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ABSTRACT
Diluted exhaust from selected military aircraft ground-
support equipment (AGE) was analyzed for particulate
mass, elemental carbon (EC) and organic carbon (OC),
SO4

2�, and size distributions. The experiments occurred
at idle and load conditions and utilized a chassis dyna-
mometer. The selected AGE vehicles operated on gasoline,
diesel, and JP-8. These military vehicles exhibited concen-
trations, size distributions, and emission factors in the
same range as those reported for nonmilitary vehicles.
The diesel and JP-8 emission rates for PM ranged from
0.092 to 1.1 g/kg fuel. The EC contributed less and the OC
contributed more to the particulate mass than reported in
recent studies of vehicle emissions. Overall, the particle
size distribution varied significantly with engine condi-
tion, with the number of accumulation mode particles

and the count median diameter (CMD) increasing as

engine load increased. The SO4
2� analyses showed that

the distribution of SO4
2� mass mirrored the distribution

of particle mass.

INTRODUCTION
Internal combustion engines are a significant contributor

to fine particulate matter (PM2.5) concentrations, partic-

ularly in urban atmospheres,1 and recent epidemiologic

studies have linked PM2.5 to adverse health effects.2,3 Fur-

thermore, exhaust particle size and composition are

thought to play a role in the health effects of PM. For

example, it is hypothesized that nanometer-sized particles

deposit more efficiently in the lungs and are potentially

more damaging than if the same chemical compounds

were inhaled as larger particles (recent findings summa-

rized in Lighty et al.4). Exhaust PM from gasoline and

diesel engines falls almost entirely into the PM2.5 size

range and is primarily composed of elemental carbon (EC)

together with less refractory organic carbon (OC), includ-

ing polycyclic aromatic hydrocarbons (PAHs). The EC

content of atmospheric PM has been linked to dysrhyth-

mia and cardiovascular diseases,3 and PAHs are reason-

ably anticipated to be carcinogens.5 In addition to health

effects, PM in the atmosphere contributes to reduced vis-

ibility.

Diesel-fueled vehicles are widely employed for both

light-duty and heavy-duty applications. Kittelson6 and

others have presented diesel emissions and size distribu-

tion data obtained from both dynamometer and on-road

studies. Emissions and size distribution data from gaso-

line vehicle exhaust are more limited than the diesel data,

but recent publications have begun to fill in the gaps.7–11

IMPLICATIONS
High ambient concentrations of fine PM have been linked to
increased human mortality, and recent studies have linked
the size and composition of aerosol particles to adverse
health effects. Motor vehicle emissions are one of the main
sources of fine particulate emissions, and emissions from
on-road vehicles have been studied extensively. However,
particulate emissions from off-road vehicles have not been
well characterized, and this study contributes to the knowl-
edge base by providing size and composition information
for several military AGE vehicles. The results indicate that
engine type and engine load had a dramatic effect on
particle size distributions and emission rates. The diesel
and JP-8 emission rates ranged from 0.092 to 1.1 g PM/kg
fuel. In general, the PM contained less EC and more OC
contributed than reported in recent studies of vehicle
emissions.
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Little information exists about particulate emissions from
JP-8–fueled engines.12

Military sources of PM have been undergoing more
scrutiny recently. This paper describes emissions measure-
ments obtained for a variety of aircraft ground-support
equipment (AGE) at Hill Air Force Base (HAFB), Ogden,
UT, in November 2000. AGE is used to tow aircraft and
provide general support in the flight areas. The following
sections present particulate mass, carbon, and SO4

2� con-
centration data together with emission factors and size
distributions for a variety of AGE. The results show the
relationship between variations in PM mass, composition,
and size distribution and vehicle type and engine condi-
tion. The data were obtained with the engines at idle and
load conditions, so the findings are relevant to the day-
to-day activities of the vehicles. This study builds on the
previous work of Rogers et al.12 The AGE utilized gasoline,
diesel, and JP-8 aviation fuel. In several cases, the engines
were similar to civilian counterparts.

EXPERIMENTAL PROCEDURES
Vehicle Selection and Experimental Conditions

The sampling team selected four in-service AGE represent-
ing a variety of engine types and fuels (Table 1). The AGE
operated on a Mustang MD250 dynamometer at several
idle and load conditions (Table 2). It was not possible to
operate the Jammer on a dynamometer because it is four-
wheel drive; therefore, it was only tested under idle con-
ditions. Before testing, each AGE was started and allowed
to warm up for at least 20 min, except for the first F350
experiment, which included a cold start. The tests varied
from 20 min to 1 hr. These times were selected to allow a
balance between obtaining sufficient material on the mi-
croorifice uniform deposit impactor (MOUDI) substrates
without overloading the XAD-coated annular denuder
system. The engine speed was measured with a Phototac
TIF 770. The dynamometer control panel indicated the
dynamometer load, and the engine load was calculated
using the engine torque curves. The fuel analyses indi-
cated that the sulfur contents of the fuels were 71 parts
per million (ppm) gasoline, 220 ppm diesel, and 96 ppm
JP-8.

Emissions Measurement Approach
The measurements at HAFB all utilized a diluted ex-
haust aerosol supply provided by the Desert Research
Institute (DRI) dilution sampler. Dilution is necessary
to cool the hot exhaust with filtered air and also to
avoid water vapor condensation. The DRI dilution sam-
pler is described in subsequent paragraphs and consists
of a heated inlet line, a mixing chamber, and an aging
chamber. Table 2 contains the dilution ratios and con-
ditions for each run. The temperature in the dilution
sampler varied from 18 to 33 °C depending on engine
condition, and the relative humidity varied from 2 to
32%, also depending on engine condition.

The inlet to the dilution sampler was a 1.08-cm-i.d.,
320-cm-long line actively controlled to 150 °C wall tem-
perature. At the downstream end of this line, a venturi
with pressure taps (Lambda Square, Inc.) measured the
sample flow (typically 30 L/min). Accordingly, the transit
time for the sample, from the tailpipe to the venturi, was
approximately 0.6 sec in laminar flow, with a Reynolds
number of approximately 1500. Upon exiting the venturi,
the sample immediately flowed into the sidewall of a
15-cm-diameter cylindrical duct, where the sample mixed
with dilution air. Before mixing, the dilution air passed
through high-efficiency particulate air filters. For this ex-
periment, the dilution airflow was approximately 750
L/min and turbulent, with a Reynolds number of approx-
imately 6000. The 15-cm duct carried the diluted sample
over a distance of approximately 274 cm before part of the
mixed flow was diverted into the top of an aging cham-
ber. The transit time of the mixed flow, from the venturi
outlet to the aging chamber connection, was approxi-
mately 3.9 sec.

The aging chamber was a stainless-steel cylinder, 46
cm in diameter and 300 L in volume, at ambient temper-
ature. The flow through the aging chamber was the sum
of two 113-L/min cyclone (Bendix-Unico 240 units,
2.5-�m cut point, located at the bottom of the aging
chamber) flows, plus approximately 35 L/min from exit
ports that did not utilize cyclones (supplying the MOUDI
and tapered element oscillating microbalance [TEOM]).
Therefore, the average residence time in the aging cham-

ber was approximately 69 sec.
The dilution sampler supplied the scan-

ning mobility particle sizer (SMPS, TSI Inc.13),
the TEOM (Rupprecht & Patashnick, Inc.14),
and the MOUDI (MSP Inc.15) (Figure 1). Two
of the sampling trains contained Bendix-
Unico 240 cyclones,16 which provided a 50%
cut point of 2.5 �m aerodynamic diameter at
a volumetric flow rate of 113 L/min. The flow
to the SMPS, Teflon/quartz sampler, and can-
ister sampler passed through the cyclones

Table 1. Specifications for the AGE.

Model
Year

Vehicle
Type Fuel Type

Engine
Manufacturer

Engine
Displacement

Exhaust
Treatment

1993 Ford F350 Gasoline Ford 5.8 L Catalytic converter

1996 Dodge Bobtail Diesel Cummins 5.9 L None

1986 Jeep Bobtail Diesel Nissan 4.4 L None

1992 Jammer JP-8 Hatz 1.27 L None

Note: Bobtail vehicles tow aircraft, and Jammers lift munitions into aircraft.
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before entering the instruments. The remaining two sam-
pling trains contained the TEOM and MOUDI but did not
contain size-classifying devices.

Scanning Mobility Particle Sizer. The SMPS provided parti-
cle size distributions for particles ranging from 9.14 to 372
nm. Integrated mass concentrations were estimated by
converting the SMPS differential number data to differen-
tial mass data by assuming a particle-specific gravity and
summing the resulting distributions. Exhaust particle
densities range from less than 0.5 to greater than 2
g/cm3.17 However, we assumed a specific gravity of 1 in
the absence of a more accurate estimate.

Impactor Samples. Size-resolved particulate mass, SO4
2�,

carbon, and organic compound data were obtained from
aluminum substrates exposed in a MOUDI cascade impac-
tor. The top stage (which would nominally be 3.2 �m)
was greased with high-vacuum grease to collect any larger
particles. The stages at 1.8, 1, 0.53, 0.32, 0.18, 0.096, and
0.049 �m were used in the normal manner, with the
after-filter collecting particles smaller than 0.049 �m.

The MOUDI operated at a flow rate of approximately
30 L/min.

Gravimetric Analysis. The MOUDI was equipped with alu-
minum substrates, which were analyzed for mass using a
Cahn 31 electromicrobalance with �0.001 mg sensitivity.
The charge on each substrate was neutralized by exposure
to a polonium substrate before the filter was placed on the
balance pan. The balance was calibrated with a 20-mg
Class M weight, and the tare was set before weighing
every 10 filters. If the results of these performance tests
deviated from specifications by more than �5 �g, the
balance was recalibrated. If the difference exceeded �15
�g, the balance was recalibrated and the previous 10 sam-
ples were reweighed. An independent technician checked
at least 30% of the weights, and samples were reweighed
if these check-weights did not agree with the original
weights within �0.015 mg.

RESULTS AND DISCUSSION
Particulate Mass Measurements

Figure 2 indicates that the MOUDI and TEOM mass mea-
surements agree reasonably well, but the SMPS mass tends
to be significantly lower than the MOUDI mass. This
contrasts with the results of Rogers et al.,12 who found
good agreement between SMPS and MOUDI mass for AGE
vehicles. However, Rogers et al.12 tested AGE vehicles
under idle conditions, whereas most of these experiments
occurred under load conditions and exhibited larger par-
ticle sizes. Maricq et al.11 also report discrepancies when
comparing SMPS mass to filter mass. For these experi-
ments, the differences between SMPS and filter results
could be explained by the MOUDI results and by uncer-
tainties in converting SMPS particle concentrations toFigure 1. Dilution sampler setup.

Table 2. Vehicle and dilution sampler conditions.

Run
(min)

Vehicle
Type

Engine Speed
(rpm)

Engine Load
(%/kW)

Torque
(N m)

Dilution
Ratio

RH
(%)

Temperature
(�C)

60 Ford F350 2450 53/72 224 1:34.2 2–31 22–24

60 Ford F350 2450 53, 43, 32, 21, 11/72, 58, 43, 28, 14 224, 179, 134, 90, 45 1:37.6 13–32 20–26

60 Dodge Bobtail 700 Idle Idle 1:33.5 11–13 27–28

60 Dodge Bobtail 1500 95, 81, 54, 27/96, 72, 48, 24 759, 616, 411, 206 1:31.7 15–21 24–26

60 Dodge Bobtail 1500 27/24 206 1:30.3 18–22 22–24

60 Dodge Bobtail 1500 27/24 206 1:30.4 23–29 18–22

45 Jeep Bobtail 1700 23/24 411 1:31.8 23–31 19–24

20 Jeep Bobtail 1700 23/24 411 1:31.8 10–22 24–26

20 Jeep Bobtail 1700 23, 9/24, 9 411, 164 1:31.1 9–16 26–28

20 Jeep Bobtail 1700* 93, 23/87, 48* 1640, 822* 1:42.0 8–20 24–27

30 Jammer 2500 Idle Idle 1:32.1 14–29 16–26

30 Jammer 2500 Idle Idle 1:31.3 2–14 27–33

*Acceleration during the middle of the test; RH � relative humidity.
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particle mass. First, the MOUDI mass results for the larger
impactor stages show that up to 30% of the particulate
mass occurred in size ranges larger than the SMPS was
configured to detect, that is, larger than 372 nm (Figure
3). Second, substantial uncertainties are involved in con-
verting SMPS particle size data to a mass concentration
estimate.11,12 The measured particle diameters must be
cubed, thus propagating their uncertainties, and the par-
ticle density must be assumed, although the maximum
error of assuming a density of 1 g/cm3 would be a factor of
2 (assuming that actual exhaust particle densities range
from 0.5 to greater than 2 g/cm3).17 Third, errors can also
be large because uncertainties in the large-diameter tail
end of the size distribution have a large influence on PM
mass. Because of the small number of particles in the
large-diameter region of the particle size distribution,
these data points are subject to significant amounts of
noise.

For all of the runs presented in Figure 2, the greatest
mass concentrations measured for a given vehicle corre-
sponded to the highest load settings for that vehicle or
during cold start, in the case of the F350. In general, the
1986 Jeep Bobtail (old diesel engine in Figure 2) registered

the highest mass concentrations. The F350 under variable
load conditions (hot start) had significantly lower emis-
sions than the F350 at 53% load (cold start). In fact, the
MOUDI mass concentration for the F350 (hot start) was
lower than the MOUDI mass concentration for the blank.
Figure 4 compares the PM distributions for the smallest
concentration run and the highest concentration run.
Note that a greater proportion of the PM mass from the
Ford F350 is associated with smaller particle sizes.

Elemental and Organic Particle Measurements
EC and OC were obtained by exposure of aluminum foil
substrates in a MOUDI impactor, and summing the data
from the MOUDI provided EC and OC concentrations. EC
and OC in each substrate were determined according to
the empirical thermal ramp method.18 The OC concen-
trations obtained from the MOUDI runs were multiplied
by a factor of 1.17 to estimate the reconstructed mass
associated with the organic compounds.19 The MOUDI
afterfilters were not included because the afterfilter is sub-
ject to artifacts from evaporation, particle bounce, and
adsorption of material from the vapor phase.20

Table 3 summarizes the EC and OC results. The OC
(51.6–75.5%) contributed more to the total mass than EC
(2.58–29.7%). Overall, the percentage of particle mass
accounted for by EC and OC is 79.5%. Typically, SO4

2�,
water, ash, and other compounds comprise the remaining
fraction of particulate mass. The Jeep Bobtail exhibited a
higher EC fraction than the other vehicles; however, it is
in the range reported by Shi et al.17 and Kittelson.6 In
general, the diesel AGE PM contained a smaller fraction of
EC than the 25–50% reported by Shi et al.,17 Kirchstetter
et al.,21 Cadle et al.,22 Hildemann et al.,23 and Lowenthal
et al.24 Furthermore, the diesel AGE PM contained a
greater fraction of OC than that reported by others (20–
48%). The EC and OC content from the gasoline-fueled
F350 also contained less EC and more OC than the 14–
33% EC and 30–62% OC reported by Shi et al.,17 Cadle et
al.,22 and Hildeman et al.23

Large variations in EC and OC concentration have
also been reported by Cadle et al.22,25 and Sagebiel et al.26

Figure 2. Comparison of MOUDI, SMPS, and TEOM mass concen-
trations for each of the runs. For the SMPS data, the specific gravity was
assumed to be 1. All measurements are corrected for dilution. The new
diesel is the Dodge Bobtail, and the old diesel is the Jeep Bobtail.

Figure 3. Comparison of SMPS mass and MOUDI mass for a diesel
Jeep Bobtail at 23 and 9% load. Figure 4. Comparison of the lowest and highest mass distributions.

Kelly et al.
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In addition, Shi et al.17 reported significant variations in
EC and OC associated with different engine conditions,
such as a change in EC content from 51 to 25% corre-
sponding to a change in engine condition from 2600 rpm,
100% load to 1600 rpm, 25% load.

Size Distribution Measurements
The SMPS performed repeated 180-sec size distribution
scans during each experimental run. In most cases, little
variation occurred while a vehicle was operating at a
given condition. Accordingly, the SMPS measurements
were averaged for each vehicle and condition, allowing
discussion to be based on a single, average size distribu-
tion. The figures show differential particle concentration
per logarithmic size interval (dN/dlogDp). The following
definitions are used to describe SMPS data: (a) accumula-
tion mode particles fall into the 42–1000-nm size inter-
val,27 (b) nuclei mode particles fall into the 7.5–42-nm
range,27 and (c) nanoparticles particles are smaller than
50 nm.28 All the size distributions and particle concentra-
tions have been corrected for dilution and are presented
as the tailpipe concentrations.

The particle size and mass distribution for the Ford
F350 at 53% engine load (2450 rpm) are shown in Figure
5. For this run, the integrated particle concentration is
7.35 � 106 cm�3. The particle size distribution for this run
consists of a single mode centered at 16.8 nm and a count
median diameter (CMD) of 18.1, which indicates that the
distribution is approximately lognormal. A small accumu-
lation mode may be evident at approximately 80 nm. The
mass peak occurs at 136 nm.

The particle size distributions for the diesel vehicles
show a trend toward larger particle diameters. For exam-
ple, Figure 6 shows the particle size distributions for a
diesel Dodge Bobtail at idle and several load conditions;
this test sequence is similar to the 8- and 11-mode test
cycles.29 Each particle size distribution has a single peak

centered near the CMD, indicating that the distributions
are nearly lognormal. The integrated particle concentra-
tions are significantly higher than those of the gasoline
vehicle: 8.75 � 107 cm�3 (95% load), 4.50 � 107 cm�3

(81% load), 4.00 � 107 cm�3 (54% load), 4.15 � 107 cm�3

(27% load), and 3.16 � 107 cm�3 (idle). During all of
these runs, the Dodge Bobtail’s engine maintained a con-
stant speed of 1500 rpm. Figure 6 clearly shows the effect
of increasing vehicle load, namely, the increase in particle
concentrations and the shift to larger particle diameters.
It is interesting to note that a large increase in particle
concentration and CMD is associated with the increase in
load from 81 to 95%.

Two duplicate runs of the diesel Dodge Bobtail at 27%
engine load and 1500 rpm were performed. The inte-
grated particle size concentrations are 4.52 � 107 cm�3

and 4.93 � 107 cm�3. The runs occurred immediately
after one another, and the particle size distributions re-
main relatively constant from run to run. Both distribu-
tions exhibit a single nucleation mode with a CMD of
38.5 nm.

Particle size distributions from the Jeep Bobtail also
illustrate that an increase in vehicle load increases particle
sizes and counts. At the 23% load (1700 rpm) condition,
particle size distributions exhibit one accumulation mode
peak in the 90–100-nm range, although one run may

Table 3. EC and OC composition of particle mass.

Fuel Vehicle Engine Load
MOUDI
% EC

MOUDI
% OC

MOUDI
EC � OC (%)

Gas F350 53% 7.24 74.2 81.4

Diesel Dodge Idle 13.4 75.5 88.9

Diesel Dodge Variable 9.01 61.5 70.5

Diesel Dodge 27% 2.58 73.6 76.2

Diesel Jeep 23% 29.7 56.2 85.9

Diesel Jeep 23%, 9% 17.9 52.8 70.7

Diesel Jeepa 93%, 23% 35.3 51.6 86.9

JP8 Jammer Idle 15.4 60.3 75.7

Average 79.5 � 7.29

aIncluded an acceleration step.

Figure 5. Number and mass distributions for the average of 15 SMPS
scans, gasoline-fueled Ford F350 at 53% engine load.

Figure 6. Diesel Dodge bobtail under variable load conditions. These
particle size distributions represent the average of three SMPS scans,
except for idle, which is the average of five scans.
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show a small nucleation mode at approximately 40 nm.
At the 9% load (1700 rpm) condition, the peak of the
particle size distribution drops to 46 nm, although a
smaller second mode may be apparent at approximately
90–100 nm. The integrated particle size distribution is
3.33 � 107 cm�3. For the three duplicates at 23% load, the
integrated particle concentrations do not agree as well as
those from the Dodge Bobtail, with particle concentra-
tions of 2.28 � 107 cm�3, 2.89 � 107 cm�3, and 3.70 �

107 cm�3. In all cases, the CMDs differ from the particle
size distribution peaks by more than 10 nm; therefore, the
particle size distributions are not lognormal.

Figure 7 shows two duplicate runs for a Jammer at
2500 rpm at idle. The integrated particle concentrations
are similar: 2.85 � 107 cm�3 and 2.48 � 107 cm�3, al-
though the distributions differ. The runs occurred on two
different days, and differences in dilution conditions (i.e.,
humidity or temperature) or in engine performance could
account for the variations in the particle size distribu-
tions. The CMDs differ from the particle size distribution
peaks, so the distributions are not lognormal.

A summary of the averaged SMPS differential particle
concentration distributions, including the peak diameters
of the nucleation and accumulation modes, the CMDs,
and the integrated concentrations for all runs, is pre-
sented in Table 4. The table illustrates that higher engine
loads shift particle size distributions to larger particles and
increase particle counts and particle mass. No clear bi-
modal distribution can be discerned. Note that the parti-
cle concentrations were corrected for dilution to the
tailpipe concentration.

Diesel PM concentrations commonly vary from 107

to 108 cm�3,6,28 and the concentrations from diesel- and
JP-8-fueled AGE generally fell into this size range. In ad-
dition, Maricq et al.10 conducted tests on gasoline-fueled
passenger cars at steady speeds of 50, 60, and 70 mph,
similar to the HAFB constant-rpm and constant load tests.
The SMPS data from an 8-cylinder U.S.-manufactured car
exhibited a dominant nuclei mode peaking between

approximately 20 and 30 nm and no accumulation
mode.10 This qualitatively resembles the HAFB measure-
ments on the F350 at a constant load (see Figure 4).
However, the F350 particle concentration is greater than
reported by Maricq et al., which may be because of the
imposition of the load in the HAFB experiments.

Typically, diesel PM exhibits a trimodal, lognormal
distribution consisting of nucleation, accumulation, and
coarse modes.6 However, the appearance of nucleation
mode particles is highly variable and dependent on a
variety of factors, including fuel composition, aftertreat-
ment devices, vehicle history, engine condition, and di-
lution conditions, such as temperature, humidity, and
residence time.11,29–32 None of the AGE particle size dis-
tributions clearly show more than one mode. However,
the gasoline F350 at 53% load (2400 rpm, 72 kW) may
exhibit a faint accumulation mode in addition to the
nucleation mode (see Figure 5), and two of the Jeep Bob-
tail runs may exhibit a small nucleation mode in addition
to the accumulation mode. Two of the eight particle-size
distributions from AGE reported by Rogers et al.12 exhib-
ited bimodal distributions; both were for diesel-fueled
vehicles. This difference is likely caused by the different
engine conditions; most of the runs in this study occurred
with an external load and showed a trend toward larger
particle sizes.

Kittelson et al.6,31 have discussed N/V ratio as one
method to compare diesel exhaust particle concentration
and size measurements. For a given sample of the aerosol,
N is the number of particles and V is the volume of the PM
in the sample expressed in �m3. Note that increasing N/V
ratios indicate a trend toward smaller particles in a sam-
ple. Kittelson6 presents N/V ratios from five diesel exhaust
studies and one spark-ignition exhaust study. For these
cases, the diesel N/V ratios were a function of the fuel-air
equivalence ratio; generally, the N/V values fell between
103 and 106 �m�3, with most values less than 105 �m�3.
Kittelson6 finds the highest N/V ratios at the lowest fuel-
air ratios, which correspond to light loads and low ex-
haust temperatures, and he hypothesizes that these con-
ditions enhance the formation of nanoparticles by
homogeneous nucleation.

Although the fuel-air equivalence ratio was not mea-
sured for the HAFB tests, we can compare the N/V ratios
from those tests to Kittelson’s results (Table 5). Kittelson6

reports an N/V ratio for a gasoline vehicle with a catalytic
converter at 46,000 particles/�m3. This is higher than the
Ford F350 but in the same order of magnitude. In addi-
tion, the N/V ratios for the HAFB diesel vehicles tend to be
lower than those reported by Kittelson, which varied from
2900 to 62,000 particles/�m3. Table 5 confirms and quan-
tifies the observation that larger particle sizes and expand-
ing accumulation modes resulted for both the 1996

Figure 7. Duplicate runs for a JP-8–fueled Jammer at idle (2500 rpm).
Run 13 (denoted by crosses) is the average of five scans, and run 14
(denoted by circles) is the average of five scans.
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Dodge Bobtail and the 1986 Jeep Bobtail as engine loads
increased. For the 1996 Bobtail, the N/V increased and the
diameter of average volume decreased as the load de-
creased from 95 to 27%. The Jeep Bobtail showed the
same trend at 23 and 9% load. Overall, the diesel and JP-8
vehicles show lower N/V ratios than the gasoline vehicle
and confirm the trend toward larger particle sizes. The
lowest N/V ratio is for the Dodge Bobtail at the highest
load condition.

Abdul-Khalek et al.28 report particle size distributions
that are comparable to those from HAFB. They tested a
1995 direct injection, 4-L Perkins engine operating on
diesel fuel with a sulfur content of 300–412 ppm by
weight. The engine operated at a specified load and rpm
for 10 min at each mode of an 11-mode cycle. Abdul-
Khalek et al.28 reported that nucleation modes are 10–30
nm smaller than those for the AGE, and that the corre-
sponding accumulation modes are approximately 5–50
nm smaller. Generally, the AGE exhibit a lower fraction of
particles in the nucleation mode than that reported by
Abdul-Khalek et al. For example, at idle, the Perkins en-
gine emits 97% of particles in the nucleation mode,

whereas the Dodge Bobtail emits approximately 83% of
particles in the nucleation mode. The Jammer runs at idle
had 13 and 10% of particles in the nucleation mode.

Emission Factors
Table 6 presents mass, EC, and OC emission factors for the
AGE. These were calculated using mass measurements
from the MOUDI and fuel consumption estimated using a
carbon mass balance approach and CO, CO2, and CH4

concentrations from the canister sampler.21,33 Hydrocar-
bon emissions were not available, but these are unlikely to
contribute significantly to the carbon balance. In Table 6,
the gasoline emission factors seem high compared with
the diesel emission factors, but the gasoline factors in-
clude only one F350 run, cold start. The MOUDI mass
concentrations from the F350 (hot start) were lower than
the blank; therefore, emission factors were not calculated
for this run. The diesel emissions were all collected under
hot-start conditions. The Jeep Bobtail at the highest load
condition had the highest emission factors, and the gas-
oline-vehicle had the lowest emission factors despite the
cold-start condition. Kirchstetter et al.21 and Allen et al.33

also report fuel-based emission factors for light- and
heavy-duty vehicles from the Caldecott Tunnel. Their
emission factors are in the same range as those for the
AGE. Allen et al.33 reported PM1.9 emission factors of

Table 4. Summary of particle size distribution measurements during HAFB tests.

Run (Load)

Nucleation
Peak Diameter

(nm)

Nucleation
Particle Concentration

(cm�3)

Nucleation
Particel Mass

(�g/m3)

Acc. Peak
Diameter

(nm)

Acc. Particle
Concentration

(cm�3)

Acc.
Particle Mass

(�g/m3)
CMD
(nm)

Total Particle
Concentration

(cm�3)

F350 (53%) 16.8 6.50 � 106 45.8 1.63 � 106 1,040 18.1 7.35 � 106

F350 (idle) 32.2 2.61 � 107 412 5.46 � 106 1,400 28.9 3.16 � 107

New diesel (95%) 7.23 � 106 167 88.2 8.03 � 107 38,900 88.2 8.75 � 107

New diesel (81%) 2.05 � 107 392 47.8 2.45 � 107 16,600 47.8 4.50 � 107

New diesel (54%) 35.9 2.34 � 107 476 1.53 � 107 6,850 35.9 3.88 � 107

New diesel (27%) 35.9 2.73 � 107 551 1.80 � 107 4,753 37.6 4.53 � 107

Old diesel (23%) 2.80 � 106 783 95.9 2.67 � 107 29,733 85.2 2.95 � 107

Old diesel (2%) 5.66 � 106 173 46.1 2.75 � 107 23,800 68.5 3.32 � 107

Jammer (idle) 3.00 � 106 91.9 54.4 2.37 � 107 16,000 65.0 2.66 � 107

Note: Acc. � accumulation. The nucleation and accumulation peak diameters are the particle diameters at which the maximum nucleation or accumulation mode concentration occurs.

Table 5. N/V ratios and diameters of average volume for HAFB experiments.

AGE
Vehicle

RPM
(Load)

N/V Ratio
(#/�m3)

Diameter of Average
Volume (nm)

Ford F350 2450 (53%) 21,100 44.9

New Diesel 700 (idle) 20,100 45.7

New Diesel 1700 (95%) 314 183

New Diesel 1700 (81%) 2970 86.3

New Diesel 1700 (54%) 6390 66.9

New Diesel 1700 (5%) 10,400 56.9

Old Diesel 1500 (23%) 1075 121

Old Diesel 1500 (9%) 1600 105

Jammer 1700 (idle) 2040 98.2

Table 6. Emission factors for AGE and a comparison with Kirchstetter et al.21

AGE Emission Factors (g/kg fuel)

Gasolinea Dodge Bobtailb Jeep Bobtail JP-8 Jammer

PM 0.024 0.092 0.60–1.1 0.070–1.2

EC 0.003 0.019 0.19–0.41 0.083–0.18

OC 0.011 0.14 0.32–0.64 0.046–0.82

aOne run; bOne run at idle.
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1.3 � 0.24 g/kg C, and Kirchstetter et al.21 reported a
PM2.5 emission factor of 2.5 � 0.2 g/kg fuel.

Sulfate Measurements
The MOUDI stages for two Jeep Bobtail runs and two
Jammer runs were analyzed for SO4

2� using ion chroma-
tography. Figure 8 presents the MOUDI size-segregated
SO4

2� and total mass concentrations for the average of
two diesel Jeep Bobtail runs. Both the Jeep Bobtail and the
Jammer exhibited the highest SO4

2� concentration in the
after-filter stage (particle diameter less than 56 nm) fol-
lowed by the second-largest sulfate concentration at the
180 nm stage. The bimodal SO4

2� distribution is mirrored
in the mass distribution. Overall, SO4

2� accounted for
0.07% (Jeep Bobtail, 23% load) and 0.05% ( Jammer, idle)
of the total MOUDI particulate mass. The slightly lower
concentration of SO4

2� in the Jammer exhaust was likely
caused by the lower sulfur concentration in JP-8 fuel (71
ppm S) compared with diesel fuel (220 ppm S) and the
lower fuel consumption of the Jammer at idle compared
with the Jeep Bobtail at 23% load. It is also possible that
the sulfur content of the engine lubricant could affect the
SO4

2� concentrations of the particles, and the sulfur con-
tent of the lubricant was not measured. The fuel con-
sumption was estimated using CO, CO2, and CH4 mea-
surements.

The SO4
2� results are in agreement with Kleeman et

al.,20 who reported that SO4
2� constituted less than 1% of

the mass of diesel PM when a low-sulfur diesel fuel (30
ppm S) was used. However, the SO4

2� content of diesel
fuel (210 ppm S) and JP-8 (71 ppm S) in this study was
higher. Tobias et al.34 estimated that H2SO4 accounts for
0.7–2.3% of diesel particulate mass at 50% load (410 ppm
S in the fuel). A number of researchers have proposed that
SO4

2� acts as a nucleus for subsequent condensation of
compounds.30,34 Figure 8 may support this theory because
the bimodal distribution of SO4

2� mirrors that of total
mass.

Potential Effects of the Dilution System
Recent studies have discussed how dilution conditions
can affect particle number concentrations and size distri-
butions.11,29–32 Specifically, dilution ratio, temperature,
humidity, residence time, and system configuration can
dramatically affect the formation of nucleation-mode par-
ticles. Kittelson et al.31 found that dilution ratios in the
10–50 range, at normal ambient temperatures and when
achieved rapidly, are sufficient to initiate homogeneous
nucleation of H2SO4. If the dilution continues rapidly
past 1:50, H2SO4 supersaturation will not be maintained,
and homogeneous nucleation will not be possible. Kittel-
son et al.31 suggested that the most likely path for con-
densation of the semi-volatile hydrocarbon compounds is
via heterogeneous nucleation onto the H2SO4 particles.
All of the HAFB experiments employed a dilution ratio
within the 1:10 to 1:50 range; therefore, homogenous
nucleation is a possibility.

Abdul-Khalek et al.32 tested the effect of dilution air
temperature and dilution air humidity on particle size
distributions. They found that higher nucleation-mode
particle counts were associated with lower dilution tem-
peratures and higher humidities. For example, as relative
humidity increased from 15 to 40%, the particle concen-
tration in the nucleation mode increased from 3 � 108

cm�3 to 6 � 108 cm�3. They also found that a tempera-
ture increase from 13 to 48 °C decreased the mode con-
centration by a factor of 2. Kittelson et al.29 report that as
dilution temperature decreased by 10 °C, the concentra-
tion of nucleation mode particles increased by nearly a
factor of 10. In the HAFB experiments, the relative hu-
midity in the dilution sampler was low, generally near
20%, with a maximum of 32%. Two of the experiments
with a relative humidity greater than 30% exhibited a
slight bimodal distribution (F350, Figure 5; Jeep Bobtail,
data not shown). The temperature in the dilution sampler
at HAFB ranged from 18 to 33 °C depending on the time
of day and the engine condition, and this could contrib-
ute to the formation of spurious nucleation-mode parti-
cles. However, the temperature differences did not appear
to relate to the appearance of nucleation mode particles.

Abdul-Khalek et al.32 also reported that residence
time influenced the formation of nanoparticles. However,
the influence of residence time is dependent on other
parameters, such as dilution temperature, dilution ratio,
and relative humidity. If these factors were held constant,
as residence time increased, particle counts increased, and
the authors proposed that additional residence time en-
ables particles smaller than the detection limit to grow to
a detectable size. Smaller-than-detectable particles grow
to detectable sizes by condensation, chemical reaction,
coagulation, or a combination of these processes. For die-
sel exhaust, the condensation of organics is an importantFigure 8. MOUDI mass and SO4

2� concentrations for a Jeep Bobtail.
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process.6 Soot particles are also commonly found in diesel
and gasoline exhaust, and they grow to detectable sizes by
a sequence of complex chemical reactions.35,36 Another
important process in particle growth is coagulation,
which causes particle size to increase and particle number
to decrease. The DRI dilution system has a greater resi-
dence time than some eductor systems with a residence
time of a few seconds. The particle residence time of
approximately 69 sec would cause smaller particles to
coagulate and, hence, cause the disappearance of a nucle-
ation mode in the particle size distributions. Wall losses
associated with the DRI dilution system are expected to be
minimal. The aerosol dynamics code, MAEROS,37 was
used to predict wall losses in a dilution sampler with an
80-sec residence time, area-to-volume ratio of 10 m2/m3,
and thermal gradient of 20 °C from center line to the wall.
Typical loss was less than 2% of total particle number, and
the difference in the shapes of the particle number-versus-
size curve was not noticeable when plotted on a log scale.

Maricq et al.9,11 conducted dynamometer studies on
diesel- and gasoline-fueled passenger cars to identify po-
tential artifacts in particle size distributions caused by
dilution systems. Maricq et al.9 found that transfer hoses
can act as storage reservoirs for semi-volatile hydrocar-
bons, and these effects are more pronounced for insulated
transfer hoses. In the HAFB experiments, the inlet line
was replaced before the first run with the Jeep Bobtail and
the first Jammer run, and the tests followed the sequence
of newest and presumably cleanest vehicles to the oldest
and presumably highest-emitting vehicles. In addition,
the dilution sampler inlet line was heated to 150 °C and
maintained at that temperature for all of the experiments.
These factors would reduce the impacts of any reservoir
effects. The exhaust temperature exceeded 150 °C for the
F350 at 53% load (540 °C), the Jeep Bobtail at 23% load
(162 °C), and the Jeep Bobtail at 23%/9% load (166 °C).
The maximum temperatures are reported in parentheses.
The F350 at 53% load and the Jeep Bobtail at 23% load
were the first experimental runs performed with a new
sampling line, so it was unlikely to act as a reservoir.
However, it is possible that the sampling line acted as a
sink for hot exhaust particles, particularly for the F350,
which would decrease particle counts. The particle size
distributions for the Jeep Bobtail at 23 and 9% load
showed only a small number of nucleation-mode parti-
cles; therefore, any reservoir effects are likely minimal.

The main consequence of dilution-system artifacts
seems to be the creation of nucleation-mode particles,
while the accumulation mode seems to be relatively un-
affected. Therefore, artifacts from the dilution system
would be unlikely to have much effect on Jeep Bobtail or
the Jammer experiments because these runs exhibited
small numbers of nucleation-mode particles. It is possible

that dilution artifacts may have some effect on the parti-
cle size distributions of the F350 and the Dodge Bobtail.
This could cause an increase in the number of nucleation
mode particles, although it would not significantly affect
particle mass. These artifacts would be unlikely to affect
the particle size distribution or CMD.

CONCLUSIONS
This study evaluated the PM concentrations, size distribu-
tion, and composition for a variety of AGE. Generally, the
AGE exhibited concentrations, size distributions, and
emission factors in the same range as those reported for
nonmilitary vehicles. For example, diesel and JP-8 PM
emission rates ranged from 0.092 to 1.1 g/kg fuel. How-
ever, the EC contributed less and the OC contributed
more to particle mass than previously reported. The re-
sults also show that AGE particle size distributions, con-
centrations, and emission factors varied significantly with
engine condition and vehicle type. At a constant engine
speed, the AGE showed a consistent trend toward larger
PM sizes and higher PM concentrations at higher engine
loads. At similar load conditions, the oldest diesel engine
produced the highest particle concentrations. In addition,
SO4

2� comprised less than 1% of the particle mass, and its
distribution followed the PM mass distribution.
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