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This paper discusses the results of the Aircraft Particle Emissions Experiment Project for the physical

characterization of total (nonvolatile plus volatile) aerosol emissions (emission factors, hydration properties, and

distribution shapeparameters) by extractive sampling fromanon-wingCFM56-2C1 engine. Sampleswere extracted

at the engine exit plane (1 m) as well as locations 10 and 30 m downstream. Three different fuels were used in this

study: base fuel, high-sulfur fuel, and high-aromatic fuel. For the 1 and 10-m probe locations, strong and sometimes

nonlinear dependencies were observed on fuel flow rate and no statistically significant dependencies were observed

for fuel composition.At 30m, the onset of gas-to-particle conversionwas apparent for low- tomedium-fuelflow rates.

The soluble mass fraction was found to increase with distance from the engine exit plane and with increasing fuel

aromatic and sulfur content. An intercomparison of gas and particle sampling trains showed that gas-to-particle

conversion is a serious sample train artifact for gas sampling trains in which dilution cannot be achieved at the probe

tip.

Nomenclature

EIn = number-based emission index
EIm = mass-based emission index

I. Introduction

J ET engines are a significant source of soot particles in the
atmosphere which, in contrast tomost other combustion sources,

are injected not only into the planetary boundary layer, but also into
the upper troposphere and lower stratosphere [1–3]. Here their
atmospheric residence time and hence, their potential environmental
impact, are enhanced. Soot particles contribute to climate forcing
both directly by strongly absorbing solar radiation, and indirectly
through water-uptake and cloud activation [4–16]. They can interact
with gaseous chemical species, especially in the near-field plume,
and play a significant role in atmospheric chemistry [17,18]. Some
modeling results indicate that the current commercial fleet of aircraft
could be a noticeable source of soot near the tropopause at northern
midlatitudes [19,20]. An additional concern, primarily in the vicinity
of airports, is the contribution of aircraft emissions to the formation
of photochemical smog and the delivery (through inhalation) of
highly concentrated irritants into human beings [21,22]. As a
consequence of the complex role of aviation-induced particles in the
atmosphere, the physical and chemical characteristics of the particles
emitted by gas turbine engines have been the focus of recent research
programs, e.g., the NASA EXCAVATE (Experiment to Character-

ize Aircraft Volatile Aerosol and Trace-Species Emissions) program
[23], and the European PartEmis (measurement and prediction of
emissions of aerosols and gaseous precursors from gas turbine
engines) project [24]. Among the key measurement parameters are
size-resolved particle number distribution, total number density, and
particle morphology, which are converted into size-resolved particle
surface area and mass densities and concentrations as well as
emission indices. These size distribution dependent characteristics
control the particulate matter (PM) emissions’ evolution in the
atmosphere and their ability to influence the preceding processes.
Project APEX (Aircraft Particle Emissions Experiment) is a recent
collaborative research effort aimed at further addressing some of
these issues.

The University of Missouri–Rolla (UMR) Center of Excellence
for Aerospace Particulate Emissions Reduction Research was a team
member for Project APEX performed at the NASA Dryden Flight
Research Center (DFRC) at Edwards Air Force Base, California, in
April 2004. This paper summarizes and describes the results of
Project APEX from the UMR perspective, in terms of the physical
characterization of total (nonvolatile plus volatile) aerosol emissions
by extractive sampling from a NASA DC-8 aircraft with CFM56-
2C1 engines. Sampleswere extracted at the engine exit plane (1m) as
well as locations 10 and 30mdownstream. Three different fuelswere
used in this study: a baseline JP-8 fuel (base fuel), base fuel doped
with tertiary butyl disulfide (high-sulfur fuel), and Jet A fuel which
had a considerably higher aromatic content than the two other fuels
used (high-aromatic fuel). The base fuel consisted of 383 parts per
million bymass (ppmm) sulfur and 17.6% aromatics, the high-sulfur
fuel consisted of 1595 ppmm sulfur and 17.3% aromatics, and the
high-aromatic fuel consisted of 530 ppmm sulfur and 21.6%
aromatics. Fuel sulfur and aromatic concentrations reported are in
parts per million mass and percent by volume, respectively. The
aerosol measurements were designed tomeasure the emissions in the
plume at the probe tip location. However, the extractive sampling
process may result in sample modification due to inertial,
thermophoretic, and diffusional effects. Corrections to account for
some of these processes are discussed, but further studies are needed,
especially to address effects at the probe tip. Finally, a discussion of
measurements comparing gas vs particulate sampling trains is also
included. The data presented are a summary of the first detailed study
of the physical characterization of the PM emissions from a current
in-service commercial class gas turbine engine (CFM56-2C1) as a
function of engine operating condition and fuel composition, and as
such, provides an introduction to the extensive NASA database from
which it is derived. The data summarized here can be applied to
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emissions estimation, plume evolution model development, and
local air quality modeling applications.

II. Instrumentation

The instrumentation onboard the UMR mobile laboratory
consisted of the Cambustion DMS500,¶ a state-of-the-art fast
particulate spectrometer, to gather real-time size distribution
information and total concentration of engine exhaust particulates; a
differential mobility analyzer (DMA) (TSImodel 3071), a traditional
and slower instrument to measure aerosol size distributions; a TSI
condensation particle counter (CPC) (TSI model 3022) to measure
total number concentration; a fast response carbon dioxide (CO2)
detector to monitor sample dilution and establish emission factors; a
deliquescence system to measure total soluble mass fraction; a
hygrometer to measure the sample’s water content; and a weather
station to monitor the ambient conditions of temperature, relative
humidity, pressure, and wind speed and direction. These were
employed in a standard configuration [25] which had been used on
previous jet engine emissions sampling campaigns [26–33].
Traditional aerosol sizing techniques are either slow or have
insufficient resolution to provide the database needed by modelers.
Increased measurement speed is required because engine on-time for
sampling is expensive, and some engine conditions, e.g., takeoff
power, can be made available only for short times. Fast response
instruments are required to make observations of engine transients
between stable operating conditions. Project APEX was the first
application of a new fast mobility spectrometer to gas turbine
emissions characterization.

III. Application of a Novel Fast Aerosol Spectrometer

Project APEX afforded the first opportunity to apply a novel fast
aerosol sizing instrument, the DMS500, to the PM emissions from a
gas turbine engine. The DMS500 relies upon electrical mobility for
particle sizing [34]. In this instrument, the aerosol sample is passed
through a cyclone separator to remove particles larger than 1 �m and
electrically charged with a corona charger. The electrically charged
particle sample is then introduced into a strong electrical field
established in a classifying column. The field forces the charged
particles to drift toward an array of electrometers through a sheathing
gas flow created in the column. The location at which a charged
particle reaches the electrometer array depends on its aerodynamic
drag/charge ratio. Real-time monitoring of the electrometer outputs
provided a measure of the particle size distribution. The primary
innovation of the DMS500, a fast size distribution measurement rate
(up to 10 Hz), greatly enhanced the statistical reliability of size
parameter measurement and afforded the opportunity to observe
transient behavior in the engine emissions. The time needed for a size
distribution measurement is dictated by the smear time associated
with the transport of particles from probe to instrumentation, and by
the need to collect a statistically meaningful sample. The aerosol
which enters the sampling train at one point in time, exits it over a
range of time (smear time) which can be estimated for both turbulent
and laminar flow conditions. When a step change is made to the
aerosol at the input end of the sample train, the smear time is the time
required for the change detected at the output end to go from 10% of
its new value to 90%. At Project APEX, the time required to measure
a size distribution was typically 7 s, and was driven by the smear
time.

The operating principle of the DMS500 is similar to the engine
exhaust particle sizer (EEPS) spectrometer (TSI model 3090). In a
recent study, the EEPS and traditional aerosol instrumentation like
the scanning mobility particle sizing (SMPS) system and CPC were
shown to compare favorably [35]. The DMS500, shown to compare
well with SMPS systems in laboratory situations [36], also
demonstrated excellent agreement with traditional aerosol
instrumentation under field test conditions [37]. During Project
APEX, theDMS500was comparedwith a standard SMPS system for

sizing and with a CPC for total concentration for the exhaust aerosol.
They agreed to within 2% for number-based geometric mean
diameter, 7% for mass-based geometric mean diameter, and 14% for
total concentration. As a consequence of the good agreement
between the DMS500 and conventional instrumentation for aerosol
physical characterization, all the data and analysis presented in this
paper are based upon the data set from the DMS500 unless otherwise
specified.

IV. Sampling Train and Line Loss

Probe rakes were located at three distances (1, 10, and 30 m)
behind the engine exit plane to capture exhaust samples. A sampling
train was used to transport these samples from the probes to the
instrumentation. For the 1 m rake, the sample was diluted with a
concentric flow of dry nitrogen 1.4 cm downstream from the probe
tip, was carried through 1 m of 5.33 mm i.d. followed by 1.5 m of
4.83 mm i.d., and 1.8 m of 8.37 mm i.d. stainless steel tubing to a
valve switching box, followed by 23.8 m of 15.75 mm i.d. stainless
steel tubing to the NASA Langley Research Center (LaRC)
distribution manifold. From here, the sample was distributed to the
various research groups participating in the project. The sample was
transported from the LaRC distribution manifold to the UMR
DMS500 by 8 m of 7.9 mm i.d and 1.2 m of 10.7 mm i.d. stainless
steel tubing. The purpose of the dilution was to inhibit water
condensation, deposition of volatile material on soot particles or the
creation of new volatile particles, inhibit particle coagulation, and
bring particle concentrations down into the operating ranges of the
instrumentation. The 10 m sample train was also diluted and was
similar to that for the 1 m except that the long run of 15.75 mm i.d.
tubing was of length 20.7 m. A large flow rate (1152 lpm) of exhaust
gas at the 30 m location was drawn into a 29-m-long 48 mm i.d.
stainless steel tube by a downstream blower. A cyclone was used to
remove particles larger than 2:5 �m in diameter. The actual 30 m
samplewas drawn from this flow through a 7.4mm i.d. stainless steel
tube and transported 3 m to the LaRC distribution manifold. No
additional dilution was provided here. Safety requirements dictated
the long sample trains described herein, because the diagnostic
instrumentation was required to be located beyond the wingtip of the
wing which held the test engine. Further sampling train details,
including a diagram, can be found in the NASA report [38].

Modification of the aerosol size spectrum due to line loss is an
artifact associatedwith extractive samplingwhichmust be accounted
for with calibration experiments. Inertial, thermophoretic, and
diffusional effects contribute to the loss of particles in the sampling
train. The penetration of particles through a sampling system is size
dependent. Thermophoretic losses at the probe tip are reported to be
negligible [25] and those downstream of the probe, estimated based
on a semi-empirical model [39], are found to be�8%. In this study,
thermophoretic losses were not evaluated; however, inertial and
diffusional losses have been quantified by calibration and accounted
for in the data presented, based on the assumption that the size
distribution observed at the instruments applies to the entire sample
train. This assumption will introduce additional uncertainty should
gas-to-particle conversion occur throughout the sample line. Thus
within these limits, the particle size distributions reported in this
paper represent the nascent distributions in the exhaust stream at the
point sampled.

The source aerosol used in line calibration studies must be stable
and free of any volatile compounds and moisture as these have a
tendency to induce nucleation and interact with soot particles, hence
altering the size distribution within the sample lines. It is preferable
for it to be a combustion source because the sampling train is used to
transport combustion aerosols. The source aerosol must also have a
sufficient population in the size regime of interest for gas turbine
emissions (�8–200 nm). The sampling system design should
minimize line length and aerosol transit time. Bends, flow meters,
and valves in the sampling train should be avoidedwhere possible, as
these typically involve substantial loss.

A separate study to establish the penetration function of particles
in the sampling train was conducted at NASA DFRC by UMR and¶http://www.cambustion.co.uk/instruments/dms500/
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ARI (Aerodyne Research, Inc.). This experiment used a
monodispersed sodium chloride (NaCl) aerosol as the calibration
source. It was generated by atomizing an NaCl solution and then
selecting a certain size aerosol using a DMA. CPCs were used to
measure the concentration of the monodispersed aerosol at three
locations for the 1 m sampling train: the probe tip and the ends of the
sampling train to UMR and to ARI. The ratio of the concentration of
aerosol at the end of either sampling train to the concentration at the
probe tip provided the penetration factor (Pen) for the selected
aerosol size. This experiment was repeated a number of times for
different aerosol sizes (20–300 nm). The results of this experiment
are shown in Fig. 1. The uncertainty in the measurement is
represented by error bars which were calculated using one standard
deviation in the averaged data set.

Although this experiment provided a crude estimate of the
penetration function, it was decided that a thorough analysis be
performed after the field test at UMR. The entire APEX probe
assembly and sampling train was set up at UMR and the line loss
experiment was repeated. For this more detailed penetration study, a
combustion source and NaCl aerosols were used for the calibration
experiment. The combustion source used in this study was exhaust
generated from a diesel truck: a surrogate for a gas turbine engine.
Lack of availability of a gas turbine engine and the costs associated
with running such an engine made it impractical to use in this
calibration experiment. Diesel emissions are well studied [40] and
provide a reliable calibration source for line loss studies. In these
studies, the diesel emissions were dried and diluted to remove
unwanted volatile components. Several line loss calibrations were
performed. The first was for the section of the sample train from
probe tip to the LaRC distribution manifold. This segment was
common to all aerosol samplers. The remainders were from the
LaRC distribution manifold to each of the UMR aerosol monitoring
instruments. The total penetration function for a given instrument is
the product of the penetration functions for the common segment and
that between the distribution manifold and the instrument.

The DMS500 was used to obtain the penetration as a function of
size. It provided distinct advantages for such calibration measure-
ments. With the DMS500, a poly-dispersed source could be
employed to provide fast simultaneous size-dependent losses for
particle diameters ranging from 5 to 1000 nm. As a consistency
check, the line loss experiments were also repeated at selected sizes
using a monodisperse NaCl aerosol and CPCs as was done at NASA
DFRC. Figure 2a illustrates the comparison of the penetration as a
function of size using the two different sources for the common
segment from the inlet of the probe tip to the LaRC distribution
manifold. The results of both posttest experiments and those
performed at NASA DFRC are in reasonable agreement with each
other. The fitted penetration function for the common sampling train
segment based on all calibration data is presented in Fig. 2b. This
function was provided to all aerosol experimenters for use in
correcting their data for the common line loss. The large penetration
losses at small particle diameters are an unavoidable consequence of
diffusional transport loss [41,42], and it should be noted that for
particle sizes less than 20 nm, substantial penetration corrections

have been made. All the data presented in this paper have been
corrected for line losses from the probe tip to the instruments.

V. Results and Discussion of the APEX Data Set

A. Size Distributions

Gas turbine engine emissions are influenced by engine power
settings and ambient conditions at the engine inlet. The formation of
soot and its partial oxidation in gas turbine combustors are very
complex processes that are still being studied [3,43,44]. Changes in
the combustor environment (higher temperatures and pressures,
different injector systems, etc.) contribute to the variation in particle
size distributions measured downstream at the engine exit plane.
Figures 3a and 3b show typical particle size distributions as a
function of engine power taken at the 1 and 30 m probe locations,
respectively, when the engine was burning the base fuel.

For discussions of the influence of test operating conditions, e.g.,
fuel type, fuel flow rate, etc., on the exhaust aerosol, it is convenient
to represent the size distributions with characteristic parameters:
number-based geometric mean diameter (Dgeom), geometric
standard deviation (Sigma), mass-based geometric mean diameter
(DgeomM), and total concentration; and the derived size-dependent
parameters: number-based emission index EIn and mass-based
emission index EIm. The number-based geometric mean diameter
gives a measure of (the exponential of) the average particle
logarithmic diameter for the particulate size distribution, i.e., an
average value in log diameter space and the geometric standard
deviation gives a measure of its width. The geometric rather than
arithmetic mean is used because size distributions are customarily
plotted on a logarithmic scale. The mass weighted geometric
diameter gives the corresponding mean diameter for the mass
distribution vs size. Because of the diameter cubed dependence of
particle mass, the mass-based geometric mean gives more emphasis
to the large particle portion of the size distribution compared with the
number-based geometricmean. The number-based emission index is
the number of particles per kilogram fuel burned and can be
calculated by
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where EICO2
denotes the mass emission index of CO2 (for aircraft

engines EICO2
� 3160 g=kg, andM�CO2� denotes the mass of CO2

per volume exhaust sample, which is calculated by multiplying
measured CO2 mixing ratios with �44=29��air, where �air is the air
density and 44=29 is the molar mass ratio of CO2 and air. The mass-
based emission index is the mass of particles per kilogram fuel
burned and its calculation is analogous to that forEIn, and is given by

EIm� EICO2

M�N0�
M�CO2�

(2)

where M�N0� is the mass of aerosol per unit volume of exhaust
sample.

By way of example, Table 1 presents the average values for these
parameters at two different fuel flow rates for the base fuel at the 1 m
sampling location. It should be noted, however, that although these
parameters provide a useful summary of the size-dependent data,
they do not contain all of the information available in the original
distributions.
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Fig. 3 Variation of particle size distributions with changes in fuel flow

rate for the base fuel: a) 1 m and b) 30 m.

Table 1 Total aerosol parameters for two fuel

flow rates (base fuel, 1 m)

Parameter 0:12 kg=s 0:87 kg=s

Dgeom, nm 18:53� 1:35 33:27� 0:69
Sigma 1:49� 0:09 1:80� 0:02
DgeomM, nm 34:87� 11:85 84:74� 1:13
EIn, 1015=kg fuel 0:43� 0:16 1:99� 0:48
EIm, g=kg fuel 0:004� 0:002 0:17� 0:04
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B. Mapping Sequence

Amapping sequence was performed to study the spatial variation
of the emissions across the engine’s exit plane, and to determine the
optimal probe tip position from which to sample. This study was
limited to the fixed locations and dimensions of the 1 m sampling
rake. The orientation of the various sampling probes with respect to
the engine exit plane is presented in Fig. 4.

Figure 5 details the variation in the aerosol parameters (geometric
mean diameter, geometric standard deviation, number and mass-
based emission indices) for the different probe tip positions on the
1 m rake as a function of fuel flow rate. Some spatial variation of
aerosol parameters was observed. The PM samples obtained from
probe tip position 3 were determined to be representative of the core
exhaust flow. Measurements from an adjacent gaseous probe
revealed that emission indices forNOx, CO, andHC agreedwell with
the enginemanufacturer’s predictivemodels [38] andwith the values
from the International Civil Aviation Organization databank [45] for
this class of engine. Thus, probe tip position 3 best represented the
overall spatial averages for all aerosol parameters calculated and was
subsequently used as the main probe tip for sampling particles.

C. Sampling Sequences

There were two types of sampling sequences; one focusing on the
landing–takeoff cycle [U.S. Environmental Protection Agency
(EPA) sequence] and the other targeting a parametric study (NASA
sequence) [38]. There were three EPA sampling sequences with the
following matrix of power conditions and sampling durations: 7%
(17 min), 100% (0.7 min), 85% (2.2 min), 30% (4 min), 7%
(17 mins). The first two EPA sequences were performed using the
base fuel and the third used high-sulfur fuel.

There were a total of six NASA sampling sequences that included
the following power conditions and sample duration times: 4%
(4 min), 100% (1.5 min), 85% (4 min), 70% (4 min), 65% (4 min),
40% (4 min), 30% (4 min), 15% (4 min), 7% (4 min), 4% (4 min).
Sequences 1 and 2 used the base fuel, sequences 3 and 4 used high-
sulfur fuel, and sequences 5 and 6 used high-aromatic fuel.

Figures 6–8 represent the variation in parameters measured as a
function of fuel flow rate for the three different fuels. The entire set of
runs encompassing both the NASA and EPA sequences are
represented in these plots.

1. Geometric Mean Diameter (Fig. 6)

Dgeom generally increases with increasing fuel flow rate for all
three fuels and all three probe locations and ranges from 12–35 nm.
For the 1 and 10mdata,Dgeom is linearwith respect to fuelflow rate.
The slope andR2 values from a linear fit to the data and are presented
in Table 2. Similar slopes are observed at both sampling locations,
and in all cases the R2 values are near unity.

For the data from the 30mprobe location, the linear relationship is
not observed. At low-fuel flow rate, � 0:6 kg=s, Dgeom is small
(�12 nm) and relatively constant. It increases significantly at fuel
flow rates >0:6 kg=s, rising to �18 nm at 0:8 kg=s for most
measurements and to 27 nm in some cases. These observations are
compatible with the onset of gas-to-particle conversion in the near-
field plume, i.e., an initial soot distribution is modified through
condensation of volatile compounds (H2SO4 and volatile
hydrocarbons) resulting in the creation of both new particles and
growth of existing soot particles. Evidence for this can be seen in
Fig. 3, with the clear appearance of new small particle modes in the
30 m data compared with 1 m. The extent of these processes will
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Table 2 Comparison of slope and R
2 values for

the 1 and 10 m probe data

Probe location Fuel Slope R2

1 m base 19:9� 0:3 0.82
high aromatic 21:5� 0:3 0.96
high sulfur 21:6� 0:4 0.98

10 m base 24:7� 0:2 0.96
high aromatic 25:0� 0:3 0.95
high sulfur 23:4� 0:2 0.99
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depend on the temperature, dilution, and flow characteristics of both
the exhaust plume and the flow through the sampling lines. Based on
model predictions [46], volatile components detected in the 30 m
downstream probe were most likely formed by gas-to-particle
conversion in the sample lines. This process may mimic that
occurring naturally in the near-field plume under appropriate
atmospheric conditions, but until these effects can be adequately
modeled it will not be possible to deconvolute the 30 m data to yield
information on the natural evolution of the aerosol in the exhaust
plume. It is important to note that significant gas-to-particle
conversion is not present in the 1 and 10 m data suggesting that such
processing is mitigated through careful probe tip dilution.

Low-fuel flow rates correspond to relatively low linear velocities
in the exhaust flow and longer residence times before the flow
reaches the 30 m probe. Hence at low-fuel flow rates, more time is
available for nucleation processes to boost the aerosol population at
the small size end of the spectrum, canceling out the increase inmean
size with increasing fuel flow rate observed at 1 and 10 m. At high-
fuel flow rates, the residence time in the plume is less and the exhaust
gas temperature is higher, both conditions tend to suppress
nucleation. The data for fuelflow rates>0:15 kg=s is similar for the 1
and 10 m locations, suggesting that the gas-to-particle processes
become significant in the near-field plume, becoming more
pronounced as plume residence time increases. At higher fuel flow
rates, two sets of Dgeom are observed in the 30 m data. This
observation is also compatible with nucleation being active in the
near-field plume. For the runs exhibiting the larger Dgeom, the

ambient temperature was significantly higher (see Fig. 9). This
higher temperature air, when entrained into the plume, would
suppress nucleation, lowering the population of the nucleation small
particle mode, and thereby increasing Dgeom.

2. Geometric Standard Deviation (Fig. 6)

The geometric standard deviation is related to the width of the size
distribution: Half width� Dgeom �Sigma � 1�. Sigma shows fuel
flowdependencies similar to those forDgeom.At 1 and 10m, it tends
to increase with increasing fuel flow rate and is independent of fuel
type. At 30 m, it tends to be constant at low-fuel flow rate but
increases significantly at high-fuel flow rate. Nucleation arguments
similar to those just given for Dgeom can be made for Sigma. When
the nucleation increases the population of small particles, while
keeping the large particle population constant, the size distribution
widens. Sigma generally varies from 1.2–2.0. This increase in Sigma
represents a half-width variation from 2.8–34 nm.

3. Mass-Based Geometric Mean Diameter (Fig. 6)

DgeomM generally increases with increasing fuel flow rate for all
three probe locations and all three fuels. This is consistent with the
Dgeom behavior. Also there is more scatter in the data in the low-to
medium-fuel flow rate regime, whereas there is little scatter at high-
fuelflow rate, an effect not observed inDgeom.This can be attributed
to the onset of nucleation in the near-field plume. At low-to medium-
fuel flow rate, Dgeom and Sigma are small. The small size end of the
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size spectrum is the region where nucleation and fluctuations in
nucleation have their largest impact on its DgeomM. At high-fuel
flow rate, Dgeom and Sigma are relatively large. Because DgeomM
is more heavily weighted toward the large size end of the size
spectrum, nucleation has a lower impact. In this size range, it
produces few large particles, and those that it does produce have a
reduced impact on DgeomM because of the relatively large Sigma at
high-fuel flow rate.

4. Number-Based Emission Index (Fig. 8)

For all three fuels, at the 1 and 10 m locations, EIn is higher at the
lower fuel flow rates (0:1 kg=s) and highest fuel flow rates
(0:85 kg=s) with a minimum occurring between 0.2–0:4 kg=s. The
variation in EIn at 1 and 10 m for different fuel flow rates is not
statistically significant. There is, however, a difference in EIn
between the 1 and 30 m probe locations. At the 30 m probe location,
EIn is highest at the lowest fuel flow rates, and is an order of
magnitude higher than that for the 1 and 10m cases. It then decreases
with increasing fuel flow rate until �0:75 kg=s is reached, where it
becomes constant. The greatest differences between the 1 and 30 m
data are observed at low-fuel flow rates where the residence time in
the plume affords more opportunity for gas-to-particle conversion to
occur resulting in larger EIn values. The increase in EIn at 30 m
compared to 1 m is most pronounced for the high-sulfur fuel. This is
also observed for the high-aromatic fuel, though the effect is less
pronounced.

5. Mass-Based Emission Index (Fig. 9)

For all three fuels, at all three probe locations, EIm tends to
increase with fuel flow rate, with a low-fuel flow rate minimum
between 0.1 and 0:25 kg=s, and a high-fuel flow rate maximum
between 0.75 and 0:9 kg=s. The variation in EIm at 1 and 10 m for

different fuel flow rates is not statistically significant. At high-fuel
flow rates, the EIm values for the 1 and 30 m cases converge
suggesting that the mass at these higher fuel flow rates is dominated
by the nonvolatile component of the aerosol. See DgeomM behavior
discussed in Sec. V.C.3.

D. Deliquescence

The evolution of combustion particles in the atmosphere is
strongly influenced by their ability to interact with water vapor. This
characteristic was investigated with a deliquescence technique [47–
49], where a tandemDMAwith an intermediate saturator was used to
measure the particles’ dry and wet diameters. From this information,
the particles’ critical supersaturation or soluble mass fraction (SMF)
was determined. In this study, two classes of particles were
measured. These had dry diameters of approximately 40 and 60 nm.
The deliquescence results for both classes of particle diameters over
all fuel flow rates and plume sampling locations are combined in
Fig. 10.

The SMF increases with distance from the engine exit plane. This
is reasonable, as the longer the residence time in the plume, the
greater is the opportunity for gas-to-particle conversion. Increasing
fuel aromatic and sulfur content were observed to increase the SMF.
At the engine exit plane (�1 m), the particles contain essentially no
soluble material because it was too hot for condensation processes to
occur. Furthermore, the sample was diluted before it was allowed to
cool in the sampling train, thus preventing any condensation
downstream during sample transport. There was no statistical
difference in SMF between the 1 and 10 m probe locations, which is
consistent with the absence of gas-to-particle conversion in the 1–
10 m regime of the plume. Evidence of gas-to-particle conversion
was observed at the 30 m probe. Here the average SMF values and
their standard deviations are 0:057� 0:026 for the base fuel,
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Fig. 8 Variation in EIn with fuel flow rate for entire set of runs performed (NASA and EPA sequences) using three different fuels.
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0:115� 0:076 for the high-aromatic fuel, and 0:151� 0:085 for the
high-sulfur fuel. For the base fuel, there is no statistically significant
change in the SMF with distance downstream of the exit plane. For
the other fuels, however, there is a significant change, by an order of
magnitude, between the 10 and 30 m locations.

E. Comparison of Gas Probe and Particle Probe Data

For a set of runs during the NASA high-aromatic fuel sequences,
aerosol emissions were sampled using two gaseous probes: R1-G1
and R1-G4. The gas probe R1-G4 was closest to the 1 m particle
probe that was used for all other particulate measurements. It should
be noted that the gas sampling train did not provide probe tip dilution.
Instead, diluent was added at a point approximately 15 m
downstream of the probe tip, where the diluted sample was
introduced into a heated sample line. The variation of aerosol

parameters with fuel flow rate for these runs is presented in Figs. 11a
and 11b. A comparison of these parameters for R1-G4 and the 1 m
particle probe are shown in Table 3.

For the gas vs particle sampling train intercomparison, for a given
aerosol, parameters listed in the Table 3, y (y� Dgeom, Sigma, etc.),
the percent difference is defined by Eq. (3):� �ygas � yparticle�

�ygas � yparticle�=2

�
	 100 (3)

Dgeom shows an rms percent difference of 14.9% (scatter) with an
average percent difference of �7:2%, where the negative value
implies that the gas sampling train mean particle size is
systematically 7.2% smaller. This systematic difference is larger
than the sum of the uncertainties in the gas and particle mean
diameters, as expressed by their rms percent uncertainties shown in
the Table 3, hence this systematic difference is statistically
significant. Similar relationships hold for the magnitudes of the
average differences and uncertainties for Sigma and EIn. This
indicates that gas-to-particle conversion effects are stronger than loss
effects such as agglomeration. In the cases of DgeomM and EIm, the
average differences are not statistically significant, because for these
parameters their systematic differences are smaller than the sum of
the uncertainties in their corresponding gas and particle values.

The conditions at this test venue were ideal for minimizing probe
effects. The ambient temperature and dew point averaged at 299� 5
and 267� 2
K, respectively, during the entire period of the test. The
CFM56-2C1 engine had relatively low-particulate emissions. These
factors combined to minimize potential probe effects, such as gas-to-
particle conversion, agglomeration, impaction loss, etc. Probe effects
could be more significant under less ideal conditions. The results of
this analysis show that the use of a gas rather than a particle sampling
train influences the resulting data for some parameters to a
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measurable degree even under the ideal conditions encountered in
this test. In the gas sampling train, the undiluted gas sample cools as it
is transported to the heated section of the sample train where the
diluent is also introduced. These conditions are conducive to gas-to-
particle conversion in the undiluted section. Gas-to-particle
conversion would enhance the small particle concentration thus
reducing Dgeom and Sigma and increasing EIn, which is observed.
Thus gas-to-particle conversion is a serious sample train artifact for
gas sampling trains where dilution cannot be achieved at the probe
tip.

VI. Conclusions

Data shown here are a summary of the first detailed study of the
physical characteristics of the PM emissions from a current in-
service commercial class gas turbine engine (CFM56-2C1) as a
function of engine operating condition and fuel composition, and as
such, provides an introduction to the extensive NASA database from
which it is derived. The data summarized here can be applied to
emissions estimation, plume evolution model development, and
local air quality modeling applications.

The goal of these aerosol measurements was to determine the
nature of the emissions at the engine exit plane and themicrophysical
evolution of the aging plume. Extractive sampling was employed
which may result in sample modification due to inertial,
thermophoretic, and diffusional processes. In this study, consid-
erable advances have been made in the treatment of these processes,
as evidenced by line loss corrections, but further studies are needed,

especially to address effects at the probe tip. However, in this study,
the uncertainty estimated for line loss, particularly for particles
smaller than 20 nm, does not impact the conclusions drawn.

Aerosol properties were calculated for the entire aerosol size
distribution and not individual modes. Size distributions for 1 and
10 m were generally lognormal. Strong and sometimes nonlinear
dependencies were observed with fuel flow rate. The C=H ratios of
the three different fuels used were very similar (�6:30:1). Based on
fuel composition alone, no significant differences in emissions
would be expected and no significant differences were observed.
This is consistent with previous fuel effect studies [3,50]. The onset
of gas-to-particle conversion was apparent at 30 m for low- to
medium-fuel flow rates. In this data, nonlognormal size distributions
were often observed, where the mean sizes decreased and EIn
increased relative to the 1 and 10 m size distributions. For high-fuel
flow rate data gathered under higher ambient temperature conditions,
gas-to-particle conversion was not observed. This result can be
explained by shorter plume residence time and warmer ambient air,
both of which mitigate against nucleation. Some effect associated
with fuel type was observed at 30 m. For the high-sulfur fuel, EIn
tended to increase; DgeomM and Sigma decreased at low- to
moderate-fuel flow rates.

The SMFwas found to increase with distance from the engine exit
plane. Increasing fuel aromatic and sulfur content are observed to
increase the SMF. At both the engine exit plane and at 10 m, the
particles contain essentially no soluble material. Evidence of gas-to-
particle conversion was observed at 30 m for the aromatic and high-
sulfur fuels.
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Table 3 Comparison of aerosol parameters for data from the 1 m particle and R1-G4

Difference between sampling trains Uncertainties in particle probe measurements Uncertainties in gas probe measurements

Parameter Avg. pct. diff. RMS pct. diff. avg. pct. diff. RMS pct. diff. avg. pct. diff. RMS pct. diff.

Dgeom �7:2 14.9 2.1 2.4 3.2 3.7
Sigma �4:4 10.2 0.9 1.3 0.9 1.1
DgeomM �10:0 22.8 5.3 9.6 3.7 5.0
EIn 24.7 80.1 7.7 8.9 9.9 11.3
EIm �4:5 59.3 2.4 3.2 3.1 3.5
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The intercomparison between gas and particle sampling trains
showed that gas-to-particle conversion is a serious sample train
artifact for gas sampling trains where dilution cannot be achieved at
the probe tip.
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