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ABSTRACT

Particulate matter (PM) from on-road vehicular traffic has been correlated to increases in
mortality and morbidity as PM concentrations increase. Like vehicular exhaust PM, jet engine
exhaust (JEE) PM falls within the size range of interest when considering health effects. Despite
this, no information currently exists on the inhalation health impact of JEE PM. JEE PM has
unique properties with respect to deposition, retention kinetics, and clearance pathways in the
human respiratory system, and is composed of sizes that readily travel gas streamlines that
penetrate the deepest regions of the lung; this is a concern as deposited JEE PM in these regions
could potentially cross the blood-membrane barrier and migrate into the bloodstream. Using JEE
PM data collected during plume studies performed down-wind of active runways at the
Hartsfield-Jackson Atlanta and Oakland International Airports, lung deposition probabilities of
JEE PM (as a function of particle size) can be determined using the International Committee of
Radiological Protection (ICRP) lung deposition model. Surface area, however, is the
characteristic PM parameter most strongly correlated with health impacts. Using the deposition
probabilities and size resolved number distributions, a Surface Area Deposition Index (SADI)
was developed. This new parameter, SADI, quantizes JEE PM lung deposition as the surface
area of deposited PM per kilogram fuel burned. As constructed, SADI allows for equitable
comparison among jet engine types while also proving a surface area metric for meaningful
health impact correlations. Two interesting conclusions to this preliminary study are that
statistically significant differences among engine types are not seen in SADI, and variations in
SADI are not correlated with temporal changes or changes in meteorological conditions.
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INTRODUCTION

Studies over the last decade have suggested that particulate matter (PM) within certain
size ranges increase mortality and morbidity rates as PM concentrations become elevated (/- 4).
Commercial air traffic has increased over the last decade, and to accommodate this trend, many
US airports are expanding their operations leading to increased PM concentrations in the airport
complex. Thus air quality has become an important consideration for airports and their
surrounding communities. While on-road vehicular PM is typically the dominant source of PM
in urban areas (5-6), airport operations (including aircraft) can also be associated with elevated
levels of PM (7-9).

This work is a first of a kind investigation into possible health hazards of jet engine
exhaust (JEE) PM by focusing on the deposition probability of JEE PM in the deepest regions of
the human respiratory system. Deposition probabilities of JEE PM were determined as a
function particle size for various engine types during take-off sequences using emissions
databases from airport wind transported plume studies previously performed at the Hartsfield-
Jackson Atlanta International Airport (ATL) and Oakland International Airport (OAK) (10-12),.
The data used in this analysis was collected at ground level within distances comparable to those
experienced by working airport ground crews and surrounding communities. A novel metric,
Surface Area Deposition Index (SADI), was developed to quantify lung deposition of JEE PM.
This metric allows for health impact correlations and for comparison among different emissions
sources.

On-road vehicular PM is typically the dominant source of PM in urban areas and its
effect on the population’s health continues to be investigated. Since surface area of lung
deposited PM has been correlated with health effects (/3,74), current studies on diesel engine
exhaust (DEE) identify PM surface area metrics to assist in quantifying health impacts of
vehicular engine exhaust PM similarly to this work. (/5,7/6) Though JEE PM and DEE PM have
fundamental differences such as morphology and density, similarities do occur for PM properties
that impact lung deposition. A short comparison of JEE PM and DEE PM is included in this
study, and illustrates the need for further investigation into the health impact of JEE PM
inhalation. In light of these parallels in deposition properties, and the current concerns of
vehicular engine exhaust PM lung deposition due to its potential health effects, JEE PM should
also be investigated further as a potential inhalation hazard.

Lung Deposition of PM

Once PM is inhaled, the human respiratory tract acts as a filter removing PM at various stages.
The ability of PM to deposit in the respiratory tract can be associated with probabilities specific
to each individual region of the lung (/7, 13). Four parameters for PM are of special interest in
analyzing its impact on a human that breathes it into his/her respiratory system: diameter, which
controls where the particle will be deposited; surface area, which controls the effect once
deposited; soluble mass fraction, which affects hygroscopic growth; and chemical composition,
which determines whether there will be a negative or positive health impact upon deposition (73,
14, 17).

While larger particles will be removed by natural filtering and inertial effects in the nose
and upper regions of the respiratory system (nasopharyngeal), smaller particles are able to follow
air streamlines and reach the deepest portions of the lung (tracheobronchial and alveolar
regions). For each region of the lung, the deposition probability for a particle changes as a
function of particle size (17, 18). As seen in Figure 1, PM of 10 to 100 nm diameters have the
highest fractional deposition in the alveolar region. PM deposited in the alveolar and
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tracheobronchial regions have the potential to then enter the bloodstream and be transported to
extra-pulmonary tissues (79, 20).

FIGURE 1 Fractional deposition of JEE PM inhaled by a male nose breather under light
working conditions.
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Health concerns arise when inhaled PM is able to deposit in the lungs and translocate
throughout regions of the body. When PM is deposited in the lungs irritation and inflammation
can occur as short-term symptoms. Yang et al. (2003) investigated general health of airport
workers in a Taiwanese airport and found that chronic respiratory symptoms such as cough and
dyspnea were heightened among male airport workers exposed to either aviation fuel or exhaust.
No strong correlations, however, were found between exposure and acute irritative symptoms of
the 106 male airport workers considered in that study. Long term exposure effects were not
addressed and distinction was not made as to what type of exposure workers individually
experienced (27). No data, however, currently exists addressing either short term or long term
health effects related to aircraft specific exhaust exposure.

Aircraft-Specific PM

In the aviation community, studies have focused on the measurement and modeling of emissions
from jet aircraft both on the ground and at altitude. These studies have generally identified the
composition and size distribution of PM produced and emitted from aircraft. Jet engines
combust considerable amounts of fuel, both at cruise altitudes and near the ground during the
Landing-Takeoff cycle. This releases many pollutants which include PM, nitrogen oxides
(NOy), unburnt hydrocarbons, carbon monoxide (CO) and sulfur oxides (SOx). Like vehicular
exhaust, these emissions have been found to evolve with increasing distance from the source (22,
23, 11). And, just as vehicular exhaust is unique to engine technology, engine operating
conditions, and fuel specifications, so too are aircraft emissions (24, 25, 10). At the engine
exhaust plane, the particles are essentially spherical soot cores. Other studies have also shown
that as combusted particles move through the air, the PM evolves, affecting the overall size
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distribution and composition of the exhaust plume. In the APEX 1 study (25), emissions were
measured at various distances from the engine exit plane to determine how characteristics of PM
changed as the plume expanded and mixed with ambient air. It was found that the soluble mass
fraction (SMF), a measure of the fraction of PM mass that is water soluble, increased with the
distance from the engine exit plane. At a distance of 30 m from the engine exit plane, it was also
evident that low-vapor pressure gaseous species in the gas phase at the engine exhaust plane had
been condensed to the particle phase (gas-to-particle conversion) (23). Aircraft engine exhaust
also contains hydrocarbon compounds (26) of intermediate volatility which, upon oxidation in
the atmosphere, produce compounds with lowered volatility (27) and contribute to secondary
organic aerosol (SOA) mass. On a longer time scale the atmospheric oxidation of SO, and NO,
(producing sulfuric and nitric acid, respectively) contribute to the formation of inorganic aerosol
as particulate ammonium sulfate and ammonium nitrate. Thus, as PM and gaseous PM
precursors travel through the ambient air and away from the emission source, the plume evolves
resulting in dramatic changes in PM characteristics.

As the plume of exhaust travels through ambient air it cools, allowing for microphysical
processing that changes the overall size distribution and composition of the exhaust plume.
These physical reactions create PM size distributions that can generally have two distinct modes:
nucleation/growth mode and accumulation mode (28). Figure 2 shows a typical size distribution
of JEE with the two modes clearly distinguishable: the nucleation/growth mode at the small
diameter sizes and the accumulation mode at the larger sizes of the distribution. The
nucleation/growth mode is comprised primarily of soluble PM that is generally less than 20 nm
in diameter and generated by gas-to-particle conversion as the wind transported plume cools and
mixes with ambient air. The accumulation mode consists of the insoluble spherical carbon cores
onto which sulfur and organic compounds and water vapor condense. This accumulation mode
in the wind transported plume is of primary interest when considering lung deposition and
potential health effects of JEE PM; the lungs have defensive mechanisms that suppress the health
impact of the soluble nucleation mode.

FIGURE 2 A typical size distribution acquired using the Cambustion DMS500, with a
lognormal fit to the accumulation mode of the distribution.



Black et al. 6

Typical Particle Size Distribution
acquired with the Cambustion DMS500
1.00E+09
— JT8D-219
1.00E+08 1 e |_ognormall fit
_ LO0EHO7 - Nucleation/growth
a mode
o
S 1.00E+06 -
z
P4
 1.00E+05 -
1.00E+04 |
1.00E+03 ‘ ‘
1 10 100 1000
Dp (nm)
METHODOLOGY

This study utilizes PM size distribution data acquired by the Missouri University of Science &
Technology Center of Excellence for Aerospace Particulate Emissions Reduction Research
(Missouri S&T COE), at ATL and OAK airports. As generally depicted in Figure 3, JEE PM
was sampled downwind of active taxi- and runways. The sample locations were selected
adjacent to airport runways at distances of 100 m or greater from take-off sites, and chosen so
JEE plumes would be transported by prevailing winds to the diagnostic instrumentation. For both
campaigns aircraft tail numbers were recorded for identification of airframes and engine types.
Weather conditions were also monitored and recorded continuously throughout testing periods.

Sampling at ATL occurred over three days with varying meteorological conditions.
Throughout the testing period 344 take-off events were identified, with the following
airframe/engine combinations: B737 (CFM56), MD88 (JT8D), CL-600 (CF34), B767 (CF6-80),
ATR 72(PW127), and B757 (PW2037). During the study at OAK sampling lasted for one 12
hour period. The majority of the 300 identified take-off events were associated with B737
(CFM56).
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FIGURE 3 Generalized depiction of study testing site locations.
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At each airport location, exhaust samples were extracted from the plume using a probe
mounted outside the mobile laboratory housing the diagnostic instrumentation. A PM drier was
included in the sampling system to remove water prior to characterization. Size distributions,
total particle concentrations (TCNs), and CO, concentrations were acquired using a Cambustion
DMS500 and CO; detector. The DMS500 provided high resolution real-time size distribution
data and TCNs of PM, while the CO, detector provided the CO, concentrations used to establish
emission factors. Further details of sampling methodology and data processing of measurements
at ATL and OAK can be found elsewhere (/0, 12). Of particular importance to this study and
addressed here is how jet engine specific PM data was acquired and identified.

In the airport complex a number of emissions sources contribute to overall PM. In order
to distinguish jet engine specific PM of aircraft take-offs from other sources, measurement of
ambient PM when no aircraft activity occurred was performed throughout the testing periods.
This ambient, or background, PM may be generated from vehicular traffic, industry, and even
taxiing or landing events associated with other aircraft. For each aircraft related event,
background PM concentrations were determined as closely to the take-off event as possible.
These background PM size distributions, TCNs and CO; concentrations were then subtracted
from the measured concentrations during known jet engine take-off events to yield aircraft take-
off specific event data sets. Figure 2 shows a typical background subtracted size distribution
from a measured JT8D engine take-off event during the ATL study.

Once background subtractions were made, the accumulation mode of the jet engine
specific size distributions was extracted using a lognormal best-fit (Figure 2). These size
distributions were adjusted before use in determining deposition probabilities to account for
hygroscopic growth in the lung. Due to the high humidity environment of the respiratory system,
PM grows as the soluble shell surrounding the carbon core absorbs water vapor. This particle
growth has a significant impact on size and therefore a significant impact on deposition
probabilities for the inhaled PM. The growth of the JEE PM can be accounted for using the
hygroscopic growth equation from Pruppacher & Klett,(1997):

3
2.Mw.o-s/a _V.q)s.gm.Mw.pN.rN

RH =exp RT p,-a MS'PW'(a3_r/\3/)

(1)
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where RH is the relative humidity, a is the new hydrated particle radius in cm, and 7y is the
initial dry particle size radius in cm (29). All other variables are constants with values chosen
under the following assumptions: the insoluble portion of PM is modeled as carbon and soluble
portion as sulfate; a humidity of 99.48% is encountered immediately upon entrance into the
respiratory system; and the aerosol immediately equilibrates with this humidity upon entering the
body. A SMF of 0.1 for all dry particle sizes was used based on previous measurements (/0).
The calculated PM hydrated sizes became the input diameters to the International Committee of
Radiological Protection (ICRP) lung deposition model.

The ICRP lung deposition model was initially developed to determine radiated particle
doses in the medical field. This model has also been applied in health impact studies to predict
PM deposition of airborne particles (30). As recently shown by Lonhdahl et al. (2009), when
hygroscopicity was considered, the ICRP model accurately predicted deposition of PM samples
taken at a busy intersection (30). The ICRP lung deposition model is used here to determine
deposition efficiency and fractional deposition of JEE PM.

Deposition efficiency, 1, determines the probability of PM deposition in a specific region
of the lung as a function of particle size, density, and mode of inhalation (mouth or nose
breathing):

n zl—exp{—aR"} 2)

where 7; is the deposition efficiency of lung region j, and a, R, and p vary by region and are
defined by the ICRP model based upon the anatomical proportions of the respiratory system and
work load of the inhaler (/7). For this study, deposition is assumed to be carried out in adult
male nose breathers under light working conditions.

The fractional deposition, DE, gives the fraction of inhaled particles that will deposit in
each region of the lung once inhaled. It is determined for each region of the lung as a function of
particle size using the deposition efficiency, and accounts for particles previously removed as
they traveled through preceding regions of the lung:

DE, =n,-1 3)

/) [L—l where j>1 (4)
-1 \ T j-1

where DE; is the fractional deposition in lung region j, / is the inhalability of a particle, and ¢ 1s
the volumetric fraction (fraction of air going through a region). The inhalability is a ratio of
particles inhaled to particles in the ambient air and is a function of particle size and encountered
wind speed. During the testing period, wind speeds generally did not exceed 10 m/s, allowing
for the inhalability equation of Vincent et al. (1990) to be applied:

[=05[1+exp{-0.06-d,,} |+1x10™-U*" -exp{0.055-d,,} (5)

where d,. is the aerodynamic particle diameter and U is the wind speed (37). In the PM size
range of 10-100 nm, the inhalability remains close to unity for speeds of approximately 10 m/s or
less. Figure 1 shows the fractional deposition, with inhalability of 1, for the hydrated PM sizes
of consideration in this study. It is important to note that PM of size ranges 10 to 100 nm are
predominantly deposited in the alveolar region.

While the fraction of particles deposited versus those sampled is of interest, this study is
specifically concerned with comparisons of probabilities of PM deposited among various engine
types. In order to compare different engine types relative to the amount of fuel burned, size

DE; =DE; -1,
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distributions were converted from differential concentration (dN/dlogDp) to differential number
based emissions index size distribution (dEIn/dlogDp). With dEIn/dlogDp computed for each
considered size, the fractional deposition of each region is multiplied by dEIn/dlogDp for each
size bin to give the deposition index DI;;. This DIj; gives the concentration of particles deposited
in a region j of particle size i1 per kilogram fuel burned.

If JEE PM deposits in the respiratory tract, the soluble portion of the particle dissociates
from the carbon core. The surface area of the remaining insoluble carbon core is the primary
focus for health concerns. The diameter of the insoluble carbon core is constant and is calculated
using the initial original, non-hydrated, particle diameters of the accumulation mode:

D, = D} 1 - SMF

(6)

: 1—SMF[1— p“j
pS

where D, p, are the diameter and density of the insoluble portion (respectively), Dy is the dry

particle diameter, and py is the density of the soluble substance (which is taken here to be

sulfuric acid). Having the insoluble carbon core diameter, the surface area of the insoluble

portion deposited in a given region per kilogram fuel burned can be calculated:

SADI; =7y D;ADI, (7)

A, = log(DM‘_+1 )—log(Dui) (8)

where SADI, is the surface area deposition index and represents the surface area deposited in
region j per kg fuel burned; DJj; is defined above.

RESULTS

Surface Area Deposition Index

Studies have pointed to available particle surface area being the measurement best correlated
with health effects of PM lung deposition. Therefore, a Surface Area Deposition Index (SADI)
was created to compare the surface area of deposited PM among different engine types while still
maintaining a useable health impact parameter. Figure 4 shows SADI averages for each engine
type on a given testing day and a cumulative average for the entire test period. Certain engine
types, such as the CFM56, seem to consistently be lower than the rest. Daily trends also seem
apparent — the values for Day 2 are generally lower than those for Days 1 and 3 for all engine
types. These trends, however, are not statistically significant as is apparent by the large error
bars which represent the variability in the resulting data. Large variations are seen in SADI on a
daily basis not only among different engine types, but even among engines of the same group.
These large variations were not only seen in ATL data but in OAK data as well.
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Figure 4 SADI for each engine type considered, averaged per testing day and total testing
period.
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Since daily averages of SADI had significant variations, the data set was examined to
ascertain possible temporal trends. Figure 5 shows SADI for events over the 12 hour testing
period at OAK. A consistent trend is not apparent. In Figure 7, SADI for day 1 of ATL is
plotted as a function of time for the CF34, JT8D, CF6-80, PW2037, and PW127 engine types.
As with the OAK data, SADI does not follow a specific trend throughout the day. Although for
Figures 5 and 6, the largest peaks in SADI appear to occur at the beginning of the testing period,
these peaks are not seen among all engine types and are often immediately followed by sharp
drops in SADI for the next event. Hence, SADI does not appear to have any significant trends
on an hourly basis during the day.
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Figure 5 Calculated SADI for each measured event of the OAK study. Each point
represents the SADI calculated for the event measured at that time.
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Figure 6 Calculated SADI for ATL study events. Each point represents the SADI
calculated for the event measured at that time, and is distinguished by engine type.
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With daily SADI trends not observed, individual events were compared to determine
factors which may be correlated with variations seen in SADI. As SADI is directly calculated
from dEIn/dlogDp size distributions, it is useful to view plots of dEIn/dlogDp as a function of
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particle diameter. Figures 7A-D compare events of the same engine type sampled on the same
testing day and under similar meteorological conditions; Table 1 provides specific ambient
weather conditions, geometric mean diameter (GMD) and calculated quantities of emissions
index (EIn) and SADI for each event considered.

Table 1 Parameters measured or derived during ALT testing period.

Temperatur | WIndSpeed ETn SADI
Event e Kelvin Pressure | % Humidity (m/s) GMD (nm) (##kg fuel) | nm%ka fuel
CF34 Engine Type
7 293 96950.00 100.00 7.67 53.02 1.53E+15 9.20E+15
12 293 96800.00 100.00 9.00 55.01 5.11E+14 3.16E+15
14 293 96750.00 100.00 7.00 55.01 9.14E+14 5.45B+15
17 293 96670.00 100.00 10.65 54.01 5.31E+14 3.24E+15
20 297 97730.00 68.60 4.48 49.01 3.93E+14 2.17E+15
22 297 97710.00 69.20 2.31 32.01 1.07E+15 3.84E+15
42 297 97890.00 51.20 4.58 58.02 2.05E+14 1.34E+15
CF6-80 Engine Type
3 293 96980.00 100.00 7.77 44.02 1.51E+15 7.65E+15
5 293 96940.00 100.00 7.61 47.02 1.59E+15 8.62E+15
12 293 96610.00 100.00 7.15 45.02 1.27E+15 6.57B+15
13 293 96580.00 100.00 10.80 44.02 2.20E+14 1.08E+15
18 299 97720.00 61.00 4.53 52.01 3.99E+14 2.31E+15
23 298 97710.00 63.60 4.37 51.01 1.39E+14 7.82E+14
24 299 97700.00 55.20 5.40 51.01 4.80E+13 2.71E+14
25 298 97690.00 63.00 5.71 49.01 3.74E+14 2.06E+15

In figures 7A-D, two engine types were chosen: CF34 and CF6-80. In figure 7A, CF6-

80 engine events 3, 5, 12, and 13 are compared. Events 3 and 5 were measured close to one

another under similar measurement conditions of temperature, pressure, humidity, and wind

speed. Under these equivalent conditions total EIn and SADI are seen to fall within the same
range, with a slight deviation in GMD. Events 12 and 13 were also measured very close in time,
with measurement conditions similar except for wind speed. Though GMDs for events 12 and
13 are comparable, the remaining parameters deviate drastically from one another, and SADI of
event 12 almost six times greater than that of 13.

In figure 7B, CF6-80 engine events 18, 23, 24, and 25 are compared. Events were chosen

for their similar meteorological measurement conditions. Though GMD shows reasonable
agreement, significant differences are again seen in the EIn and SADI calculations. And, though
events 18 and 25 have the greatest time span between them, these events show the greatest

agreement between measured and calculated parameters.
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FIGURE 7
Differential EIn for CF6-80 Engine, 09/27/2009, Comparable Weather Conditions
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Differential Eln for CF34 Engine, 09/27/2009, Comparable Weather Conditions
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In figures 7C and 7D, CF34 engine events are compared. As with the CF6-80, despite
similar sampling environment conditions, drastic differences in EIn and SADI are sometimes
observed (Table 1). In figure 7D, despite sampling occurring within minutes of one another
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events 20 and 22 show considerable differences in EIn and GMD. SADI differences are less
pronounced, but this is due to the shift in the size distribution of event 20 toward larger particle
diameters which increases surface area calculations. Event 42 is another example in which
SADI is of the same order of magnitude as event 22 despite drastic differences in Eln; this is due
to large particle diameters again effecting surface area calculations. While SADI may be
comparable for specific events, other parameters such as EIn and GMD are not. The differences
among SADI of events within the same engine type are not correlated with differences in
meteorological conditions.

DISCUSSION
Diesel Engine and Jet Engine Exhaust

DEE PM is currently studied for its health impact upon inhalation. Health impacts of
JEE PM, however, have not been investigated. Though JEE PM and DEE PM are fundamentally
different, similarities occur for PM properties associated with lung deposition.

Giechaskiel et al. (/5) and Alfody et al. (/6) provide diesel engine accumulation mode
GMD, geometric standard deviation (GSD), and TCN for three light duty diesel vehicles. Of
their listed experimental conditions, case 1 was selected here to generate the DEE accumulation
mode size distribution to be used in this comparison. A SMF for DEE PM is here estimated to
be 0.025. The JEE PM size distribution for this comparison is taken from a CFM-56 ATL take-
off event.

Geometric Mean Diameters

For each of the seven jet engine data sets, the accumulation mode was extracted from
particle size distributions of sampled JEE plumes. As shown in Figure 4, each jet engine
(averaged over the entire testing period) had similar average GMDs for their corresponding
accumulation mode distributions. During the ATL testing period there were notable day-to-day
variations in weather conditions. Despite these varying weather conditions, daily averages of
GMD for all testing events still remained statistically constant (Day 1, Day 2, and Day 3 of ATL
in Figure 8). The OAK data also showed good agreement with the ATL GMDs measured. In
general GMDs, across engine type, showed reasonable agreement with a total sample average of
48.3 nm with standard deviation of 9.3 nm.



Black et al. 16

FIGURE 8. Average geometric mean diameters of accumulation modes for individual jet
engine groups, all daily ATL aircraft events, total ATL and OAK events, and diesel engine
as taken from Giechaskiel et al. (10) and Alfody et al. (11).
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For the DEE PM size distribution, the accumulation mode GMD is 58.0 nm. Plotted in
Figure 4 for comparison, the DEE accumulation mode GMD is only slightly higher than that of
the JEE accumulation mode average, but the two are not statistically different since their error
bars overlap.

Size Distributions

As listed in Table 2, the DEE PM GMD, GSD, and TCN are higher than those for the
JEE CFM-56 accumulation mode before hydration is considered. Once hydration due to
entrance into the high humidity of the lung is accounted for, both size distributions widen and
their peaks shift to the right. The degree to which the size distributions shift varies, however,
due to the different SMFs. The JEE PM size distribution moves further to the right and expands
to a greater degree than the DEE size distribution. The peaks of both accumulation mode size
distributions, however, remain in close proximity (within 6-7 nm of one another).
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When considering deposition and retention kinetics of the lung, recall that particle size is
of greatest significance. While the DEE PM accumulation mode may have a larger particle size
span than that of JEE PM accumulation mode, both size distributions peak within a range
associated with heightened fractional deposition in the alveolar region (1 to 100 nm). So while
the DEE PM accumulation mode size distribution reaches further to the right and includes PM of
larger particle sizes than that of JEE PM, these larger particles will be filtered out before
reaching the alveolar region. Therefore, it is not surprising that a smaller percentage of total
inhaled PM is deposited for the DEE PM, at 23.4%, than the JEE PM, at 28.5%. If looking only
at particles of size 1 to 100 nm, the deposition percentage drops, with DEE PM at 21.9% and
JEE PM at 26.8%, however, the deposition percentage remains higher with JEE PM.

FIGURE 9 Accumulation mode PM size distributions of DEE and JEE.
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TABLE 2 Accumulation mode PM parameters of DEE and JEE samples relating to lung

deposition in the alveolar region.

Parameter Diesel Engine Exhaust Jet Engine Exhaust (CFM-56)
GMD (Dry) 58.0 nm 52.0 nm
GSD (Dry) 1.71 1.45
TCN (Dry) 1.11E+08 5.50 E+04
Estimated SMF 0.025 0.10
GMD (hydrated) 64.2 nm 71.5 nm
% Deposited 23.4 % 28.5 %
% Deposited Between 1 to 100 nm 21.9 % 26.8 %

Total Particle Concentration

The TCN of the DEE PM accumulation mode is considerably higher than that of the JEE
PM sample. It would be misleading to make any assumptions in regards to these concentration
differences, however, since they arise from sampling locations. The JEE PM sample was taken
downwind from aircraft along a runway. As such, the PM concentrations became greatly diluted
by ambient air as they traveled to the sampling probe. The DEE PM sample provided by
Giechaskiel et al. and Alfodyl et al., however, were taken directly at the vehicle’s tailpipe. The
overall concentration, then, is much higher since the exhaust plume did become diluted as the

JEE plume.
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Summary

On-road vehicular PM is typically the dominant source of PM in urban areas and its
effect on the population’s health continues to be investigated. Lung deposition within each
individual region of the lung is specifically dependent upon particle size, and with both engines
creating particles within the size range of greatest alveolar fractional deposition, JEE PM
deposition is as likely as DEE PM deposition. For segments of the population downwind of
airports the health impact studies of combustion generated PM from engines should include the
role of JEE PM.

CONCLUSIONS
A new health impact metric for JEE PM, Surface Area Deposition Index, was developed and
evaluated for over 500 take-off events.

When investigating wind transported JEE PM and their deposition probabilities in the
lungs, the accumulation mode is of particular interest. The accumulation mode GMD is
generally consistent across different engine types and within a range corresponding to high
fractional deposition in the alveolar region of the lung. Though the GMD parameter is
consistent, dEIn/dlogDp distributions varied considerably among engine type and within engine
specific data groups. Since SADI is determined from these distributions, the variability was
carried forward into SADI. These variations were not found to follow daily patterns nor
correlate with changes in ambient weather conditions. This high degree of variability leads to
the conclusion that there is no statistically significant difference in SADI for different engine
types. Further work would be needed to understand the large variations in accumulation mode
size distribution concentrations, which directly effect the calculation of SADI. This conclusion
that SADI is independent of engine type is important. The negative health impact associated
with JEE PM scales with fuel consumption. The focus of minimizing health impacts can be on
improving engine efficiency, i.e. reducing fuel consumption.
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