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Performance Evaluation of a Fast Mobility-Based Particle
Spectrometer for Aircraft Exhaust
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The Cambustion DMS500, a novel aerosol sizing instrument with fast time resolution, was first employed to sample
jet engine particulate matter emissions during Project APEX. This paper compares the performance of the DMS500
to that of traditional aerosol instruments for sampling jet engine exhaust aerosol under field conditions during this
campaign. The observed geometric mean diameter with respect to the particle number (D,)) ranged from 15 to 45 nm,
and with respect to the mass (third moment) distribution (D) from 21 to 112 nm, the geometric standard deviation
(0,) ranged from 1.22 to 1.90 and the total number concentration (N) ranged from 6 x 103 to 3.3 x 105/cm? (after
dilution). On average, the D,, D, 6,, and N of the DMS500 size distributions differed by —9, —7, +1, and +30%
from the reference values of the traditional instruments. Compared with the reference values, both D, and g, of the
DMS500 showed a small but statistically significant decrease with increasing particle size. Effects due to particle
shape appeared to be the most likely explanation for the observed size-related trends. The 30% disagreement in
concentration measurements is reasonable when the sensitivity of the 3022 condensation particle counter to pressure
fluctuations encountered during measurements at the engine exhaust nozzle is taken into account.
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N RECENT years the particulate matter size distributions from jet

engines have been characterized using standard aerosol
methodologies employing differential mobility analysis [1-3]. This
technique is limited because it does not have the approximately 1 Hz
time resolution to allow synchronization with the combustion gas
measurements acquired using current recommended practices
prescribed by the International Civil Aviation Organization under
Annex 16, Volume 2 of the Chicago Convention. This paper
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compares the performance of a novel aerosol sizing instrument
with fast time resolution (DMS500) to that of traditional aerosol
instruments for measuring jet engine exhaust aerosol.

A. Background

The application of electrical mobility (particle migration in an
electric field) to determine the size of airborne ions and charged
particles extends back to the beginning of the 20th century [4].
Commercial instruments became available in the 1960s, but these
instruments were only suited for aerosol with slowly varying size
distribution. More recently, advancements such as the scanning
differential mobility analyzer (SDMA), a prime example being the
TSI SMPS [5], have reduced the sampling time for measuring a
complete particle size distribution between approximately 5 and
800 nm to below 2 min. Although SDMA systems have become the
most widely used sizing technique for submicron aerosol particles
[6-11], numerous applications require sampling rates of about 1 Hz,
such as process control of nanoparticle synthesis or optimization of
non-steady-state (transient) combustion processes.

Recently, Tammet et al. [12] introduced a different type of
mobility spectrometer called the electrical aerosol spectrometer
(EAS) with a time resolution on the order of seconds. Variants of the
EAS like the Cambustion DMS500 [13] and the TSI engine exhaust
particle sizer (EEPS) [14] have recently become commercially
available. In contrast to the SDMA, which sequentially monitors
different particle size bins using a single particle detector down-
stream of a classification column with gradually changing electric
field, the DMS500 simultaneously characterizes selected size bins
with a cascade of electrometers connected to a classification column
with time-invariant electric field. Although both the SDMA and
DMS500 operate on the same principle of electrical mobility, there
are numerous technical differences related to all of the main
components, namely aerosol charging, classification column, and
particle detection, which makes it necessary to compare the
performance of the SDMA and DMS500 for different types of
challenge aerosols.

Because commercial versions of the DMS500 have only become
available within the past few years [13], there is very limited
information available on their performance for different types of
aerosols. Recently, DMS500 systems have been applied to tobacco
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smoke [15], laser ablation fugitive emissions [16], and diesel
emissions [17-19].

There is a substantial SDMA database on particulate size
distributions from various aircraft engines [2,20-23]. The use of fast
sizing instruments such as the DMS500 would be advantageous,
because engine on-time for sampling is expensive, some engine
conditions (e.g., takeoff power) can be made available only for
short times, and it would allow observations of engine transients
between stable operating conditions. However, in the arena of gas
turbine emissions measurement, the instruments have to perform in
environments having significantly more electronic noise, acoustic
noise, and fluctuations in sample line pressure than in normal
laboratory settings. There was concern that due to technical
differences between the traditional instruments [SDMA and
condensation particle counter (CPC)] and fast spectrometers and the
results of some preliminary intercomparison measurements, that the
fast electrometer based spectrometers (EEPS and DMS500) may not
be applicable to this harsh environment and/or the measured size
distributions would be inconsistent with the large body of engine
emission data mainly obtained from SDMA and CPC systems.
However, the potential value of fast spectrometer analysis to jet
engine testing warrants further in-depth analysis to validate or refute
these concerns.

Hence, in this study we compare the performance of a
conventional SDMA and CPC with a novel DMS500 for submicron
particles from a gas turbine engine acquired during a field campaign.
We briefly discuss the major differences between these instruments,
present the experimental setup, and compare the sizing and counting
performance of the DMS500 with that of an SDMA and a CPC,
respectively, under the harsh operating conditions in the vicinity of a
gas turbine engine.

B. Differences Between SDMA and DMS500

In this study we employed a Cambustion DMS500 (Cambustion,
Ltd., Cambridge, UK), a TSI SDMA consisting of a differential
mobility analyzer [differential mobility analyzer (DMA), model
3071, TSI, Shoreview, MN] and a CPC (model 3025, TSI). In
addition, we determined total particle number concentration using a
TSI 3022 CPC. The performances of the TSI SDMA and CPC have
been investigated thoroughly in the literature [6,24—29].

Although both the DMS500 and the SDMA operate on the
principle of electrical mobility, there are significant differences in
all major components. Table 1 lists the technical details of the
DMSS500 and SDMA and the operating conditions chosen for this
intercomparison study. After passing through an aerodynamic
separator (cyclone or impactor) and an electrostatic charger, the
particles enter a classification column followed by a particle

detection system. Although the particles are transported axially
through the annular classification column, which consists of a central
rod held at high voltage and a grounded, coaxial outer rod, the
charged particles follow a specific trajectory depending on their
electrical mobility and, hence, on their charge-to-diameter ratio
(equivalent mobility diameter). Significant differences exist between
the DMS500 and the SDMA for the aerosol charger, classification
columns, particle detection, and data inversion.

The DMS500 and the SDMA use fundamentally different
charging techniques. The former generates unipolarly charged
particles (positive) with a corona diffusion charger, and the latter
employs radioactive diffusion charging to generate both negatively
and positively charged particles, where only the negatively charged
fraction is used for size classification. Precise knowledge of the
established charge distribution is essential for retrieval of the particle
size distribution from the raw data in both devices using different
inversion routines. Among other parameters the bipolar charge
distribution depends not only on particle size but on particle shape
and the composition of the carrier gas [30]. Unipolar charging is even
more sensitive to the latter two parameters, and it introduces a
number of additional complications such as elevated loss of charged
particles in the charger and potential generation of artifact sulfuric
acid particles in the high electric field near the corona discharge, if
sufficient amounts of SO, and H,O are present in the carrier gas
(particularly relevant for sampling combustion exhaust) [30-32]. In
addition, unlike the bipolar charger, already positively charged
aerosol cannot be neutralized by the unipolar charger, because only
positively charged ions are generated. Consequently, the charge
distribution exiting the corona charger depends on the (positive)
charging state of the challenge aerosol. Because this most likely
affects particles smaller than 50 nm, where the charging efficiency of
the unipolar charger is lowest, charged particles below 50 nm are
electrostatically removed upstream of the charger by an electrostatic
precipitator. The main differences regarding the classification
columns of the two instruments are that the electric field is spatially
invariant but varied with time in the SDMA, whereas in the DMS500
the electric field is time-invariant but increasing with axial location.
Furthermore, the DMS500 uses 26 electrometers connected to metal
rings at the outer rim of the classification column for particle
detection, whereas the SDMA draws all particles within a narrow
mobility range through a slit in the central rod for subsequent
detection with a CPC. Consequently, the inversion routine [31] of the
DMS500, converting the raw electrometer signals into particle
number size distribution, is significantly more complicated than that
of the SDMA [8] mainly due to the larger number of charge states
occurring for unipolar charging and the fact that each electrometer
ring has a different transfer function. Finally, for nonspherical
particles, such as those typically encountered during combustion

Table 1 Technical details and operating conditions for the TSI SDMA (DMA 3071, CPC 3022) and Cambustion DMS500

Technical aspect SDMA

DMS500

Aerodynamic separator
(cut-off diameter)
Electrostatic precipitator —

Impactor, 1000 nm

Cylone, 1000 nm

Removal of charged particles, <50 nm
210

Electrical charger type

Charging state

Classification column
Sample/sheath flow rate, liter/min
Pressure, hPa

Geometry of classification column
Length, mm

Outer diameter, mm

Inner diameter, mm

Voltage

Maximum value, kV

Temporal variability

Axial variability

Minimum sampling time, s

Size range, nm

Particle detection

Radioactive diffusion charger, Po
Bipolar (negative used for sizing)

Corona diffusion charger
Uniploar (positive)

1.4/9.0 8.0/30
~1000, ambient 250
444 .4 700
19.58 53
9.37 25
10 7
Yes No
No Yes
35 (here 100) <1 (here ~7)
~10-700 (here 10-340) 3-1000

1 CPC

26 Electrometers
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exhaust measurements, particle alignment effects may systemati-
cally bias particle sizing in both devices [33].

In summary, although both instruments operate on the same
sizing principle (electrical mobility), there are substantial technical
differences, which require consistency tests of the DMS500 and
SDMA.

II. Experimental Setup, Quality Assurance,
and Data Analysis

The first parallel measurements of aircraft exhaust particulates
with a conventional SDMA and a DMS500 were conducted during
Project APEX (aircraft particle emissions experiment). This study
was a multi-agency collaborative research effort, performed at the
NASA Dryden Flight Research Center at Edwards Air Force Base in
California during April 2004. The goals of the project were to
characterize aircraft emissions, their evolution in the near-field of the
engine exit plane, and the demonstration of the viability of new
characterization technologies. In particular, parametric studies were
performed at different engine operating conditions to characterize
particle and trace gas precursor species in the emissions from a
NASA DC-8 aircraft with CFM56-2C1 engines at selected locations
(1 m, 10 m, and 30 m) downstream of the engine exit plane [23]. A
detailed description of the results obtained at APEX using the
DMSS500 is reported by Lobo et al. [34].

Only data from the 1 m sampling probe were used for this
intercomparison analysis, because the data from the 10 m and 30 m
probes exhibited lower signal-to-noise ratios and more time variation
due to crosswind interference. Two series of runs were performed
during Project APEX: one using NASA-selected run criteria and one
using EPA- (Environmental Protection Agency) selected criteria.
Both were included in this analysis. The EPA cycles followed the
landing takeoff (LTO) cycle with the following sequence of power
conditions and sampling durations: 7% (17 min), 100% (0.7 min),
85% (2.2 min), 30% (4 min), 7% (17 min). The NASA sampling
sequence generally followed the following power (duration) scheme:
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).
However, some data were also taken at power settings of 5.5%, 60%,
and pre-ground idle. For each power setting, data were taken with the
DMS500, SDMA, and CPC, and these data, encompassing 300 runs,
are intercompared in this study.

Continuous sampling was performed in a standard configuration
[1], which had been used on previous measurement campaigns
characterizing jet engine emissions [35—41]. In brief, a dilution flow
of clean, dry gas (nitrogen) was normally added to the sample at the
probe tip in order to suppress particle interactions and condensation.
The dilution was substantial, varied from run to run, and reduced
concentrations by a factor of between about 10 and 100, with an
average and standard deviation of 41 and 22, respectively. The
extracted sample was distributed through the NASA Langley
Research Center (LaRC) distribution system to several research
groups (Fig. 1), including the Missouri University of Science and
Technology (Missouri S&T), previously known as University of
Missouri—Rolla.

Particle loss in the transport lines was experimentally determined
for each segment of the sampling train. For the intercomparison study
the crucial line losses were those between the subject instruments
(DMS500, SDMA, and CPC) and the distribution plenum in the
Missouri S&T mobile laboratory, because the line loss between the
Missouri S&T distribution plenum and the probe was common to
all the instruments. The particle line losses were experimentally
determined with monodisperse sodium chloride particles, and
mathematically described by polynomial fits in (n D, where D,
represents the (equivalent mobility) diameter. Figure 2 shows the
experimentally determined penetration coefficient P between the
three instruments and the distribution plenum. Although these
penetration curves can be implemented directly into the inversion
routines of the DMS500 and SDMA, the correction factor for the
CPC (P(CPC)) depends on the individual run’s size distribution and
is determined as the number weighted mean of the penetration curve.
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Fig. 1 Schematic of instrumental setup.
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Fig. 2 Experimentally determined penetration coefficients through the
transport lines to the DMS500, SDMA, and CPC.

During this intercomparison experiment typical size-averaged
P(CPC) values were around 0.70 + 0.05.

Theoretically, the DMS500 may be operated at a sampling rate of
up to 10 Hz. However, the sampling frequency for a complete size
distribution may be significantly reduced by 1) signal smearing
effects due to nonuniform velocity profiles in the transport lines and
2) the need to collect a statistically meaningful sample, that is,
sufficient concentration in each size bin. In the APEX study, the time
needed for obtaining a DMSS500 size distribution between 5 and
1000 nm was typically 7 s (compared with 100 s for the SDMA size
distribution between 10 and 340 nm). The operating conditions of the
SDMA and the DMS500 are listed in Table 1. During any given
engine setting, typically 2 and 20 size distributions were obtained
with the SDMA and DMS500, respectively. The smaller size range
of the SDMA has no significant impact on the intercomparison
results, because the SDMA detected at least 95% of the number and
mass distribution for all data points presented here.

An additional complication was introduced by the fact that the
DMS500 operates at 250 hPa, whereas the SDMA and the CPC
operate at line pressure. For constant line pressure, the DMS500
software automatically takes pressure into account. However, for
variable operating pressure as encountered here due to the varying
engine power (inlet pressure) and varying sample dilution, two
additional correction factors had to be applied to the DMSS500.
Periodically (a few times during a measurement day) the DMS500
was put through a calibration procedure called autozeroing, which
sets the nominal line pressure for the run and determines the noise
level of the electrometers. This was done with the engine operating at
idle, which puts the probe close to ambient pressure. The DMS500
uses a mass flow meter to determine the flow rate through its front-
end critical orifice. The mass flow rate of gas through the orifice will
vary in proportion to the ratio of sample line pressure during a
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measurement to that during the autozero, and the instrument’s
aerosol differential concentrations must be corrected by the
reciprocal of this ratio. Also, the aerosol bin diameters (particle
diameters corresponding to bin index) will change with pressure.
Pressures higher than that at autozero will cause higher linear
velocities through the measurement region, particles will travel
farther before impacting an electrometer, and hence will be perceived
as having alarger diameter. A manufacturer-supplied formula giving
correct bin diameters as a function of pressure is available for
pressure variations up to £40%. An interpolation procedure was
performed after the bin diameter correction in order to determine the
aerosol size spectrum at a consistent set of particle diameters. The
actual sample line pressure was provided to the DMS500 via an
analog input channel and was imbedded into the DMS500’s normal
data stream, simplifying subsequent data reduction activity.

During Project APEX engine power varied between 4 and 100%.
The corresponding sample line pressure variation with respect to
the DMS500s autozero pressure was from —3 to +36%, values
within the range for which the DMS500s pressure corrections
are applicable. The mass flow rate correction to the differential
concentrations was thus in the range +3 to —36%, and the bin size
corrections were in the range from 4-0.6 to —9%, respectively.

All instrument flow rates and main operating parameters were
calibrated on-site. In addition, the sizing accuracy of the SDMA and
DMS500 was confirmed with spherical particles of known size
(polystyrene latex spheres with a nominal diameter of 50-1000 nm),
and the DMS500 was calibrated for smaller sizes with DM A-selected
nucleated liquid sulfuric acid (less than 15 nm), atomized and dried
sulfuric acid (15-30 nm), and atomized and dried solid salt particles
(20-60 nm).

During Project APEX, 154 emission sampling runs were
performed using the 1 m probe. As a measure of quality assurance,
we screened the data for source stability and effects due to
background aerosol. Source stability was judged based on both
SDMA and DMS500 data. If the percentage difference in the SDMA
geometric mean diameters of two consecutive size scans exceeded
20%, the data was excluded for the intercomparison. Similarly, if the
standard deviation of the DMS500 geometric mean diameters
(typically 20 values per engine setting) exceeded 20% of its average,
the run was not used. Periodically, the concentration of the atmo-
spheric background aerosol was measured. If the particle concen-
tration signal to background ratio was less than 4 (due to, for
example, significant cross winds), the run was excluded, because the
intercomparison was to be for aircraft-generated not atmospheric
aerosols. Using these criteria, 102 of the 154 runs passed the
selection criteria and were included in the analysis.

III. Results and Discussion

To quantify differences in instrument performance, four
characteristic parameters were considered: number-based geometric
mean diameter (D,), geometric standard deviation (0, ), mass-based
(third moment) geometric mean diameter (D,,), and total number
concentration (N), where D, and D, are more representative for the
smaller- and large-size fraction for a given size distribution,
respectively. For the Project APEX data set of 300 runs used for the
intercomparison, the observed D, values ranged from 15 to 45 nm,
D,y from21to 112 nm, o from 1.22 to 1.90, and N from 6 x 103 to
3.3 x 103 /cm? (at the instruments after a 10 to 100 fold dilution).
Sample size distribution plots from the DMS500 and the SDMA are
shown in Fig. 3 for an engine idle run, which was the most common
power condition sampled in the campaign.

A linear regression analysis of D, and o, for the DMS500
(ordinate) and SDMA (abscissa) is given in Fig. 4. A scatter plot
comparison of this data shows significant deviation from ideality
with a slope, intercept, and correlation coefficient (R?) of 0.69 (1.24),
5.5nm (—0.37), and 0.67 (0.61), respectively. On the other hand, the
campaign average of the D,, Dy, and o, ratios of DMS500 to
SDMA are 0.91, 0.93, and 1.01 with a variability of 16, 26, and 6.5%
about the mean, respectively, and the average particle number
concentration of the DMS500 is 30% larger than that of the CPC
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Fig. 3 Size distributions for engine idle exhaust using baseline fuel.
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Fig. 4 Scatter plot of a) geometric mean diameters, and b) geometric
standard deviations of the particle size distributions measured by the
SDMA and DMS500.

(Table 2). Hence, in spite of considerable scatter in the APEX data,
which is at least partially due to unavoidable instabilities in the
challenge aerosol and the harsh experimental conditions, the average
D, Dy, 0,, and N of the DMS500 agree to within 9, 7, 1, and 30%,
respectively, with the corresponding reference values. Laboratory
experiments conducted after the APEX campaign to compare the
DMSS500 and the CPC showed somewhat better DMS500-CPC
agreement in N (14%). A more recent laboratory intercomparison
between the DMS500 and a TSI CPC (3022) and SDMA (3071) was
conducted using NaCl aerosols with mean sizes 19, 39, 48, 87, 119,
and 122 nm in diameter. For all instruments (DMS500, SDMA, and
CPC) the repeatability in all the characteristic parameters for multiple
measurements of the size distribution for a constant aerosol was 1%
or better. The average difference between the DMS500 and the
SDMA was 5% for geometric mean diameter and 4% for total
concentration, and between the DMS500 and the CPC it was 18% for
total concentration. An intercomparison experiment conducted at
NASA Langley in 1999 reported [42] variations between CPCs in the
range from 10 to 20%. An estimated uncertainty [1] for laboratory-
condition work is 3.3% for DMA-based size measurement and 18%
for CPC-based total concentration measurement. Hence, during
laboratory tests, differences between the DMS500 and the reference
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Table 2 Summary of the DMS500, SDMA, and CPC
comparison for geometric mean diameter, geometric standard
deviation, mass-based (3rd moment) geometric mean diameter,

and number concentration

Parameter Mean Variability
D, pms/ Dy spoma 0.91 16%
0y pMs/ Ty SDMA 1.01 6.5%
D gur.oms/ Dgu.soma 0.93 26%
Nowms/Nepe 1.30 33%

instruments are comparable to the uncertainties in the DMA and
CPC reported elsewhere [1,42]. In the project APEX campaign the
differences are larger. For geometric mean the difference goes up by
afactor 1.8, from 5 to 9%; for total concentration it goes up by a factor
1.7, from 18 to 30%.

Some of the difference in total concentration may be due to the
response of the TSI 3022 CPC to pressure fluctuations. The CPC is
affected more strongly by pressure fluctuations than is the DMS500.
The 3022 computes a total concentration based on an anticipated
volumetric flow rate of the sample through the counting volume
rather than a measured flow rate. This flow rate is influenced by
sample pressure. The sample line pressure during an engine test point
measurement period does fluctuate by up to 5%. The standard
deviation of the CPCs concentration measurement during test points
is consistently greater than that of the DMS500 by a factor of more
than 3.

Insight into the potential reasons for the observed deviations
between the DMS500 and SDMA can be obtained from Fig. 5, which
shows that the D, and o, ratios of the DMS500 to SDMA decrease
systematically from about 1.05 to 0.8 and 1.06 to 0.96, respectively,
as D, increases from about 15 to 45 nm, where clearly the former is
significantly more pronounced than the latter. Considering the
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Fig. 5 Ratio of DMS500 to SDMA a) geometric mean diameter, and
b) geometric standard deviations as a function of SDMA geometric mean
diameter.

technical differences between the DMS500 and the SDMA listed in
Table 1, one possible reason for the observed trends could be the
removal of charged particles smaller than 50 nm upstream of the
DMS500 corona charger in order to avoid artifacts in the charge
distribution as described previously. Although this effect was
minimized during Project APEX by passing the sample aerosol
through a neutralizer (bipolar charger; not shown in Fig. 1), it is
instructive to assess the expected bias in D, pys and o, pys- If we
assume that the particles entering the corona charger had reached
charge equilibrium and that all particles less than 50 nm diameter
were removed upstream of the corona charger, we can estimate the
effect of particle removal by replacing the removed particles back
into the DMS500 particle distribution using the charge distribution
by Wiedensohler [43]. As seen from Fig. 6, this correction results in a
—2 to +2% change in D, pys depending on particle size. If almost
the entire size distribution is below 50 nm, the mean size shifts to
larger values because the faction of charged particles increases with
particle size. On the other hand, for size distributions centered around
50 nm, D, pys shifts to smaller sizes because only charged particles
smaller than 50 nm are removed, that is, the correction enhances the
small but not the large end of the size distribution. A similar rationale
explains the observed small trend in o, pys (Fig. 6b). It is evident
from Fig. 6 that accounting for the removal of charged particles
would enhance the trends in D, and o, ratio (Fig. 5) resulting in
slopes of —0.0084 and —0.0046, respectively, and somewhat better
linear correlation coefficients (R?) of 0.19 and 0.27, respectively.
This suggests that the removal of particles smaller than 50 nm from
the DMSS500 did not play a significant role during APEX. Another
explanation for the observed trends in the D, and o, ratios could be
elevated diffusional losses in the DMS500 (or the SDMA). However,
because smaller particles are more affected by diffusion than larger
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Fig. 6 The effect of the removal of charged particles smaller than 50 nm
upstream of the DMS500 corona charger on the a) measured geometric

mean diameter, and b) geometric standard deviation as a function of
SDMA geometric mean diameter.
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ones, diffusion cannot account for the observed large differences
(approximately 20%) between D, pyis and D, spyia at the large end
of the size spectrum. As mentioned previously, the high electric field
near the corona discharge of the DMS500 may generate artifact
sulfuric acid particles in nucleation mode (diameter less than 15 nm),
if sufficient amounts of SO, and H,O are present in the carrier gas.
However, no evidence was found for this artifact during Project
APEX because the DMS500 size spectra did not contain elevated
levels of nucleation-mode particles (diameter less than 15 nm) for
more than 90% of the data. Another possible explanation for the
observed trend in the D, and o, ratios could be the nonspherical
shape of aircraft emission particles. Finally, itis conceivable that due
to the large variation in line pressure between 572 and 896 hPa during
APEX, a bias in the manufacturer-provided pressure correction for
the DMS500 may have contributed to the observed trend in D, ratio
(Fig. 5a). However, because there is no correlation between line
pressure and D, (R?=0.0002), the observed weak systematic
decrease in D,, ratio with increasing pressure (from 0.95 to 0.85) will
only contribute to the observed scatter but not to the systematic trend
in D, ratio. Analogous to our results, Symonds et al. [19] have
recently shown that, for nonspherical diesel soot agglomerates, the
D, ratio of DMS500 to SDMA decreases with increasing particle
size. They observed D, ratios near unity for almost-spherical
particles (small agglomerates consisting of only a few spherical
primary particles) and D, ratios as low as 0.65 for larger, more
nonspherical particles. This trend was attributed to the sensitivity of
the DMS500 charge distribution on particle shape. It is of interest to
note that an analogous sensitivity would be expected for the SDMA.
Although diesel soot is found to be more agglomerated than aircraft
soot exhaust, larger aircraft exhaust particles are more likely to be
nonspherical (agglomerated) than smaller ones [1], and this could at
least partially explain the negative trend in the D, ratio for aircraft
particulates as shown in Fig. 5a.

In summary, considering the harsh experimental conditions in the
vicinity of a gas turbine engine and the fact that the size and
concentration measurement techniques (DMS500 vs SDMA and
CPCQ) differ significantly, there is reasonable agreement between the
DMS500 and the reference instruments (SDMA and CPC) for engine
exhaust particulate matter measurements.

In the case of sizing data, the disagreement between instruments is
less than 10%. No evidence was found for inadvertent generation of
sulfuric acid (or other nucleation mode) particles from gaseous
precursors in the high electric field of the DMS500 charging unit.
Although small effects due to 1) the removal of charged particles
smaller than 50 nm upstream of the DMS500 corona charger,
2) unaccounted diffusional losses in the DMS500 and/or the SDMA,
and 3) the sensitivity of the charging units on trace gas composition
can not be ruled out, the observed decrease in D, pys (and D g4 pus
data not shown) with increasing particle size is consistent with
observations for diesel soot particles [19], which were attributed to
the sensitivity of the DMS500 charger to particle shape.

In the case of concentration measurements, the disagreement is
30%, which is greater than that found for well-controlled laboratory
experiments. However, this is a reasonable result when the sensi-
tivity of the 3022 CPC to pressure fluctuations encountered during
measurements at the engine exhaust nozzle is taken into account.

IV. Conclusions

The wealth of particle data taken during project APEX with
DMS500, SDMA, and CPC instruments provided a unique
opportunity to intercompare the performance of these instruments
under the harsh sampling conditions near a gas turbine aircraft
engine. In spite of considerable scatter in the data set, which is at least
partially due to unavoidable instabilities in the challenge aerosol and
the harsh experimental conditions, the average D, D g4, 0, and N of
the DMS500 agree to within —9, —7, +1, and +30%, respectively,
with the corresponding reference values derived from SDMA and
CPC data. The negative systematic DMS500 trends in D, and to a
much lesser degree in o, with increasing particles size is likely due to

the sensitivity of the DMS500 charging efficiency to particle shape.
No evidence for significant artifacts due to other adverse effects was
found. Considering the differences in the measurement techniques
and the harsh experimental conditions, this represents satisfactory
agreement between the DMS500 and the reference instruments
(SDMA and CPC). However, our study also suggests that the
consistency of the DMS500 and SDMA data needs to be verified, if
(partially) nonspherical particles in carrier gases with varying (trace
gas) composition are investigated, which is particularly relevant for
the sampling of combustion-derived particles. Therefore, in con-
clusion, the generally satisfactory agreement between the DMS500
and the SDMA and the much shorter sampling time of the DMS500,
suggests using a DMS500 instead of a SDMA will significantly
reduce the cost for engine emission tests due to reduced engine
sampling times.
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