as Severe Acute Regpisgndrome (SARS), Tuberculosis, Avian
Influenza (H5N1), and Swine Influenza (H1IN1). Tbancern along with others involving the
health of both passengers and crew, have drivenatheus projects now in existence as part of
ACER.

The topics of interest in the ACER program encora@asniversities and 29
collaborators. This project, as part of the ACEBgpam, focuses in the area of contaminant
transport in an aircraft cabin. For the reseafatbataminant transport two approaches are
being utilized, the first is computational fluidredymics or CFD simulation and the second is the
experimental collection of data in simulated aificcabins. While this project is separate from
the previous works of (Lebbin 2006) and (Padill@®0at Kansas State University, they share

similarities and it provides a reference for theation of CFD models. All of the results



collected and presented in this thesis have coom fhe experimental collection of data within
a simulated Boeing 767-300 aircraft cabin. Theédabin itself is part of Kansas State
University’s involvement in ACER and is an 11 rospresentation of the aircraft. Other
previous projects in Kansas State University’s AGHRraft cabin include velocity
measurements and tracer gas studies that arefggAah 2008). Results from previous tests in
this simulated cabin are compiled and presentédianes 2009).

The conditions within the cabin are determinedh®/supply air provided and the heat
generated by the mannequins in the cabin. Thex@bsupply’s temperature is 60 degrees
Fahrenheit, as it is when it leaves the air coaditig packs on an actual aircraft (Hunt 2005).
The flow rate of the supply air is 1400 cubic fpet minute (cfm) providing about 18 cfm for
each of the 77 seats in the cabin, which is apatepfor this aircraft (Hunt 2005). The humidity
of the air supplied is not a controllable eleméth@s simulated cabin and meeting the 15 to 20
percent relative humidity observed on commercialraft, is not a possible at this time
(ASHRAE 2007). The supply air is 100 percent algsir, and is passed through HEPA filters
before entering the cabin. The airflow within tabin is responsible for the distribution of the
particles. For this thesis the tests focus ordhgitudinal spread of fine particles released
across an entire row

Fine particles as defined by the Environmental éatidn Agency (EPA) are particles
that have a diameter of less than 2.5 micromegarg.( Particles of this diameter are of concern
because they are believed to pose the largeshhesks since they can lodge deeply into human
lungs (NAAQS 2010). Bacterial and fungal spores/at as viruses when accompanied by
sputum or saliva all have diameters between 1 gmd PASHRAE 2005b). Particles inhaled
within the range 1 to @m are most likely for deposition into the lobulaeghe lungs (Hatch
1961). While only 50 percent may settle in theoiedory tract at these diameters, even very
low exposures can have adverse effects if theqodaite matter is considered hazardous
(ASHRAE 2005a). For this thesis, the particles sneed have corrected aerodynamic diameters
between 0.87 and 1.{dth and categorizing them as fine particles.

As previously mentioned the release of the fingiglas occurs across the width of the
cabin. There are seven dispersion points, onadh ef the seats in the second row. The release
occurs over a short duration, initiated by a 15m#licecond) burst of air which causes the

preliminary dispersion. The short duration of ipeead occurs quickly to simulate the timing of



a sneeze or cough, which is well known to be leas bne second in duration. Another affect of
this quick dispersion, is that the particular s in the cabin at the time of the release can
impact the movement of the particles. The godhefshort burst is also to release the particles
in a local area quickly while maintaining the intiégof the cabin’s own air flows. The tests
cover both the total accumulation of fine partidiesn this release and the transient nature of the
particles spread throughout the cabin.

The measurement of the dispersed particles oct@& lacations in the cabin. They are
along the centerline of the cabin, across rows &mar seven, and various seats in rows one,
three, and five. In the first look at the spre&garticles to these locations, the total counts
throughout the cabin are compared. This compasbtows that particles released in row two
dissipate over the cabin’s full length to row Ihe counts at the farthest location are but a
fraction of the highest counts occurring closeghtsource. The results also show the spread
across the entire width of the cabin at rows foud seven and that this spread is not necessarily
even. The quantity of particles released is cdletiand reasonably repeatable but the exact
number remains unknown. Therefore, a referencitwtis used to normalize a series of tests
from other locations. The normalized data showltesimilar to those found from the total
exposure tests and in some areas amplify the tra@mskErved.

The total counts and relative numbers from thesteslizing a reference only reveal part
of the picture available from the experimental datkected. Three different methods are
chosen to present the transient behavior of theltda. The first method looks at the time series
data from which quantitative results are not thal gout rather an understanding of the way each
location reaches its total count. With the timaeseresults in mind, two different time limits or
thresholds are used to quantify the rate at whietptarticles spread throughout the cabin.

Of the two threshold tests, the first is set bydah@unt of time required for each location
to reach a total particle count, or total exposafd,00 particles. The 100 particle limit is chose
since it is a value large enough not to occur fl@okground counts and is small enough to
remain applicable to all locations. The total esqn@ time limits show the particles released in
row two traverse the length of the cabin to rowifiless than five minutes. This time limit also
shows a linear trend over most of the cabin’s lengith variations across rows four and seven.

A second version of this total exposure threshgkesuthe total particle counts at each

location as a reference. With this referencetithe limit is then established as the time



required to accumulate ten percent of the totahto©abserved. While this type of test does not
have a direct real world application, it provide®rmation useful for CFD modeling and
comparison to other tests. The results from tegre: of exposure tests are similar to those of
the exposure limit tests, in which the longitudidedpersion again shows a linear trend. The
location farthest from the injection site, recorded percent of its total in just over three misute
on average. For this method of data evaluationatrans are again seen in the results across
rows four and seven.

The results of the tests in this thesis are sinhildhose previously found in the same
cabin and given in (FAA 2008). The dispersion tigloout the entire cabin indicates the likely
existence of a secondary flow, potentially in tisdes. Also the variations across rows four and
seven are not unexpected, as the symmetric laydheaabin doesn’t necessarily translate into
symmetric results (Hunt 1995) (Lin et al 2005aheTesults suggest more tests need to be
conducted to further the understanding of the cemfibws within the cabin. The integration of
this data and CFD models could eventually be usgulgdict the exposure risks in the case of an

incident regardless of the intent.



CHAPTER 2 - Experimental Setup

The experimental setup for the tests summarizéisrthesis consists of four general
elements. These components are the testing chaaibsupply system, particle dispersion
setup, and the particle measurement equipment.tégtiag chamber is constructed in a manner
such that its interior cabin mimics the interioase of a Boeing 767 aircraft with a coach or
economy class configuration. Ventilation for theumber is provided by a blower, heater,
chiller, and filter arrangement which is similarsgstems commonly found in residential
settings. Particle dispersion is achieved byaitii compressed air to blow powder out of a
series of small caps resulting in a puff of dust thas a sneeze-like timing. Finally the
measurement of the particles is achieved by equipspecifically designed for the sizing of
particles between 0.5 and 20 microns in diameddirthe elements of the experimental setup, as

briefly explained above, will be discussed in geealetail in the following paragraphs.

2.1 Test Chamber
The test chamber is the largest physical elemetiteo$etup and is designed to simulate
the interior geometry and conditions of a Boeind @6craft cabin. As shown in Figure 2.1 the
outside the of chamber appears to be a large Inoxpeeasures 32 feet long, 24 feet wide, and 16
feet in height. The chamber is comprised of 4 nspaces and 3 functional components. The
spaces are divided into the crawl space, the dat@rior, and two hallways as illustrated in
Figures 2.2 and 2.3. Included within these spaceshe air duct components, airliner chairs,

and mannequins.

2.1.1 Spaces
The base of the chamber is a crawl space 45 %23rfulgh, allowing access to the
underside of the test section. The crawl spaasesl for distribution of electrical power and
data cables. Prefabricated trusses and % inchoplgwiecking cover the crawl space and
provide a solid working surface for the rest of thember as shown in Figure 2.4.
A system of trusses and ribs constructed of ¥z ptgiwvood provides the structure above
the established floor. Figure 2.5 illustratesdieign of the 17 plywood ribs that provide the

interior cabin’s shape. The centerline heightieed 5 % inches, the length is 31 feet 5 ¥

5



inches, and the width is 15 feet 6 inches at thdesti point just above the arm rests of the seats.
The specific details of the cabin’s profile listed FAA 2008). The south end of the cabin is
plywood and is painted on the interior surface.th®&t north end of the cabin there are two
standard 36 inch wide exterior doors that provicieeas to the interior space of the cabin. The
doors have weather stripping that provide a septdeerve the integrity of the cabin air. The
north end of the chamber also has a 2 inch holedommunication cables. The features of the
north end of the chamber are shown in Figure Zl&e contoured surface spanning the ribs and
separating the cabin interior space from the haléna galvanized steel sheeting. The interior
surface of the metal has been painted antique wihiteACE Royal Touch interior acrylic latex,
flat wall paint to provide a more appropriate indesurface.

Located along either side of the interior cabincgpare two hallways. They provide
access to the exterior of the contoured metal seyfacations to install data acquisition systems,
and play a key role in the exhaust of the air ftbencabin. At both the north and south ends of
each of the hallways are 36 inch wide exterior dadentical to those mentioned previously in
the cabin. When the cabin doors are closed, asglan experiment, the only location air can
pass from the cabin to the hallways is throughmSaches high at the base of either side wall
of the cabin. Figure 2.7 shows this gap alongothiteom of the cabin walls. The hallways
therefore play a role as part of the air duct systestalled in the chamber.

2.1.2 Elements
The spaces that compose the test chamber conthiarann some cases integrated into
three functional elements, the chamber duct wa&iss and mannequins. While the spaces of
the test chamber provided the structure for theesgents, these next components provide the

functionality.

2.1.2.1 Chamber duct work

The air duct system begins with an inlet at thealsend of the chamber with a 10 inch
diameter and is shown in Figure 2.1. After thet¢ghasses through the south wall, it continues
the length of the chamber and along the centealooye the cabin. The duct has 34 ports which
connect it to the two diffusers via 3 inch cleasith plastic hoses as shown Figure 2.8.
Detailed dimensions, images, and diagrams of tsteilolition duct and diffusers are given in
(FAA 2008). Both the duct and the diffusers arthantic elements from a Boeing 767 aircraft.



The duct and diffuser receive the supply air arstridbute it to the two ports located 6 %2 inches

on either side of the centerline of the cabin aswshFigure 2.9. Once the air enters the

chamber, it exits into both hallways by means efdghps along the floor on both sides of the
cabin. These gaps shown in Figure 2.7 allow theoaxit the cabin in the same location it

would on an actual aircraft. Once the air enteeshallway portion of the duct it rises and is
drawn out the south end of the chamber by two faree fans illustrated in Figure 2.1 manage
the positive pressure created on the cabin byitreipply system keeping it to a minimum.

This is the last element of the chamber’s air dystem and once the air leaves the chamber, it is

not recirculated as 100% outside air is used fercdbin ventilation.

2.1.2.2 Seats

The interior space of the cabin contains two keynents, the seats and the heated
mannequins. The seats are Boeing 767 seats aatl mtentical with the exception of the
pattern of the fabric. An aluminum channel 1 ibgh% of an inch is used to adapt the seats to
the floor in the cabin. The seats in the threeratanfiguration are 53 ¥4 inches wide and 41 %
inches wide in the two chair arrangement. Bothd&2 inches tall at the back and are
organized into 11 rows with 7 seats in each ro.elements of the seats are dimensioned with
greater detail in (FAA 2008). Each row is in a-2-8onfiguration as seen in the cross-section of
the cabin 2.10 as well as the overhead view 2Frther specifics of the seats individual
locations are detailed in (FAA 2008).

2.1.2.3 Mannequins

All of the seats within the chamber are equippetth Wweated mannequins. The
mannequins consist of two main elements. Thetaiflea mannequin and the heating element
affixed to them. The inflatable mannequins are bemni724 male adult inflatable mannequins
from Rubie’s Costume Company. In order to besuate human passengers the mannequins
are wrapped with 82 feet of Omega TFCY-015 thermpt®wire which connects to 115 volt
AC power. The wire attached to each mannequinymesi 102 watts and is comparable to the
total adjusted heat produced by a resting adulHRSE 2005c). As shown in Figure 2.12 the
wire is attached to the surface of an inflated negim with duct tape and then the mannequins
are placed in the interior of the cabin. During teries of experiments mannequins producing a

total of 6936 watts of thermal energy occupied B&he cabins 77 seats.



The power supply for the mannequins is from a §etistom extension cables designed
purposely for the spacing of the rows. All the gowircuits are protected by breakers, and in
turn controlled by a two pole definite purpose eatdr rated at 40 amps. The contactor is
connected to a thermostat located on the rearokéle cabin, which is wired in series with a
pressure switch in the air supply system. Thentlbstat and pressure switch are safety measures
designed to disable the mannequins when the irtesmgerature is too high or airflow into the

chamber is too low.

2.2. Air Supply System
The air supply system represents the second majopanent of the overall experimental
setup. Itincludes four pieces, the air handlaggconditioning, filter components, and the
control system. The air handling system bringsutside air, passes it through the filter and air
conditioning elements, and finally into the tesaetber. The air conditioning system is
responsible for the temperature control of thesapplied to the test chamber. Filters clean the
air to suitable levels for the experiments condiietied the control system monitors and

regulates aspects of the air conditioning and andhng systems.

2.2.1. Air Handling
The air handling system provides outside air tocthember through two parts, the duct
that directs the air and the fan which providesnbeessary flow.

2.2.1.1 Duct

The three main sections of duct connect the vambersients of the air supply system.
All lengths of the ductwork are insulated and dreven in Figure 2.13. The first element brings
outside air in from the intake to the fan and idd&t long with a diameter of 14 inches. The
second section carries the air 12 ¥ feet from xiiteoé the air conditioning system to a 90
degree bend and then another 5 feet to the HER fibx. This second section of duct is 16
inches in diameter. Once the air has passed thriegHEPA filter enclosure it enters the third
and final section of duct. A 90 degree bend antegBof 16 inch duct carry the air vertically to
the final 90 degree turn. There the diameterdsiced to 10 inches where the flow enters the

test chamber.



22.1.2Fan

To provide the air flow necessary the air suppktem uses a 12 ¥ inch Dayton brand
centrifugal fan. The fan is capable of providirag2@ cfm at 3.00 inches of water of static
pressure. Power and regulation of the fan spezgdravided from a variable frequency drive
(VFD) as shown in Figure 2.14 along with the faeit The VFD is discussed in more detail in
section outlining the control system.

2.2.2. Air Conditioning
While conditioning the air for use in the test cliem interaction occurs with two
systems. The first is a cross-flow heat exchargewniding heat exchange between a water-
glycol mixture and the air brought in from outsid&hen conditions require it, the bulk of the
thermal exchange is done with the water to air beahanger. This allows the second system,

an electric heater, to fine tune the supply airgerature.

2.2.2.1. Water-Glycol System

As mentioned, the water-glycol system providesrbeessary energy exchange to bring
the air to appropriate conditions to allow the #ledheater system to function properly. To do
so, the system is composed of three flow loopsahatteract. The primary and cooling loops,
both share the same 30 percent ethylene glycor@mmercent water mix as the working fluid.
The heating or third loop contains only water,negsurized, and transfers energy to the primary
loop through an Alfa Laval model CB27-18H compdete heat exchanger. Figure 2.15
illustrates the first two loops and shows the iat&ipon points between all three. The following
paragraphs describe the properties of the indiVidomponents of the system. Specifications

that are more extensive and the manufactures’atatéound in (FAA 2008).

2.2.2.1.1. Primary Loop

The primary loop consists of the air to water citbe® heat exchanger previously
mentioned, a flow meter, a centrifugal pump, aseé@nd heat exchanger. The first of these
elements is a custom-built copper heat exchanges.24 inches by 24 inches and 9 inches thick
and acts as the only point in which heat energysteas between the air and water-glycol mix.

A flow meter is located near the exit of the heathmnger and allows visual monitoring
of the flow rate. The flow meter is an Omega md€&lef204. A centrifugal pump that operates



at fixed speed and drives the flow. After the wakesses through the pump, it enters the second
heat exchanger, the Alfa Laval compact plate heeltanger previously mentioned. This heat
exchanger transfers heat energy from the heatprttothe primary loop when required. Flow in
the primary loop leaving this heat exchanger eitbarrns directly to the air to water heat
exchanger or blends with water flowing from theleaploop. This occurs at the junction
illustrated in Figure 2.15 and the shown valve malatblending of the primary and cooling

loops. The valve is discussed in section aboutdimerol system. The flow from the blending
junction returns to the air to water heat exchamgenpleting the loop. A system schematic,

Figure 2.17, illustrates all of the main elemerftthe water-glycol system.

2.2.2.1.2. Cooling Loop

The cooling loop connects to the primary loop atpheviously mentioned blending
junction shown in Figure 2.15. The water that megurom this point flows directly into the
Thermal Care model LQ2R1503 water chiller systdrhe water chiller capacity is 15.9 tons or
190,800 BTU/hr of cooling and can provide watemasn 30 and 65 degrees Fahrenheit. An
internal pump circulates the water at a flow rdté@®gallons per minute at up to 50 psi of pump
pressure. Flow from the chiller passes througling K200 serieflow meter allowing visual
confirmation of the flow rate. The blending valliscussed in the Control Systems section,
regulates the flow from the chiller into the primémop.

2.2.2.1.3 Heating Loop

The interaction between the heating loop and thmagry loop occurs at the second heat
exchanger as described in the primary loop and showigure 2.15. The flow exiting travels
through 90 foot length of 1 inch diameter copp@egnsulated with standard foam pipe
insulation along the west side of the buildinghe tvater heater. The heater is a Rheem
Commercial Tankless Water Heater and has an opeeahtbutput of 19500 to 199500 BTUs.
The heater is equipped with Rheem Pronto model UM control panel that allows water at
chosen constant temperature to be supplied togaedxchanger. After exiting the water heater
the water returns to the pump through a secondbseat insulated copper pipe similar to the
first. The heater and its corresponding supplyratuin lines are shown in Figure 2.16. Upon
return to the pump, the water is fed through thegt e&changer at a rate established by the speed

of the pump. The centrifugal pump is controlledebyYFD operated by an attached computer
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and described in the control system section. dukhbe noted that the heating loop is a closed
loop and incorporates a pressure tank betweenuimp @gnd heat exchanger to provide sufficient
water pressure for correct operation of the wagatdér. The pump, pressure tank, and plate heat

exchanger are all shown in Figure 2.15.

2.2.2.2. Electric Heater

Following the major temperature adjustment thetialereceives from the water-glycol
system, a variable but small amount of heatingdgiired for fine temperature control. The
electric heater, an AccuTherm DL6-9-3 duct heaimyides up to 9kW of thermal energy to
reach the desired temperature for the air suppdiede test chamber. The heater operates on 220
volts and manufactures data is available in (FAR&O0 In addition, the control systems section

describes the regulation of the electric heateutput.

2.2.3. Filters
The supply air for the cabin filtering occurs inotstages, the first stage is a coarse filter
primarily for the protection of the equipment irethir supply system and the second stage is a

HEPA filter for regulation of small particles inglthamber supply air.

2.2.3.1. Inlet Filter

The filters that provide the first stage of filtggiare located in the plywood enclosure as
shown in Figure 2.18. The enclosure itself all@utside air to be drawn into the system
through a louvered entrance, then through two AGES234 filters arranged in parallel
providing 1000 square inches of cross-sectiona.afiéhese elements are shown in Figures 2.19
and 2.20, respectively. The outlet of the filtaclesure connects to the air handling duct

described earlier.

2.2.3.2. HEPA

The second stage of filtering occurs after theéeamperature is set by the air conditioning
system and removes a sufficient number of partictas the supply air for these experiments.
The filter housing measures 2 feet high, 6 feegJ@amd 4 feet wide with a 16 inch inlet and
outlet. The enclosure is constructed witl, inch think plywood, sealed at the corners with
latex calking, and reinforced on the sides with Rxyiber. The exterior of the HEPA filter box

is visible in Figure 2.1. The interior houses ehHEPA filters arranged in parallel giving the
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filters a total cross-sectional area of 12 squeee. f This arrangement of HEPA filters is 99.97

percent effective on particles Qud in diameter.

2.2.4. Control Systems
The regulation of the air handling and air condiiny systems are both integrated into a
combined control system. The control system ismss for maintaining the proper air flow rate
and temperature provided to the test chamber. &otftow and temperature are measured and

in turn controlled to meet specified set points.

2.2.4.1. Flow Measurement and Control

Measurement of the volumetric flow rate into th&t ehamber is achieved through the
use of a straight length of duct of a known crasstienal area and a pitot tube setup. Flow
measurement occurs in the straight section of cwmhecting the air conditioning system to the
HEPA filters. The pitot tube is connected to anégm model PX653-0.1D5V, 0.1 inch
differential pressure transducer. A second Omegalel PX653-05D5V, 5 inch differential
pressure transducer is also used to compare tie@@ssure within the duct versus that of the
atmosphere for density calculations. Both pressaresducers are in turn connected to the
computer data acquisition (DAQ) system.

The computer program calculates the measured tsvand compares it to the set point
with a proportional-integral-derivative (PID) algim. Adjustment of the flow rate is achieved
through the same program and DAQ system used teure¢he flow. The DAQ system
controls a Yaskawa GPD315/V7 VFD which powers @rerhotor.

2.2.4.2. Temperature Measurement

Temperatures are measured in several differentitosathroughout the air conditioning
system within the air flow and water-glycol loopall temperature probes are connected to the
computer software through the National Instrumé&meéd PointDAQ system.Air temperatures
are collected in three locations within the duthe first is located in the duct between the inlet
filter housing and the intake of the fan, and femenced as the intake air temperature. The
second air temperature sensor, or heater tempeyauocated just downstream of the electric
heater. The last air temperature reading is takéme duct just prior to the air entering the test

chamber at the cabin supply air inlet illustratedFigure 2.1. This final, or supply temperature,
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is read with an Omega 3-wire RTD model PR-10-2-18D6-E sensor, as is the intake air
temperature.

Water-glycol temperatures are recorded at fourtioos, three in the primary loop and
one in the heating loop. Within the primary loemperature is monitored at both the supply and
return sides of the custom water to air heat exgbiaas well as the inlet to the plate heat
exchanger. The temperature of the heating loopoisitored at a similar location just before the
water in that loop enters the heat exchanger.ofithe four water-glycol temperature monitoring
points use the same model of Omega RTD sensorgiatsomed with the air temperature

measurement.

2.2.4.3. Temperature Control

The supply air temperature set point is reachecoogrolling two main elements, the
temperature of the water-glycol in the primary lpapd the output of the electric duct heater.
The goal of the primary loop is to bring the amfeerature to a point suitable to allow the
electric duct heater to fine tune the temperatotbe set point.

2.2.4.3.1. Primary Loop Temperature Control

The primary loop, as described in the air conditigrsection, receives its cooling and
heating capacities from the cooling and heating$ooespectively. To provide cooling and
reduce the temperature of the primary loop a Jah@xmtrols model VA-7152-1001 valve has a
linear nature and is controlled by a PID controllés the valve is opened it allows the water
chiller to pump water into the primary loop upstreaf the air to water heat exchanger.

In order to provide heat to the primary loop, the@program controls a Yaskawa VS
Mini VFD shown in Figure 2.14 and is connectedrie pump in the heating loop. The motor

speed is varied, supplying water at a set temperatinvarying flow rates to the heat exchanger.

2.2.4.3.2. Duct Heater Temperature Control

The electric duct heater provides the last coredolemperature adjustment before the air
enters the test chamber. The computer contro@raega solid state relay through a pulse width
modulating controller as part of the Field Point@Aystem. The desired output of the heater is

calculated with a PID controller and convertedrnagapropriate duty cycle.

2.3. Particle Systems
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This thesis concentrates on particles between oddéveoum in diameter and their
subsequent distribution in a passenger airlineincabhe use of particles requires both a method
for distribution and a means of measuring theipldisement. Particle dispersion is achieved
with the use of compressed air in a short buraetosolize the particulate matter. To measure
the particles, instruments designed for particdengiand counting are used.

2.3.1. Particle Measurement

To count and size the particles released in thgsergnents, two TSI Aerodynamic
Particle Sizers are used. They are both model 83@able of sizing particle from 0.523 to
19.810 microns in diameter and separating thegbastinto 52 different categories within that
range. The first modification to the APS unitshe addition of an aluminum tube with an
internal diameter of % inch and 19%: inches longheninlet port. The tube is used to create a
sampling location 46%2 inches above the floor wienAPS’ are in place. Secondly, a small
piece of card stock is used to divert the outlefram the cooling fans in the APS’ toward the
floor of the chamber. This redirection of the ARStlet air is done to minimize it's effect on
the cabin air motion. Also, a piece’dk, plywood is placed under the APS’ to allow for peop
ventilation. The APS’ are shown in Figure 2.2Ahitypical test configuration. Both particle
sizers are connected to a computer running TSIlieg@ Instrument Management software
setup to collect data for both instruments oncecarsd. The software is used to communicate

with the two particle sizers and the data is whitie a text file for later analysis.

2.3.2. Particle Dispersion

The release of particles into the chamber is doraedontrolled, repeatable manner, with
a system of air nozzles and particle containeitse first element of the system is the injection
setup which consists of a 17 inch long copper hdig in a J shape with an internal diameter of
%,6inch. Compressed air is released downward intoimch PVC schedule 40 cap containing a
metered amount of powder. The powder used agiagegyent in this thesis is talcum powder
and is Equate brand mild baby powder manufactuyedifdon. As shown in Figure 2.22, the
compressed air leaves the copper tube in a downaviggcktion and then is redirected upward by
the cap, carrying the powder with it. This systeas chosen for its simplicity and the easy
ability to reset and run another test. Seven arukecap assemblies are mounted across the
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armrests of the seats in the row in which the d&pa occurs. Five of these injection points are
shown in 2.23 installed in the cabin.

The compressed air used to propel the particlestivg air is stored and released from
charging tank made of 2-inch schedulePMC. The tube is 19 inches long and the totativaie
volume of the charging tank, as shown in 2.241igir’. The pressure regulator on the
Craftsman model 919.167244 air compressor regullageair provides at 60 psig to the tank
through®s inch diameter air compressor rated hose. Botichiege and release valves mounted
on opposite ends are trigged remotely through #oNaitInstruments SCB-68 DAQ board and
computer. The computer control of the particleask allows the timing between it and the data
collection process to be coordinated.

A LabView program, as given in Appendix A, contrtie charging and discharging of
the tank. The program controls two Dayton solatestelays which control the power to the
valves. They are both ASCO Red Hat valves andanmally closed. The fill valve is a model
8262G002 while the discharge valve is a model 8 0XR5 When the tank has been charged and
a burst of air is released it exits through a distor and a series of hoses. The distributor is a
Hydroport distributor that operates with eight gaaich with its own needle valve to restrict
flow if necessary. Since only seven ports are egede extra port is closed and unused for these
tests. The outlets of the distributor are conreetteseven equal lengths of hose, 97 inches long,
one for each copper tube and cap.

In order to ensure the balanced release of pagtioleach of the seven locations, the
charging tank, distributor, hose, tube, and capevadirtuned. The tube and cap assemblies were
mounted along a black marked background. The systas loaded and discharged repeatedly
with minor adjustments to the appropriate needleegin the distributor. The resulting
particles releases were filmed and replayed torersien rate and height and formation of the
particle clouds. Once the system was calibrateddatisfactory level it was installed in the
second row of the cabin as previously mentionedstoavn in Figure 2.22.
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Figure 2.11: Cabin Overhead Seat Arrangement

Figure 2.12: Mannequin Seated in Cabin
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Figure 2.13: Supply Air Handling System

Figure 2.14: Supply Fan and VFD Controllers
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Figure 2.16: Heating Loop Water Heater
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Figure 2.19: Supply Air Louvered Inlet

Figure 2.20: Inlet Filters
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Figure 2.21: APS’ in Testing Positions

compressed air

Figure 2.22: Particle Dispersion Cap and Air Nozzle
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Figure 2.24: Charging Tank for Particle DispersionSystem
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CHAPTER 3 - Experimental Procedure

The experiments outlined in this thesis were ruopatrating conditions specified in the
following paragraphs. The testing locations aratedures for preparation and data collection
are also discussed in this section. When multgdes are run, not all of the procedures here are
repeated since the steps outlined in the preparati® for a scenario in which all the equipment
is off. Once the chamber is running at steadystanditions and the equipment is performing in

a satisfactory manner, only occasional monitorihthe operating conditions is necessary.

3.1 Equipment Setup

To run an experiment the test chamber conditioesl ne first be established and verified
and then the test equipment inside the chambersrteduk prepared for a test. For all the tests
run and experimental data collected for this thekes air supply system was set to supply air at a
rate of 1400 cubic feet per minute (cfm) and a terajure of 60 degrees Fahrenheit. The flow
rate of supply air and its temperature set poiat@sed on (Hunt 1995). Before all tests, the air
supply system and mannequins within the chambetuaned on and run for a minimum of 30
minutes to bring the internal surfaces to a stesate temperature. It should also be noted that
all of the doors on the test chamber should remmlased while the chamber is brought to the
testing conditions.

Once the test chamber temperature and air flonhate stabilized, the test equipment
needs to be prepared. The test equipment prepau@insists of the particle dispersion system
setup and the particle measurement placement.sgdwfics of the individual elements are
described in the experimental setup section oftibsis. For the particle dispersion system, the
pressure regulator is verified to be at a 60 ps@jthe charging tank is charged and the pressure
is again verified at the tank. A release cyclaiisand the charge tank pressure is again verified
to have dropped to 45 psig. The remaining elemaiitse of the dispersion system are

addressed after the particle measurement equigsgnplace.

3.2 Testing Locations
For all the experiments conducted, particle siziata was collected in two locations and

repeated to improve the accuracy of the resulte dverview of the test chamber, Figure 2.11,
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labels the rows one through eleven and the coluthsough G, this nomenclature will be used
to describe the testing locations throughout tise séthe thesis.

Tests conducted within the cabin are separatediwealifferent series that fall into two
categories. Three series of tests were run witBJAIRA seat 3D, the reference location for these
tests, while APS2 was moved along three differatihhg These three series of tests share a
common reference location and are appropriatelgadateference tests. Two additional series
of tests were run with APS1 and APS2 in differazats and then they were switched and data
collection repeated. The tests in which the AP&uacations were swapped, are the exchange
tests. At each location of an APS during a tést,mhannequin that occupied that seat was
removed from the chamber during the testing and thplaced for the next test. The process of
mannequin removal and replacement was followealfdesting locations discussed in this

thesis.

3.2.1 Reference Tests
The first series of reference tests utilized ARP$4dat 3D as previously stated, and APS2
was moved along the centerline of the chamberatsskD through 11D. Seats 2D and 3D since
those were occupied by other equipment. Followlregcenterline test APS2 was positioned in
the seats in row 7 for the second series. Datacoldected in seats 7A through 7G and then
APS2 was moved to row 4 for the final series oérefice tests in seats 4A through 4G. Figure

2.11 is an overview of the chamber that illustrdkeslocations described above.

3.2.2 Exchange Tests

The first series of tests in which the APS unitg#c&wlocations occurred in seats 5D and
5E. APS1 was placed in 5D with APS2 in seat 5Ethrd their locations were switched.

The final set of tests was run in seats B, D, and Fows one and three. For these tests
the two APS instruments in the same column on dppesles of the particle dispersion system.
A test was run with APS1 in seat 1B and APS 2 at 88. Then APS1 was placed in 3B and
APS2 in 1B. This process was repeated for seasntiIBD, and 1F and 3F as well.
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3.3. Test Preparation

Once the particle measurement equipment is in g@dbe particular test to be run the
particle dispersion system setup could be complet®idh the air charging and discharge
elements verified the caps with particles are ohiaed.

Preparation of the caps starts with removal of sxgmwder from the measurement plate
and empty caps. The plate is moved to the clossdipn and the talcum powder is loosely
distributed across the top of the plate. A straeglge is used to remove any excess powder
across the top of the plate. The excess powdeavvains done such that the internal volume of
the holes in the plate meter the powder. The jdaidaced above the empty caps and slid to the
open position then lightly tapped to release algbwder from the measurement plate. Figure
3.1 shows the measurement plate and cap loading tra

Once loaded all seven evenly filled caps are n@eqa in the chamber under the
appropriate nozzles. When the caps are placed timel@ozzles the orientation of the nozzles
should be verified to have a vertical orientatiod #he powder should be adjusted so it is
centered in the cap. Since the chamber conditfanstion of the discharge system, APS
locations, and particles for dispersion have bemified, exit the chamber and ensure all doors

are closed.

3.4 Data Collection

Once the cabin is prepped for a test, it is necgdsavait a minimum of ten minutes to
allow any particles stirred up from activity withiine cabin to be removed by the ventilation
system and settling. The time was chosen aftdinpreary scenarios where a person would
enter and exit the cabin while the APS units woulthitor the particle activity. From this
information, a ten minute delay is designed in®lthbView program and the Aerosol
Instrument Management software is set to begirecttlg data at a chosen time using the
computers internal clock. Once a time is chosdeast ten minutes after the chamber doors
were closed, for example 1:15 pm, the LabView paiags ten minute delay is started exactly at
1:05 pm. The APS software collects data for 16ut@s at a rate of 1 hertz and the data is

written in a comma separated format file for latealysis. LabView is programmed to wait
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another 60 seconds after the ten minute delayy®deébeasing a 15 millisecond burst of air to
stir the particles. During these 60 seconds, thgram is also set to fill the charging tank foe th
first 30 seconds. The 60 seconds from the tedttstéhe release of particles allows for
verification of the conditions in the chamber asthblishment of a baseline. After the particles
are dispersed, the 15 minutes of data collecticufficient for the chamber to return to the

baseline conditions.

Figure 3.1: Measurement Plate and Tray for Pre-Tes€Cap Loading
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CHAPTER 4 - Results

This section presents the data collected for tiesis and was collected in two series of
tests, reference tests and exchange tests ashagborithe Experimental Procedure. The data
are categorized into exposure results and timeseesults. The two categories are further
divided to present the data in detail to providegenasight. The averaging, normalization, and
95% confidence intervals associated with the degaaplained in the data analysis section. It

should be noted all confidence intervals are tHé 8Brtainty band for the average.

4.1. Exposure Tests
The exposure tests focus on the accumulated gaciicints for the entire duration of the
16 minute tests from both the reference tests aoldamge tests. The results are given in two
forms; the first is for the average total numbepafticles counted. The second is the number of
particle counted at each location relative to theber accumulated in seat 3D during the same

test. The normalized data are used to find thed tatmber of particles at each location.

4.1.1. Total Exposure

The average of the total particles counted at e&the 27 different locations is given in
Table 4.1. The data for the centerline of themageat D, in rows 1 and 3 through 11 are shown
in Figure 4.1 and rows 6 through 11 are repeatédguare 4.2 for clarity. For both figures the
total particle count is given along the verticailsaxith the rows across the bottom.

Row 4 and row 7 data are similarly representedguife 4.3 and Figure 4.4, respectively,
with the total particle counts on the vertical axigl the seats across the bottom. Rows 1, 3, and
5 also have multiple tests taken within those ro®sats B, D, and F in rows 1 and 3 as well as
seats D and E in row 5 are represented in combmatith the row 4 and 7 data in Figure 4.5.

The culmination of the average total particles ¢edrat each location is graphically
represented in Figure 4.6. The exact values ®ctdtumns shown are given in the previously

mentioned Table 4.1.
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4.1.2. Exposure as a Fraction of the Reference Location
The data for this section are collected only friwa tests defined as reference tests in the
Experimental Procedure. Table 4.2 lists the avefeagtional exposure for each of the 22
locations included in the reference tests. Thetifvaal exposure from a single test is calculated

with the following equation.

C
F - loc (41)
Cref
where, Cioc is the total counts at the location of interest

Cret Is the total counts at the reference location

The graphs of the data all give the fraction ot 8&aparticle counts on the vertical axis
with the appropriate row or seat given across threbntal axis. The centerline data for rows 1
and 3 through 11 is shown in Figure 4.7 with foongows 6 through 11 in Figure 4.8. The data
point in row 3 is exactly 1 and as it is the ref@e point for each test.

The fractional exposure across row 4 is given guFe 4.9 and row 7 follows in Figure
4.10. Row 4 and row 7 are combined in Figure 4oldhow the data on the same scale. A
collective view of all the reference tests is giwerrigure 4.12 and represents the values from
Table 4.2.

4.2. Time Series Data
The time series data looks at the transient natiiiee particle counts at 22 locations in
the cabin. The time scale for all tests startsiatis 60 seconds such that the release of particles
occurs at time zero. The results are shown a&lagy average curve, as the integration of the
total counts, and as an integration of the fractibtne total exposure. The fraction of total
exposure normalizes each test against its own ligt&lquation 4.2.

fi==- (4.2)
where, fi is the fraction at time

¢ is the accumulated particle counts at time

Cioc Is the total particle count at that location
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4.2.1. Centerline Time Series

The time series plot for the centerline of the nabirows 1 and 3 through 11 is shown in
Figure 4.13. The same data is shown again in Eigur4 with the vertical axis scale reduced
from 200 to 20 average particle counted. Figui® 4jives the cumulative particle counts for the
centerline seats and Figure 4.16 is cumulativeibmaof the total particles for each location.
Note the cumulative fraction grows to a value oé éor all location since they are all scaled
against themselves.

The average time required to reach the 100 totalkpes counted threshold at each
location along the centerline is given in Figurgé74. Rows 1 through 5 are shown again in
Figure 4.18 with the time scale on the verticabarduced from 360 to 60 seconds. Figure 4.19
shows the time to reach a threshold of one-tentt) (Be total particles counted at each location

in along the centerline and Figure 4.20 focusesows 1 through 5 only.

4.2.2. Row 4 Time Series

The time series of the particle counts across ranedshown in Figure 4.21. For each of
seven seats in row 4, the curve in Figure 4.21essnts the average behavior at that location.
The individual averages are shown in Figures hg@ugh 4.28 along with the separate tests and
resulting average associated with seats 4A thrd@hrespectively. The integration of average
curve with respect to time for each location isspréed in Figure 4.29 and in a similar manner
the cumulative fraction of the total exposure isvgh in Figure 4.30.

Utilizing the growth data shown in Figures 4.29 dn80, the elapsed time to reach an
accumulated particle count limit of 100 particlegiven in Figure 4.31. As with the centerline
seats, the time for each row 4 location to reaattenth of its total exposure is given in Figure
4.32.

4.2.3. Row 7 Time Series
The presentation of the row 7 time series dat# ikeosame structure as the centerline
and row 4 data. Figure 4.33 shows the averagederes for each of the seats across row 7.
Again, the integration of particle counts in rovare given in Figure 4.34 and then represented as
a fraction of the total exposure at each locatmRigure 4.35.
The time to reach the predetermined limits of Ifi@ltparticles counted and one-tenth of

the total exposure for the row 7 seats are onc apiained from the integration data just
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mentioned. The times are given with the 100 plartlireshold in Figure 4.36 and the one-tenth

exposure threshold in Figure 4.37.

4.2.4 Threshold Time Data

The time necessary for varying locations within thamber to reach both a given
number of counts and a fraction of the total expessiexplained in the sections for the
centerline, row 4, and row 7 data. A compilatiénhe information in Figures 4.17, 4.31, and
4.36 is given with a three dimensional perspedtiveéigure 4.38, illustrating the time to
accumulate 100 particles counted at each of tHec@®ions tested. Figure 4.39 is a compilation
of the data in Figures 4.19, 4.32, and 4.37 anthaews all 22 locations, but with the time
elapsed to reach one-tenth of the total exposueach seat. It should be noted the orientation of
the images are deliberately different than theasgmtation of the total exposure in Figures 4.6
and 4.12 since the time data grows toward theaktire cabin. The average values for each seat
are used to create Figures 4.38 and 4.39 are givEables 4.3 and 4.4.

Table 4.1: Total Exposure Particle Counts

Average Particle Counts
A B C D E F G
15687 13538 17400

5297 10597 10471
3187 3514 6168 5469 8192 7587 6951
5028 4576
2094
1442 1087 1067 2068 2529 1317 1437
956
837
736
397

PO OWoOO~NOOLAWNEPR

R
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Table 4.2: Fraction of Reference Exposure

Average Fraction of Reference Exposure

A B C D E F

1.43

1.00
0.36 0.29 0.50 0.49 0.90
0.43
0.21
0.15 0.12 0.14 0.20 0.22
0.09
0.07
0.07
0.03

©CoOo~NOOPA~WDNPRE

e
(N )

0.55

0.15

0.46

0.14

Table 4.3: Particle Count Threshold Times

Average Time To Accumulate 100 Particles

A B C D E

6.3

18.4
60.7 41.7 22.3 35.0 19.3
45.5
84.3
107.7 128.7 113.3 85.0 82.3
127.5
160.0
178.3
235.5

O© O ~NO UL, WNBE

=
o

=
=

27.3

93.3

29.0

95.0

Table 4.4: Fraction of Total Exposure Threshold Tines

Average Time to Accumulate 10% of Total Exposure

A B C D E

F

G

12.7

29.3
82.0 61.7 42.0 53.8 31.7
64.5
98.7
119.0 132.7 115.7 97.7 96.7
126.0
153.0
162.7
183.0

OO ~NOOUPA,WNLPE

ol
= o

48.0

95.3

44.3

103.0
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Figure 4.1: Centerline Total Exposure
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Figure 4.2: Centerline Total Exposure, Rows 6 throgh 11
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Particle Counts
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Figure 4.3: Row 4 Total Exposure
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Figure 4.4: Row 7 Total Exposure
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Exposure Across All Rows

Figure 4.6: Overview of Cabin Total Exposure
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Fraction of Seat 3D Exposure
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Figure 4.7: Centerline Fractional Exposure
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Figure 4.9: Row 4 Fractional Exposure
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Figure 4.10: Row 7 Fractional Exposure
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Row 4 and Row 7 Fraction of Seat 3D Exposure
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Figure 4.11: Rows 4 and 7 Fractional Exposure
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Centerline Particle Count Time Series
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Figure 4.13: Centerline Particle Count Time Series
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Figure 4.15: Centerline Cumulative Exposure
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Figure 4.16: Centerline Cumulative Fraction of Totd Exposure
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Figure 4.17: Centerline Particle Count Threshold Tmes
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Figure 4.18: Centerline Particle Count Threshold Tines, Rows 1 through 5
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Centerline 10% of Total Exposure Threshold Times
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Figure 4.19: Centerline Fraction of Total ExposureThreshold Times
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Figure 4.20: Centerline Fraction of Total ExposureThreshold Times, Rows 1 through 5
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Row 4 Particle Count Time Series
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Figure 4.21: Row 4 Particle Count Time Series
Row 4 Seat 4A Particle Count Time Series
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Figure 4.22: Row 4 Seat 4A Particle Count Time Sess
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Row 4 Seat 4B Particle Count Time Series
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Figure 4.23: Row 4 Seat 4B Particle Count Time Ses
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Figure 4.24: Row 4 Seat 4C Particle Count Time Sess
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Row 4 Seat 4D Particle Count Time Series
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Figure 4.25: Row 4 Seat 4D Particle Count Time Sexs
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Figure 4.26: Row 4 Seat 4E Particle Count Time Sexs
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Row 4 Seat 4F Particle Count Time Series
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Figure 4.27: Row 4 Seat 4F Particle Count Time Sexs
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Row 4 Cumulative Particle Counts
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Figure 4.29: Row 4 Cumulative Particle Counts
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Figure 4.30: Row 4 Cumulative Fraction of Total Expsure
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Figure 4.32: Row 4 Fraction of Total Exposure Threlold Times
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Row 7 Particle Count Time Series

1000

20
7A
18 —
—— 7B
16 —7C____
¥ D
14 S 7E
% 12 -————————— Lol
3 S 7G
Q
o
b=
©
o
it e * al
720 780 840 900
Time (sec)
Figure 4.33: Row 7 Particle Count Time Series
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Figure 4.34: Row 7 Cumulative Particle Counts

53




Fraction of Total Exposure

Row 7 Cumulative Fraction of Total Exposure

1.00

0.90 -

0.80

0.70 -

0.60 -

0.50

0.40

A

—7B

0.30

0.20

7C
7D

------- 7E
rrrrrr 7F

0.00

------- 7G

-60

60 120

180

240 300 360 420 480 540 600

Time (sec)

660

720

780 840

900
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Figure 4.36: Row 7 Particle Count Threshold Times
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CHAPTER 5 - Data Analysis

The data presented in the results section recagpstment using the methods outlined
in this section. Adjustments to the data includenmalization for background counts, various

averaging methods, and calculation of uncertairgs®ciated with each result.

5.1. Normalization
For the tests conducted, it was noticed that un diethe steps taken to establish a clean
environment with an insignificant number of backgrd particles, a zero background count
remained unachievable. To account for the backgt@ounts, the particle counts in the first

and last minute were used and the data was cadrasteg Equation 5.1.
c =¢ -9, (5.1)

let, i =-60,-59...899900
j=| 120
Cl + C16
<]
j

where, i is the time in seconds
] Is interval between background particles
k is a multiple of the interval
C, s the total particle counts during the first otim
Ci6 s the total particle counts during the last nenu
G' is the normalized number of counts at time

¢ is the original number of counts at time

The calculation of the interval between backgropadicles (j), and the multiples of
interval (k), both employ the floor function dendtey the floor brackets, | (Graham 1994)

The effectiveness of this process is discussedeverifications section. The majority of the
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tests average well over 1000 particle counts @il ®tposure from the injection and the average
estimated background count is only 41 particleswever, the data collected in seats farthest
from the source averaged between 397 and 956 leariicwhich case the background counts
represented potentially about 10% of the total t®u®o normalization is implemented on all

tests regardless of location in the cabin.

5.2. Settling Losses
To estimate the rate at which particles would settlthe cabin without the supply air, the
aerodynamic diameter of the particles measuredad in calculating the settling velocity. In
order to appropriately estimate the settling veloii still air, the particles aerodynamic

diameter as computed by the APS’ must be corrdotgglarticle density.

5.2.1 Aerodynamic Diameter Correction

An APS calculates the diameter based on the tinfilgbt between two lasers in an
accelerating air flow. It is mentioned in thedgire provided by the manufacturer that the
aerodynamic diameter can be estimated incorreictheiparticle has a density below 0.9g7cm
or more than 1.1g/ctn The density of talcum particles is between 2868 2.83 g/cm (EPA
1992).

To correct the aerodynamic diameter for a non-utétysity the Equations 5.2, 5.3, and
5.4 from (Wang and John 1987) are used as suggestieel APS’ software manual (TSI 2006).

6+ R22/3 1/2

DaZ = Dal|:6+—R12/3:| (5.2)

Rl - pa U _V Dal (53)
HA Py
U-VID

R2 - IOa a2 (54)
HA P>

where, Da2 is the corrected aerodynamic diameter

Da1 is the uncorrected aerodynamic diameter
. is the air density (1.205xF@/cnT)
o1 is the calibration particle density (1.05 gfgm
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is the actual particle density (2.58 to 2.83 gjcm
is the air velocity (15000 cm/s)
is the average particle velocity (9510 to 12310sfm

= < Cc D

is the air viscosity (1.81x10dynees/crm)

The equations above contain a loop in the facRiterm refers to the corrected diameter
So iterations are required to solve the set of tgus  Using the outlined process the measured
aerodynamic diameters 2113 are then corrected. To consider the broadegertre particles
may represent, the upper end of the density is widhe smallest measured diameter and the
lower density is used with the largest diametene $mallest particles included in this thesis
have a measured aerodynamic diameter ofulil1Using a particle density of 2.83g/the
corrected aerodynamic diameter is found to beph8&fter ten iterations. Also, for the included
particles with a measured aerodynamic diameterk#n and a particle density of 2.58 gftm
the corrected aerodynamic diameter is fuvi0

With the corrected aerodynamic diameter, the catmr of the approximate geometric

diameter is done with a ratio of densities. Tlkglation is shown in Equation 5.5.

D
D  =_—az (5.5)
geometric
NP>
where as in Equation 5.8, is the corrected aerodynamic diameter

0> is the actual particle density

As with the aerodynamic diameter, the geometricngi@r assumes the particles are all
near perfect spheres. For the particles countadglthe tests outlined in this thesis, the

geometric diameter then has a range of %20 1.06um.

5.2.2. Settling Rate
Based on Stoke’s Law, the terminal settling velpoitthe particles is calculated using

the corrected aerodynamic diameter and Equatian 5.6

(5.6)



where, Vs is the settling velocity
is the particle density

P

D s the particle diameter

g is gravitational acceleration
U

is the air viscosity

In this situation the aerodynamic diameter is beisgd, so the true density of the particle
is ignored and a density of unity is used as igigfenition of the aerodynamic diameter. The
corrected diameters of 0,8 and 1.7Qm, representing the upper and lower ends of the
interested range, have settling velocities of 2128%m/s and 8.73xI0m/s respectively.

With the settling velocities established, partidgs from settling is not considered a
significant mechanism by which the particles araoeed from the cabin. The magnitudes of
the settling velocities are significantly smallean other documented velocities in the cabin
(FAA 2008).

5.3. Averaging Methods
The value reported at each location to represenavierage for the criteria being tested
was achieved in the following manner. The parametiked at in each type of test was first
calculated for each test run and then the restiltdl the tests at that location were averaged
together. This process applies to the total exodraction of reference exposure, time to
exposure threshold, and time to fractional expothneshold tests.
The time series plots were obtained by first aviagagach individual test using a 10

second trailing average given,

Cavgi === D.Cin _
avg,i 10 i i (5 7)
where, Cavg,i is the average at time

G is the counts at timie
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Once each of the individual tests was averagedyusguation 5.7 values at each time
step were averaged together for all the testsaataloation. The results of this process are
visible in Figures 4.22 through 4.28 representimgrow 4 seats.

5.4. Uncertainty Analysis
To derive the 95% confidence intervals of the agerfr each of the tests a variety of

elements that could impact the nature of the flauwtkin the cabin are considered.

5.4.1. Particle System Uncertainties
The uncertainties from the equipment used in tepatsion and counting of particles are

explained in this section.

5.4.1.1. Cabin Supply Air
The flow rate of air into the cabin is first examih The flow rate is set at 1400 cfm and
has an observed absolute uncertainty of +10 cfsingJEquation 5.8 this yields a relative

uncertainty of 0.7%.

U, =% Q -4+ =+0.7% (5.8)

5.4.1.2. Particle Dispersion System

The particle injection system has uncertainty ithiibe volume of air used to disperse
the particles and the amount of powder loadedtimcsystem. The volume of air released at
atmospheric pressure is calculated in Equatiomb®the uncertainty is calculated in Equations
5.10 through 5.14.

v = RPN _(60-45)0.0413_ ) o0 (5.9)
P 14.7

atm

where, P, isthe pressure in the tank before discharge
P, is the pressure in the tank after discharge

Pam is the atmospheric pressure
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V7 is the measured volume of the charging tank
V is the volume of air released at atmospheric press

The volume of the charging tank was found to bd@it® +0.31ir? by measuring the
amount of water required to fill tank. The relatiuncertainty of the tank volume is calculated in
Equation 5.10 and represents the bias error dgiflevolume,

U 031
Uy =L =+ = +04%
TTTNL 7140 ° (5.10)

The uncertainty of the pressure change in the paiok to and after the controlled
discharge is calculated in Equation 5.11 and 5Q@ly the uncertainty from the resolution of
the gage used is applicable since any bias indge gvould affect botR; andP, in the same
manner and therefore is correlated, and will canael The random error from the reading

resolution is applied twice since the gauge is adubth ends of the charge-discharge cycle.

2P, 2%x2 .
Upip, = i\/ > = i\/ > =*14psig (5.11)
Uppp, =% Yeres = iﬁ =19.3%
P -PR 15 (5.12)

The uncertainty of the atmospheric pressure througtine duration of all the tests is
given in Equation 5.13 and is based on the maxirohamge in barometric pressure during the
months of testing. The data is from (Wunder 2G048) is used as the random uncertainty of the

atmospheric pressure.

Upm = £0.3psi
0.3
Upgm = im =+20% (5.13)

The combination of the relative uncertainties fog volume of air released by the tank

are combined in Equation 5.14 relative uncertaiotythe volume of air discharged.

_ 2 2 2 2
u, = i\/epl_quPJ_—P2 *+ GpamUpaim (5.14)
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where, (& -9

oV

The uncertainty of the tank volume is not includette only the random uncertainty of
the pressures will cause variation from test ta t@fe relative uncertainty calculated for the
volume of air released is 9.3%. However, the uagaties associated with the volume of air
released likely affected on the outcome of thestiile as long as there is sufficient air to ¢eea
the initial cloud. During the initial testing pheasf the dispersion system, discussed in the
Verifications section, it was observed that by wagythe volume of air released more than 10%
the dispersion was not noticeably affected. Tistesy effectively dispersed all the particles
from the caps and remained visually consistent.

The consistency of loading the talcum powder in®dispersion system is estimated to
have a random uncertainty of + 5%. This level mfertainty is reasonable based on the results
from seats in rows 1 and 3 as shown in the vetiboa section. In addition, the talcum powder
loading is the only element of the particle digitibn system whose uncertainty directly reflects

in the number of particles released and, in tuonnted.

5.4.1.3 Particle Counting
The accuracy of the APS is given as + 10% frormtla@ufacture data sheet. Since the
number of particles counted is a function of bbid quantity of particles released and the ability

to count them, the total particle counting systeroautainty is estimated at 11.2%.

Ugymiom = £4/Uzps + Uy = £4/10% + 507 = +11.2% (5.15)

system —

5.4.2. Result Uncertainties
This thesis includes data from 172 tests at 2 %tilmes within the chamber. To calculate
uncertainties in the data, a pooled relative stahdaviations,, is used throughout this section
to estimate the relative population standard denatThe number of samples at each location is
then used to find the relative standard deviatiotne average at that location, by dividing the
pooled relative standard deviation, by the squaoé of the number of samples. Equation 5.16 is

used whenever a pooled relative standard deviiceferenced.
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n+n,+---+n -k (5.16)

:\/(nl_l)slz + (nz _1)522 te +(nk _1)33

where, n is the number of tests at a location
s isthe location’s relative standard deviation & gample
k s the number of locations
For all the applications of Equation 5.16 in thiedis, the relative sample standard
deviations from different locations are combinethviquation 5.16 to calculate the pooled
relative standard deviation. This relative staddieviation is utilized due to the large variations
in magnitude throughout the cabin. The poolinghefrelative standard deviations is done to

account for the low number of tests at each indiaidocation.

5.4.2.1. Exposure Test

The exposure tests consist of two types of teséxplsined in the experimental
procedure section, the total exposure tests anolsexe as a fraction of the reference. For the
total exposure tests Table 5.1 shows some of thiedlyvalues for the sample standard deviation,
relative standard deviation, average value, nurabtests at each location, and other results
discussed below. For all the total exposure thstselative deviations were pooled with
Equation 5.16 for a relative sample deviation aiwl21%. This is used with Equation 5.17 to
calculate the relative deviation of the averagent®s;, at each location in the total exposure

tests.
— Spyf
Ser = /n (5.17)
where, Sor IS the pooled relative sample deviation

n is the number of tests at the location

Equation 5.18 converts each location’s deviatiothefaverage to a relative uncertainty

since the pooling function creates populationstgrehan ten (Coleman and Steele 1999).
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Us = Hlgg, S

c,r

= 123(” (518)

The total relative uncertainty is found by comb@ithe random uncertainty from the test
results with the systematic uncertainty of the pmént setup. The only systematic uncertainty

present is that from the APS machines.

U = £, /ul® +Ujpg (5.19)

Multiplication of the relative uncertainty at edoleation yields the absolute uncertainty
of the average with a 95% confidence interval.
Uz =#uc (5.20)
Similar to the total exposure uncertainty, the expe as a fraction of the reference uses a
pooled standard deviation for all the data poinltected throughout the cabin. Using Equation
5.19 results in 19.5% relative sample standardadievi. The application of Equations 5.20

through 5.23 then yields a 95% confidence inteataach of the locations.

5.4.2.2. Time Series

The time series tests consist of time limits far tlata to reach either 10 percent of their
total exposure or 100 particle counts. The testew 4, row 7 and along the centerline were all
addressed separately for the uncertainty calcuistid he centerline data was split in a pooled
relative uncertainty for rows 1 through 5 and aeotbooled relative uncertainty for rows 6
through 11. Therefore, the four different groupstehave two tests categories and the resulting
eight, pooled sample standard deviations from gpdi@ation of Equation 5.16, are given in
Table 5.2. They range from + 7.0% to + 25% andagaied to the corresponding locations
within the cabin for each test using Equations $ht@ugh 5.20 to again find the 95%

confidence intervals for the data.

5.5 Exposure Analysis
The exposure test results as shown in the resdt®a are presented in two forms. The

first looks at the shear number of particles acdated at each location during a test. The
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second relates each location’s individual testsdtathe reference location’s total during the

same test.

5.5.1 Total Exposure

The first test results presented as part of thed &dtposure section look at the seats
located along the centerline of the cabin. In Fegdi1l and Table 4.1 it is observed that the total
particle count decreases as the testing locatioroiged farther from the dispersion row. This
type of behavior is expected and is similar in rato previous steady state work (FAA 2008).
Figure 4.2 shows more clearly the data at theaktre cabin between rows 6 and 11 which are
4 to 9 rows from the particle source. In comparisath the data collected close to the source
there is an order of magnitude decrease in theegatilocations 6 to 7 rows away.

The row 4 and row 7 data presented in Figuresdd34a4 show results for tests covering
the width of the cabin. When presented graphicalgn though the particles were released
across all seats in row 2, there is a noticeahi@tan across rows 4 and 7. The average across
all the seats in each row is plotted in Figureddahg with the row 4 and 7 data. While the
centerline seat in row 7, seat 7D, overestimatesdiv average, the average across row 4 is well
represented by the centerline seat, 4D. Howeeevdhiations from this average across the
rows, show that even if the centerline seat repitestbe average, as in row 4, the average may
not represent the remaining seats of the row wottdgaccuracy.

A combination of all the locations in which two miore seats in the same row were
tested is represented in Figure 4.5. This datatihtes the general trends across the rows with
the appropriate 95% confidence interval for eaddraye. To gain a better spatial perspective of
the data the three dimensional image in Figuresdddvs both the lateral and longitudinal trends.
The total exposure tests show the seats to theafglenter tend to accumulate more of the
dispersed particles than those on the left. Alsbeu of the fact the locations in row 1 and row
3 were the same distance from the source, row Wshasignificantly higher particle count at all

locations.

5.5.2 Exposure as a Fraction of the Reference Location
As with the total exposure tests, the centerlirs¢ sesults are presented to illustrate the
trend through the length of the cabin. By repréagrthe exposure as a fraction of the reference

location, seat 3D, the potential for a trend indlagéa to have occurred out of coincidence is
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reduced. In the centerline distribution, as shawigure 4.7, Figure 4.8, and Table 4.2, it is
observed overall distribution is very similar t@ tfesults for the total exposure tests as expected.
Looking at the data from row 4 and row 7, both wdlially and then together in the
Figures 4.9, 4.10, and 4.11, variation acrossdhe remains. Figure 5.2 shows both rows 4 and
7 with their respective row averages and as beaf@eenterline seat in row 4 is close to the
average in that row there is significant variatitom the average across the row.
Combining all the reference test data, Figure 4H@vs the averages with a value of
1.00 for the fraction representing seat 3D. Whilgéneral the seats along the right aisle have
greater fractions of the reference exposure thastinrounding seats, both window seats on the
left side, seats 4A and 7A, have higher averaggifnas than their aisle seats.

5.6 Time Series Analysis
While the goal of this thesis is to provide expenital data for the trends of a time based
release of particle, the nature of how those pagispread over time is also important. The time
series data help to illustrate the spread of gagtithrough the cabin and focus on series of tests

along the centerline, across row 4, and across/tow

5.6.1. Dynamic Particle Counts

The introduction of particles into the cabin causaying responses through out the
cabin as can be seen in Figures 4.13 and 4.14hwhiow the centerline time series data. While
the behavior for seats 1D and 3D is similar toep shange, the data from row 4 and back show
a more gradual growth. Although in Figure 4.21jclklshows all the seats across row 4, the
data for seat 4E has a very quick rise to the palle also resembling to a step change. Row 7
data in Figure 4.33 shows a much more gradualmisgost of the seats across row 7. However,
seat 7E which is directly behind seat 4E is algogiickest rising and highest peaking in its row.
The rise of the particle counts within the cabirthia various locations is anticipated because as
the distance from the source increases so doemeadd clean air through which the particles
must travel.

Regardless to the manner in which the peak valwes veached or the location within
the cabin, all the data in Figures 4.13, 4.14, 4at 4.33 exhibit an exponential decline in
particle counts over time. Again, this behavioexpected since clean air is continually

introduced into the cabin.
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The manner in which each location is exposed torantbves particles is just a portion
of the transient behavior. In Figures 4.13, 44121, and 4.33 even though the lines on the
charts represent the average behavior of multgststaveraged over 10 seconds there is a
noticeable unevenness. To better illustrate wtiesevariation comes from, Figures 4.22
through 4.28 show the individual test results dradrtaverage for the row 4 seats. The
individual test results show a cyclic behavior &iteast one test at most of the seats. The
individual test results also show the magnitudtheffluctuations varies by seat and in some
cases, the timing is such that they nearly negath ether in the averaging process. This
situation is shown with Figure 4.28 and seat 4Grevtiiee oscillations of the different tests are
far greater than those reflected in the average.

5.6.2. Cumulative Exposure

The cumulative exposure data as well as the cumelfaction of total exposure data
both present the opportunity to look at the ratgiglas are introduced and then removed at each
location. The first figures with cumulative dakagures 4.15 and 4.16 show the centerline seat
data. The data from locations closer to the soareeot only exposed to more patrticles, but the
particle accumulation occurs more quickly. Se&sa6d 7D grow to differing values in Figure
4.15 with the total in seat 7D only about two-tlsiaf the total reached in 6D. In spite of the fact
they reach different totals, when the values arenabzed and expressed as a fraction of their
own total, the two series are very similar as showifigure 4.16.

The cumulative data for row 4, Figures 4.29 an@4s@ats 4C, 4F, and 4G show growth
to different total particle counts but are neangistinguishable when normalized. The shape of
the curve for seat 4D has a shape very close totC, 4F, and 4G although it is slightly
shifted behind the other curves.

Row 7 data show a variety of curves from the cutnudgarticle counts in Figure 4.34
which are then separated into two main groupsguiei 4.35. When the particle counts are
given as a fraction of their total, seats 7A thiod@ seem to trend together. This is also true for
seats 7D through 7G which do not appear similait presented as a fraction of their total. Also
while seats 7E and 7F are the closest to one anatiee much of their path in Figure 4.35 they
separate almost immediately with seat 7E doublegvilues reached by 7F in Figure 4.34.
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5.6.3. Exposure Threshold Times

The threshold tests analyze the data attemptiggaatify the rate in which the particles
disperse within the cabin. As with the previousdiseries data the time to reach established
limits or thresholds is separated into two typegit@ more perspective to the data. For the
centerline tests, the times to reach 100 partiol€sgures 4.17 and 4.18 show a linear trend from
row 3 and increasing toward the rear of the cabiigure 5.3 shows data from Figure 4.17 from
row 3 through 11 and a linear fit to the data. Zlm intercept of the line is set at one second
since it is assumed the accumulated particle canntsv 2 will be greater than 100 particles in
the first second. The fact row 2 is the locatibthe initial particle dispersion at time zerohet
justification for this assumption, based on datailable in rows 1 and 3.

Another approach from which to look at the sprefpasticles is with the data in Figures
4.19 and 4.20, which show the time to reach 10gyeraf their total exposure. Again, a linear
trend appears and as with the 100 particle couataltzd a linear approximation is applied.
Figure 5.4 illustrates the rework of Figure 4.1%hwhe addition of the linear trend for which the
intercept is set at 10 seconds. The value of &0rsks is chosen since it is assumed row 2 will
reach its peak just after time zero and the partiounts will decrease with a similar exponential
trend as the other locations. In addition, a X®sd intercept sets row 2 below the values in
rows 1 and 3 and still allows for the fact it wilbt be as instantaneous as the 100 particle limit.
As shown on their respective charts, the centedes trend lines for both the 100 particle and
10 percent tests have similar slopes around 2(hsisqeer row.

The results for row 4, Figures 4.31 and 4.32, and 7, Figures 4.36 and 4.37, illustrate
the 100 particle count threshold and 10 percettaf exposure threshold times again have
similar trends. While the 10 percent times areua20 second slower than the 100 particle
count times the shapes are very similar with theeption of seat 4G which is only 15 seconds
slower for the 10 percent time. The row 7 data alsows very similar trends between the 10
percent exposure times and the 100 particle timésawariation of between 2 and 14 seconds
between the tests. The combination of all thestistexposure threshold times shown in
Figures 4.38 and 4.39 and reiterate the similariietween the 10 percent and 100 particle count

threshold tests.
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5.7 Verifications
This section looks at the verification of sevenffiedent components responsible for the
final results and their presentation in this thedike verifications include the particle
measurement and dispersion systems, as well amthwlization method applied to the

measured data.

5.7.1 Particle Measurement

To verify that the two APS’ used for particle sgiand counting in this thesis the two
units were placed next to one another in the la tiee testing chamber. Data was collected for
a three-hour period at a counting rate of one hérte total counts for APS2 were 7% more
than the total counts for APS1 for particles inithiege of 1.114 to 2.139m in uncorrected
aerodynamic diameter as measured by the APS’. vEmiation is within the manufactures listed
10% uncertainty for counting. A comparison of gzticle counts separated by size is given in
Figure 5.5 with the APS’ confidence interval of @%. To illustrate the agreement of the two
instruments over time, Figures 5.6 and 5.7 showithe series data with 60 second and 10
minute averaging respectively. The averages ailengy averages and use Equation 5.7 with 60

and 600 seconds as opposed to 10.

5.7.2 Dispersion System

The first method of verification for the dispersigystem is visual and included recording
video of the dispersion process. The video wasucag in front of a dark surface marked with
lines at six inch increments, the first six inclaé®ve the mounting surface. All ventilation
systems for the room were temporarily shut offreodispersion system itself would be the main
source of particle movement. Figure 5.9 shows adfe progression of a typical dispersion
process.

Data from the exchange tests in rows 1 and 3 at»age a certain level of verification
for the dispersion system. As previously explaidath was collected in the same seat column,
B, D, or F in both row 1 and 3 simultaneously. Tdtal particle counts for these tests are listed
in Table 5.5. The summation of the counts on lsatks of the dispersion row is done to help

reduce the effect of the ventilation system andsueathe repeatability of the particle
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dispersion. The averages for column sums andefaged statistics are in Table 5.4. Of the tests
in seat column B one of the tests resulted in a &E0ger particle exposure than any of the other
tests at that location. Since it is unlikely 50%rmparticles were used, this fluctuation is
attributed to the cabin airflows and considereaattier in the data for verification purposes.

As indicated in Table 5.4 the 95% confidence iraeof the relative uncertainty is 5, 7,
and 4.5% for columns B, D, and F. These resuésndthin the uncertainty of the APS’ and

indicate the 5% loading uncertainty is reasonable.

5.7.3 Normalization

To verify the normalization process described atliginning of this chapter the
correction was applied to a 16 minute test. Thecéf/eness of this normalization method is
shown in Figure 5.8. While the method is not paréend slightly over corrects both 16 minute
test in this case, it does reduce the deviatiom zero.

For all the centerline tests the total particlesnted in the first and last 60 seconds of
each test were averaged before and after normahzats applied. The values in Table 5.3
show significant reduction in the background p&tacounted with the normalization versus
without. Also, the standard deviations show that¢ is less variation for the normalized data
than in the data without any correction for thekgmound counts. Both the smaller average and

the reduced deviation from the average suppontablts seen in Figure 5.8.
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Table 5.1: Example Data for Total Exposure Tests

Seat 1D 4D 4E 4G 7C 7D 7E 10D
Average Particle Counts 13538 5469 8192 6951 1067 2068 2529 736
Sample Standard Deviation | 2207.6 1283.1 7349 577.4 156.9 209.9 562.9 83.1
Relative Sample Standard
Deviation 0.163 0.235 0.090 0.083 0.147 0.101 0.223 0.113
Pooled Relative Sample
Standard Deviation 0.211 0.211 0.211 0.211 0.211 0.211 0.211 0.211
Relative Standard Deviation
of the Average 0.086 0.106 0.122 0.122 0.122 0.086 0.122 0.122
Number of Tests 6 4 3 3 3 6 3 3
Table 5.2: Pooled Deviations for Threshold Tests
Pooled Relative Sample Standard Deviations for Threshold Tests
100 Particle Limit Tests

Centerline Rows 1-5 0.205

Centerline Rows 6-11 0.063

Row 4 0.245

Row 7 0.137

10% of Total Exposure Limit Tests

Centerline Rows 1-5 0.236

Centerline Rows 6-11 0.070

Row 4 0.157

Row 7 0.115

Table 5.3: Normalization Effects on Centerline Test
Average Particles Counted in
First and Last 60 Seconds Standard Deviation of Counts
With background 2.815 2.403
Normalized -0.056 0.564

Note: the counts in the first and last minute for each test were added together then averaged

Table 5.4: Dispersion System Consistency Summary thiOutlier Effects

Column
SeatB | SeatD SeatF Seat B with outlier
Average 19175 21189 28649 20984
Sample Standard Deviation 1062 1819 1455 4531
Relative Standard Deviation 0.055  0.086 0.051 0.216
Relative Deviation of the Average 0.025  0.035 0.023 0.088
95% Confidence Interval 0.050 0.070 0.045 0.176

Note: the confidence interval doesn't include system uncertainties
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Table 5.5: Dispersion System Consistency Data froRow 1 and 3 Exchange Tests

Test
Number Seat  Total Counts Test Total Column Averages
Row1l Rows3 (combined by B, D, &F)
1B 13359
1832 3B 5582 18941
1B 13870
2008 3B 5604 19474
1B 12260
2157 3B 5242 17502
1B 23890
1637 3B 6137 *30027
1B 15926
1710 3B 4422 20348
1B 14814
1744 3B 4795 19609 19175
1D 11610
1634 3D 9708 21318
1D @ 10939
1713 3D 7937 18876
1D 12171
1749 3D 7129 19300
1D 16017
1705 3D 7377 23394
1D 15395
1738 3D 7437 22832
1D @ 15098
1812 3D 6313 21411 21189
1F 15890
2302 3F 12228 28118
1F 15292
2341 3F 15712 31004
1F 16779
0944 3F 10407 27186
1F 19348
1044 3F 9585 28933
1F 17360
1137 3F 6616 23976
1F 19728
1630 3F 8278 28006 27871

* this value varies from the other at the same location by about 50% and
is not included in the column average presented above
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Exposure in Rows 4 and 7 with Row Averages
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Figure 5.1: Rows 4 and 7 Total Exposure with Row Aerages
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Figure 5.2: Rows 4 and 7 Fraction of Reference Exgare with Row Averages
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Centerline 100 Particle Count Threshold Times
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Figure 5.3: Centerline Particle Count Threshold Tines with Linear Trend
Centerline 10% of Total Exposure Threshold Times
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Figure 5.4: Centerline Fraction of Total Exposure Threshold Times with Linear Trend
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APS Comparison of Total Particle Counts by Size
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Figure 5.5: APS Comparison of Total Counts by Partile Size
APS Comparison Time Series with 60 Second Aweraging
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Figure 5.6: APS Comparison Time Series, 60 Second/éraging
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APS Comparison Time Series with 10 Minute Averaging
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Figure 5.7: APS Comparison Time Series, 10 Minute veraging
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Figure 5.9: Particle Dispersion Visual Verificationat 0.1 Second Intervals
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CHAPTER 6 - Conclusions and Recommendations

This thesis focused on collecting experimental éiata the release of particles across
the second row of a Boeing 767-300 mockup invohidgows total. The release of the
particles required the development and implemeontadf a dispersion system. A total of 172
data sets were collected from 27 different locaiaithin the cabin in which the particles having
a corrected aerodynamic diameter of 0.87 to umOvere counted once a second. These
collected data were normalized and then analyzed wsrious criteria. While variations close
to the source remained large through the varicats tend methods of analysis, the locations
farther from the source showed results that areeroonsistent. This indicates the dispersion
system behaved with the estimated uncertaintyadtition, this means the regions in the cabin

that experienced high levels of variation did ggddy due to the unstable airflows in the cabin.

6.1. Exposure

The first approach focused on the total numberaofigles counted during a 16 minute
test. The results of these tests show the roveestdo the source row received the highest
exposure while those farther away showed lessx@ecéed. Recalling the particle dispersion
took place in row 2, the highest counts occurreskiat 1F averaging 17400 particle counts. The
lowest average total particle count, of 397 pagtictook place in seat 11D that was the test
location farthest from the source. The particlerds along and just to the right of center in the
cabin two to five rows behind the source did ndidae as predictably however. The variations
in this region were higher than the surroundindssaad are an indicator of the complex nature
of the flows within the cabin.

The second analysis of the data focused on tesikich a reference location was used to
normalize the data. For these tests, 136 datdreets22 locations were used and developed a
distribution pattern. Again the highest numbersunzd in row 1, this time in seat 1D collecting
1.43 times the counts of seat 3D for the same.tésiswith the total exposure data the lowest
numbers were collected in seat 11D counting oryp@rcent of the exposure seen in seat 3D.
The normalization with the reference seat remoted¢lative variations in the distribution
across row 7 while increasing the relative variaiacross row 4. Seat 4E actually shows 90

percent of the exposure seen relative to seat 3pitgebeing another row removed from the
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source. This correlation to the reference locaitiaiicates a possible path of dispersion within
the cabin.

6.2. Transient Behavior

After normalization of the data the resulting tiseies plots illustrate the way in which
each of the 22 locations tested is exposed todhc|es released. The locations closer to the
source experience a dramatic rise to a peak nuaflmerunts and then dissipate in a decaying
nature that is expected in this environment widlslfr air introduced continually. Locations
farther from the source show a gradual increasepeak and then share the same curve of
dissipation as the rows with higher exposures. tirhe series data however does show some
cyclic nature in the results. Figures 4.23 and 4l2owing seats 4B and 4C indicate the cyclic
behavior is not a random process because the rdatetie three tests in seat 4B align between
60 and 120 seconds after the release. Even firtiieg of the release was coincidental and
allowed the peaks to align, the period of the cytdevery similar for the three separate tests.

The second portion of the time series tests focosettie time required for the various
locations within the chamber to reach two differgméesholds. The first limit was established at
100 particle counts of total exposure. This vabiesveen less than 1 percent of the average total
exposure at some locations to more than 25 peatertother. Seat 1D reached the limit the
guickest on average at 6.3 seconds while seat Jd€Xhe slowest at 183.0 seconds on average.
While the variation in the time to the exposureifivaried across the cabin for the tests in rows
4 and 7 the behavior along the centerline wasyféiear.

The second threshold established as part of theegemies tests focused on the time
required to accumulate 10 percent of the totaligdast counted during each individual test.
While the nature of this test is similar to the J@0ticle limit, the criteria is very different &s
changes relative to the location and test. Indietine different limit, the centerline tests shawe
similar results with a linear nature from the seurearward. In comparison to the lateral results
from the 100 particle count limit in rows 4 andf7e data for the 10 percent exposure limit

exhibit less relative variation across the cabin.
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6.3. Recommendations

The dispersion of particles in row 2 allowed fortjgde collection at greater distances
from the source but introduced the possibilityle end wall affecting the distribution near the
source. Further testing with the source closéeacenter of the cabin would allow for a better
understanding of the direction the particles mosedose of the airflows within the cabin.
Additionally, the location chosen as a referen@afion early in the testing process proved to
have a high level of variation from one test tonlegt. Based on the data available, it appears
that utilizing a location farther from the sourcewd provide more stable data from which to
normalize the test results. Lastly, further testssrecommend that focus on the cyclic behavior,

seen most clearly in the seat 4B time series.
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Appendix A - LabView Programs

This appendix contains images and descriptione@ptogram written in LabView6.1 to
control the air charging and discharging cyclethefdispersion system. The program itself is
titled “Cannon Control” and the only subroutine awtilable in the standard LabView library is
“DAQ_Analog_OUT”. This program is listed in thecsi®n following “Cannon Control”.

A.1. Cannon Control Program
The following program is used to control the chaggiank fill and discharge. Itis
designed to control two solenoid operated valvagwb solid state relays and the DAQ board.

Figure A.1: Cannon Control Program Front Panel

84



'DDDDDDDDDDDDDDDDHl[DHS:IvtEDDDDDDDDDDDDDDD

Charging Cyvcle

DAQ_Analog_Out.vi

OO0 O000000000000000000000000000000000020

Figure A.2: First Level of the Wiring Diagram with Frame 1 in the Sequence

-DDDDDDDDDDDDDDDDHDD”S ~pk0 O0OOODOO0OO00O00000000

OO0 o0000000000000000000000000000000000

Figure A.3: Wiring Diagram, Frame 0 in the Sequence
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1000

— = x

o o o o o o o o o o ) e o oo o o o oo o o e o oo o o e e

Figure A.4: Wiring Diagram, Frame 2 in the Sequence

'DI:IDEIDEIDEIDEIDEIDEIDEIL'SDHS »~Rk O OOOOOOOOOOOO0O0O0O

10,00 iD| Analog_Out.vi

Discharge Time (ms

L

O000 0000000000000 000000000000000000000

Figure A.5: Wiring Diagram, Frame 3 in the Sequence
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Cannon Control.vi

DAQ_Analog_Out.vi
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EldHIp 120p 1-Up
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!EL COMFIE| [
1 Brow| @7
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I*"\_.r Config Config Updatel Updatel Updatel
J
=BT ?'r ?'r g1 e e

Figure A.6: Full Cannon Control Program Hierarchy
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A.2. DAQ Analog Out Program

This section gives the LabView program for the DA@Qalog Out program list second in
the Cannon Control Hierarchy.

channel {0}

%0 ~|

device

{2

YOLTAGE

10,00

Milliseconds Of

1000

= |
i
Milliseconds OFF
|
b

1000

1Cycles
al!

Figure A.7: Front Panel of the DAQ Analog Out Progam

device

channel (1)
WOLTAGE
Milliseconds O
Milliseconds OFF
Cyrles

Figure A.8: DAQ Analog Out Terminals
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Figure A.9: DAQ Analog Out Wiring Diagram with sequence 0

Hi)
OME FT

Ee

Ooooooooo

Figure A.10: DAQ Analog Out sequence 1

89



