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not appear that artifact particle formation was operative in these
Diluted exhaust from a selection of Air Force ground support €xperiments. The estimatect-1o0 measurement precisions range
vehicles was subjected to gravimetric, carbon, and size distribution from about 4% for the largest impactor mass concentration de-
analyses in September 1999. The vehicles operated on diesel anderminations to +24% for some of the SMPS mass concentration
JP-8 fuels. In most cases, the engines involved were similar to civil- €stimates.
ian counterparts. The tests involved “low” and “high” idle settings
but no external loads were imposed. Particle size distribution data,
obtained over the 10 to 352 nanometer diameter range using an
SMPS instrument, showed that the relative number count of accu-
mulation mode particles increased with respect to nucleation mode |INTRODUCTION

particles as the engine rpm increased. The SMPS distributions of- . . . .
ten explained the main variations in the integrated PM.s gravi- This paper describes emissions measurements obtained on a

metric mass data. Particulate mass derived from the SMPS data Variety of military vehicles at Hill Air Force Base (HAFB, near
and from cascade impactor measurements were well correlated (re- Ogden, UT) in September 1999. The purposes of the measure-
gression slope 1.02). Empirically determined “elemental” carbon ments were (1) to provide exhaust particle characterization data
(EC) and “organic” carbon (OC) were ”I‘e main constituents ‘?Lthe 4 for a selection of Aircraft Ground Support Equipment (AGE)
:Z'\sﬂsz,'SagIja\c/)lrgitgr?trrigﬁfesd(:ﬁgrrgstzl?r?espol\zi ﬁ'agfs)‘tfg] Svc;rgrf'ojrt% utilized at HAFBZ and (2) to provide an independen_t data §et _reI-
in some recent studies of exhaust from vehicles operated under €vant to developing advanced methods for monitoring emissions
external loads. The observed particle nucleation modes were atten- at Department of Defense facilities. Engines utilizing diesel and
uated by coagulation with accumulation mode particles, butitdoes JP-8 aviation fuel were operated at constant rpm settings with no
external loads imposed, i.e., the tests involved “low” and “high”
- idle conditions. The diesel engines were similar to civilian coun-
Received 23 May 2001; accepted 12 September 2002. terparts. This paper focuses on the results obtained from a subset
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ciation. The Desert Research Institute, University and Community céne data thaF are mainly relevf';mt to other project O_bJeCt_'VGS'

lege System of Nevada, worked under subcontract to the University of Motor vehicle exhaust particles fall almost entirely in the
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Table 1
Aircraft ground support equipment vehicles tested in the Hill AFB experiment
Vehicle type Fuel type  Manufacture date Engine specifications

Dodge Bobtail Diesel 1996 Cummins, 5.9 liter, turbo
Coleman Diesel 1997 Cummins, 5.9 liter, turbo
Bobtail Diesel 1990 Cummins, 5.9 liter, turbo
Jammer JP-4 JP-8 1992 HATZ, 1.27 liter (2 cylinder)

Model Z-790

“Bobtail” and “Coleman” vehicles are designed for aircraft towing applications; “Jammers”
are used to lift munitions into aircraft.

in diameter) particles deposit more efficiently in the lungs ardkterminations of particulate light absorption; those data will be
are potentially more damaging than if the same chemical copresented in companion papers.

pounds were inhaled as larger particles (see review in Lighty

et al. 2000). Kittelson (1998), Abu-Allaban et al. (2002), and

other researchers have presented evidence for the existendeX$ERIMENTAL APPROACH

high concentrations of ultrafine particles in on-road studies of The project (Strategic Environmental Research and Devel-
heavy-duty diesel engine exhaust. JP-8 aviation fueled engimgsnent Program, SERDP, sponsored by DOD, EPA, and DOE)
have not been included in previous studies, to the best of mbjectives called for testing a representative set of AGE vehicles
knowledge. The U.S. Department of Defense is looking into tle¢ HAFB, involving different engine types and fuels. The final
merits of converting some types of diesel engines to run on ti&E vehicle selection is shown in Table 1, in the order in which
fuel. the measurements were conducted.

This paper will present particulate size distributions and mass The engines had been maintained by procedures that met
and carbon concentration data. The data were obtained withexceeded their manufacturer’s specifications. Refinery data
the engines at steady rpm, but with no load imposed, so tinglicate that the diesel fuel used at HAFB at the time of this
findings are relevant to idling situations, either on the flight linexperiment contained 380 ppm sulfur by weight. A sample of the
at HAFB or in an urban setting, rather than to driving under loadP-8 fuel yielded a sulfur content of 96 ppm. The measurements
The engine parameters that could be controlled as independeate conducted at fixed engine throttle settings, and hence fixed
variables were manufacture date, rpm, and fuel. The vehicles apth levels, as shown in Table 2. In all tests, the engines had
engines selected for this study are not intended to represeien brought to stable operating temperature before the tests
fleet average, although authorities at HAFB stated that they wéxegan. Based on the estimated time required to collect sample
reasonably representative of vehicles in use there. The intenteposits sufficient for chemical analyses, the measurement run
this paper is to show the variations in PMmass and carbon length was designated as 45 min.
concentrations together with the particle size distribution data The measurements at HAFB all utilized a diluted exhaust
that explain some of the observed variations. The HAFB studgrosol supply. Dilution is necessary in order to cool the hot ex-
also included measurements of PAH compounds and real-tilveust with filtered air, and also to avoid water vapor condensation.

Table 2
Vehicle and dilution test conditions for Hill AFB tests
Date Run numbér Run time AGE vehicle Fuel RPM Dilution ratio
9/21/99 5 1604-1649 ’'96 Dodge bobtail Diesel 800 1:18
9/22/99 6 937-1022 97 Coleman Diesel 800 1:19
9/22/99 7 1056-1141 ’'97 Coleman Diesel 1800 1:19
9/22/99 8 1212-1257 ’'97 Coleman Diesel 800 1:20
9/22/99 9 1704-1749 '90 Bobtail Diesel 750 1:19
9/22/99 10 1816-1901 '90 Bobtail Diesel 1200 1:19
9/23/99 11 950-1035 90 Bobtail Diesel 750 1:18
9/23/99 12 1127-1212 90 Bobtail Diesel 1700 1:19
9/23/99 13 1408-1453 Jammer JP-8 2500 1:18

*Runs 8 and 11 repeated earlier runs in order to provide replicates for chemical analyses.
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The dilution source sampler was built at Desert Research Instig connection between the electrostatic classifier and its con-

tute (DRI), based on the design of Hildemann et al. (1989); it eensation nuclei counter; the aerosol transittime used in the data

also somewhat similar to that used recently by Kleeman et ahalysis (“delay time”) has been adjusted accordingly. The indi-

(2000). The sample-to-filtered air dilution ratios are given in thédual SMPS scans have been averaged over each experimental

last column of Table 2. Data presented in this paper are correctad. In most cases little variation was observed during the course

back to estimated tailpipe values prior to dilution. Further detaitd any one 45 min run. The data averages were generated by

of the dilution sampler are given in Appendix A. taking the arithmetic average of the six to seven determinations
The exit ports on the dilution sampler aging chamber sufer each size distribution channel and averaging over the six to

plied four sampling trains, two of which are relevant to thiseven SMPS scans obtained during each run. (Appendix B lists

paper. The first sampling train was connected to one of the ¢iie number of SMPS scans obtained and presents measures of

clone ports, and led to two MOUDI cascade impactors (MOUDthe stability of SMPS data during each run).

MSP Corp. St. Paul, MN). MOUDI #1 was used to expose Teflon

substrates for subsequent gravimetric analyses, and MOUDI #2

was used to expose aluminum foil substrates for empirical psyLTS

ticulate carbon analysis by the thermal-optical method (Chow

et al. 1993). Each MOUDI utilized stages with the followingSize Distribution Measurements

cutoff diameters: 3.16, 1.78, 1.0, 0.54, 0.37, 0.148, 0.105, andThe following terminology is relevant to the SMPS data: the

0.054 micrometers. The second dilution sampler port suppligtucleation mode,” 7.5 to 42 nm, and the “accumulation mode,”

a Scanning Mobility Particle Sizer (SMPS—Wang and Flagat2 to 1000 nm (Baumgard and Johnson 1996). Note that the

1990) and did not utilize a cyclone. SMPS instrument does not detect particles smaller than about
The SMPS was configured to perform repeated 90 s siz@ nm mobility-equivalent diameter. The quantity shown in the

distribution scans (60 s up scan, 30 s down scan) during eatdta reported here is the differential particle concentration per

experiment run in case the distributions changed during the rlmgarithmic size interval, or number of particles per cubic cen-

The SMPS sample flow was 0.7 I/m, and the sheath flow in itisneter per log diameter interval.

electrostatic classifier was 7.0 I/m. The SMPS used for theseThe averaged data from Run 5 are shown in Figure 1. The

measurements was not configured with the standard length tobeleation mode peak diameter is 21 nm. An apparent
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Figure 1. Run 5, 1996 Dodge Bobtail.
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Figure 2. Runs 6, 7, and 8, 1997 Coleman.

accumulation mode can be resolved. The Count Median Diamias operated at 750 rpm for Run 9, 1220 rpm for Run 10, 750 rpm
eter (CMD) is 22 nm, close to the peak diameter and confirmiggain for Run 11, and 1700 rpm for Run 12, generating the data
that most of the particle number counts are in the nucleatishown in Figure 3. Run 11 was a repeat of Run 9. The peak
mode. diameters for Runs 9 and 11 were 25 and 28 nm, with CMD’s

The averaged data from Runs 6, 7, and 8 (1997 Coleman) @f&6 and 30 nm, respectively. The nucleation mode peaked at
shown in Figure 2. The distributions for Runs 6 and 8 show sing?d. nm for Run 10, and an accumulation mode had developed; the
modes peaking at 28 and 27 nm, respectively. The Count MeMD for Run 11 was 30 nm. The distribution for Run 12 peaked
dian Diameters (CMD) for these two runs, calculated from thg the accumulation mode size range, at 67 nm. The calculated
51-channel differential distributions, equaled the peak diamet&#¥1D for Run 12 was 63 nm.
to within one nm, suggesting that the distributions are lognor- Run 13 involved an air-cooled engine that can operate on
mal. Run 8 was a planned repeat of Run 6, with the engine&ither diesel or JP-8 aviation fuel. The averaged SMPS data are
800 rpmidle. Repeat runs allowed replicates of the most detaiflgown in Figure 4. This engine, at this rpm, generated some of
organic chemical analyses, the results of which will be reportée largest particles in the HAFB tests. The distribution exhibits
in companion papers. For Run 7, the engine rpm setting wasingle mode peaking at 84 nm, with a CMD of 83 nm.
raised to 1800 rpm. The size distribution for Run 7 exhibits an A summary of the averaged SMPS differential particle con-
apparently bimodal structure, with the main peak at 37 nm angentration distributions, including peak diameters, CMDs, and
second peak developing in the accumulation mode size regidncleation and accumulation mode particle number concentra-
The CMD for Run 7 was 43 nm. tions is presented in Table 3.

The experiment plan called for testing the expected higher-
emitting engines later in the test sequence, after the runs on Ragticulate Mass Measurements
newer and cleaner engines. Runs 9—-12 involved one of the oldeiSize-resolved particulate mass data were obtained from mi-
vehicles in the study, a 1990 diesel-fueled bobtail. The enginmbalance determinations of the mass distributions on Teflon
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Figure 3. Runs 9, 10, 11, and 12, 1990 Bobtail.

substrates exposed in the eight stages of MOUDI impactor #1.Integrated SMPS mass concentrations were estimated by con-
Integrated mass concentrations were obtained by summing overting the SMPS averaged differential number data to differen-
all stages, but the 37 mm quartz afterfilter mass data are tiat mass data, by assuming a particle specific gravity of unity
included in the integrated mass sums because of potential gasd summing the resulting distributions. Shi et al. (2000) ex-

phase organic compound mass adsorption artifacts. amined exhaust particle densities in detail, finding a range from
Table 3
Summary of particle size distribution measurements during Hill AFB tests
Peak Nucleation Accumulation Total particle
Run diameter, CMD, mode particle mode particle concentration,
number nm nm  concentration, cfh concentration, crm® cm3
5 21 22 6.88E-6 1.67E+6 8.54E+6
6 28 28 1.328-7 3.94E+6 1.72E+7
7 37 43 1.128-7 1.32E+7 2.44E+7
8 27 27 1.308-7 3.56E+6 1.65E+7
9 25 26 1.44B-7 3.91E+6 1.83E+7
10 21 28 1.01E7 5.92E+6 1.60E+7
11 28 30 1.4487 5.63E+6 2.01E+7
12 67 63 4.84E-6 1.25E+7 1.73E+7
13 84 83 3.01E6 3.18E+7 3.49E+7

Nucleation mode data sum over 10 to 42 nm; accumulation mode data sum over 42 to 352 nm in SMPS
distributions.
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Figure 4. Run 13, JP-8 Jammer.

about less than 0.5 to greater than 2.0 g/dmthis study, we are values. Figure 5 indicates that the SMPS and MOUDI particu-
assuming a specific gravity of unity in the absence of additionate mass concentrations correlate with an r-squared (coefficient
data that would support a more accurate estimate. of determination) value of 0.90.

The MOUDI and SMPS mass concentration data sets areCarbon particulate data were obtained by summing the mea-
shown in Table 4 and plotted in Figure 5. These mass concenrements obtained by exposing aluminum foil substrates in
tration data have been corrected for the dilution factors shoMOUDI impactor #2. Elemental carbon (EC) and organic car-
in Table 2, so that the mass concentrations are estimated tailgipa (OC) were determined according to the empirical thermal

Table 4
Particulate mass and carbon concentrations
MOUDI total
SMPS mass MOUDI mass MOUDI EC MOUDI OC carbon
Run concentration, concentration, concentration, concentration, concentration,
number wng/me wg/me wgl/me wgl/me wglme
5 1.53E+3 3.67E+3 5.45E+2 8.04E+2 1.35E+3
6 2.02E+3 3.12E+3 3.90Er2 9.64EL2 1.35E+3
7 6.72E+3 7.63E+3 1.80E+3 5.40E+3 7.20E+3
8 1.47E+3 2.39E+3 5.46E+2 9.94E+2 1.54E+3
9 3.88E+3 5.33E+3
10 1.01E+4 1.23E+4 3.19E+3 1.33E+4 1.65E+4
12 1.37E+4 2.30E+4 7.58E+3 1.79E+4 2.55E+4
13 3.62E-4 3.19E+4 2.89E+3 2.09E+-4 2.38E+-4

MOUDI data were not obtained for Run 11. Carbon analyses were not performed for Run 9.
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Figure 5. Comparison of MOUDI gravimetric mass concentrations and SMPS-derived estimates.

ramp method (Chow et al. 1993). MOUDI afterfilter data arprecisions of the MOUDI carbon measurements range from

not included in the carbon sums shown in Table 4 because #%# to 10%.

afterfilter is subject to artifact adsorption of vapor phase organic

material. The OC concentrations obtained from the MOUDI

runs were multiplied by a factor of 1.17 in order to estimate thg;scussioN

reconstructed mass associated with the “organic” compounds

(Pierson and Brachaczek 1983). MOUDI carbon data are rfiige Distribution Data

available for Runs 9 and 11. Figure 6 shows the regression of theThe size distribution data from Run 5 (Figure 1) are quite

MOUDI-derived carbon sums (E€ OC) against the MOUDI- similar in form to on-road observations in situations dominated

derived PM s mass concentrations for the available data. TH® heavy-duty diesel trucks (e.g., Abu-Allaban et al. 2002). The

slope of the regression in Figure 6 indicates that the summ@WD is 22 nm, close to the peak diameter and confirming that

carbon mass accounts for about 89% of the,Pkhass, with most of the number counts are in the nucleation mode. An accu-

an r-squared value of 0.88. The arithmetic average of the ratiosjlation mode seems to have developed as a discernable shoul-

OC+ EC/gravimetric mass for all MOUDI runs is 0.80 withder in the 50—100 nm region.

a standard deviation of 0.35. Including the masses of particu-The size distribution data from the 1997 Coleman and the

late elements from sodium to uranium, and nitrate, sulfate, ah8i90 bobtail show a tendency for greater rpm values to generate

ammonium ions changes the slope of the regression line dadyer particle sizes. For the 1997 Coleman, increasing the rpm

the r-squared value in Figure 6 by less than the measuremssiting from 800 to 1800 increased the CMD from 28 nm to

uncertainties. 43 nm; the higher rpm run’s distribution indicates an emerging
Uncertainty estimates for these data are presented aiccumulation mode (Figure 2). For the 1990 bobtail (Figure 3),

Appendix B. The relative precisions of the SMPS mass concenereasing the rpm setting from 750 to 1700 increased the CMD

tration measurements range from 12% to 17% without includifiggm 30 to 63 nm. The 1200 rpm data for this engine do not

any uncertainty component associated with the assumed parntlicate that the CMD increased compared to the idle data, but

cle density. The relative precisions of the MOUDI mass concean accumulation mode had emerged, and it dominated the dis-

tration measurements range from 3% to 23%, and the relativibution for the 1700 rpm case.
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Figure 6. MOUDI particulate carbon mass compared to MOUDI gravimetric mass.

The relative growth of the accumulation mode compared sbudies and one previous spark-ignition exhaust study. For these
the nucleation mode as rpm increased was also observedchges, the diesel N/V ratios were a function of the fuel-air equiva-
Abdul-Khalek et al. (1998), in tests of a 1995 direct injectiorlence ratio; generally, the N/V values fell between abodizi
4-liter Perkins engine running on fuel with a sulfur content af(® xm~2, with most values less than 2@m~3. For diesels,

300 to 412 ppm by weight. The tests utilized ISO 8-mode andittelson (1998) finds the highest N/V ratios at the lowest fuel-
11-mode cycles; the engine was operated at a specified load aindatios, and hypothesizes that this results from the formation
rpm for 10 min in each mode. This data obtained by these iof nanoparticles by homogeneous nucleation. The values of the
vestigators was obtained with the engine at steady load and riiV ratios fall by roughly one order of magnitude as the fuel-air
settings during the measurement, which more closely resembggsiivalence ratio increases from 0.2 to 1.0.

the HAFB procedure than would a variable drive cycle. The Although the fuel-air equivalence ratio was not measured for
HAFB data are probably most comparable to the 10% load cahe HAFB tests, we can compare the N/V ratios from those tests
dition data from Adbul-Khalek et al. (1998). These investigatots Kittelson’s (1998) survey as one indication of the compara-
found 60% of the particles in the nucleation mode at 1600 rptiJity of the HAFB results. Table 5 presents the N/V ratios and
but only 35% in the nucleation mode at 2600 rpm, illustratintihe diameter of average volume for all runs.

the shift from the nucleation to the accumulation mode as the Table 5 confirms and quantifies the observation that larger
rpm increased. particle sizes and expanding accumulation modes resulted for

Kittelson (1998) and Kittelson et al. (1999) have presentdubth the 1997 Coleman and the 1990 bobtail as the rpm settings
the “N/V” ratio as one means of parameterizing and compa#ere increased. For the 1997 Coleman, the N/V decreased and
ing diesel exhaust particle size distribution measurements. Foe diameter of average volume increased as the rpm setting
a given sample of the aerosol, N is the number of particlesas increased from 800 to 1800. For the 1990 bobtail, the rpm
and V is the volume of the particulate matter expressed in csettings were 750, 1200, and 1700; as these settings increased,
bic micrometers gm?3). The diameter that is calculated fromthe N/V ratio decreased and the diameter of average volume
the V parameter is the diameter of average volume. (Note tlatreased monotonically. The JP-8 jammer results include the
increasing N/V ratios indicate a trend toward smaller particléswest N/V ratio and the largest diameter of average volume.
in a sample.) Kittelson (1998, Figure 6) shows a compariséior these tests the N/V ratios are within but near the low end of
of the N/V ratios resulting from five previous diesel exhaughe range, and the diameters of average volume are within but
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Table 5
N/V ratios and diameters of average volume for HAFB tests
N/V ratio Diameter of
Run (particles per cubic  average volume
number AGE vehicle RPM micrometer) (nm)
5 '96 Dodge Bobtail 800 5.60 10° 70
6 '97 Coleman 800 8.55 10° 61
7 '97 Coleman 1800 3.64 10° 81
8 '97 Coleman 800 1.12 10 55
9 '90 Bobtail 750 4.7 10° 74
10 '90 Bobtail 1200 1.5& 10° 106
11 '90 Bobtail 750 3.04 10° 86
12 '90 Bobtail 1700 1.2% 10° 115
13 Jammer 2500 9.62 107 126

Results are calculated for samples after dilution.

near the high end of the range presented in Kittelson (1998), ford, OC generated by traffic driving on a 4.2% uphill grade in
civilian diesel vehicle tests. the Caldecott Tunnel, near Oakland, California. EC and OC re-
spectively comprised 5% 11% and 26t 2% of the PM s mass
generated by heavy-duty diesel traffic. Therefore, the data that
Particulate Mass and Carbon Data we have presented from the HAFB tests indicate that EC was a
As indicated by the data shown in Table 4 and Figure 5, tlsggnificantly smaller fraction of the PM mass, while OC was
SMPS mass concentration estimates seem to explain the vaaiaignificantly greater fraction, than was found in the Caldecott
tions in mass that were found during Runs 5 through 13. TA@nnel experiment (Kirchstetter et al. 1999). We hypothesize
greatest mass concentrations measured for a given vehicle toat this difference is attributable to the different external loads
respond to the highest rpm settings for the tests on that vehi@aeplied to the vehicles in the two studies. A qualitatively similar
The accumulation modes of the mass-size distributions framsult has also been presented by Shi et al. (2000), who found
these test runs accounted for 79% to 99% of the total parti¢keat increasing the load on a diesel engine from 25% to 100%
mass as estimated from the SMPS data. The variations in ted to a factor of about 1.5 increase in EC and a factor of about
accumulation modes seem to explain the observed differen@e8 decrease in OC.
in the integrated Pl mass concentrations from run to run.
With the exception of Run 13, the SMPS estimates of mass
are lower than those from the MOUDI, as would be expectdtptential Measurement Artifacts
from the omission of particles larger than 352 nm. For Run 12, We consider two types of measurement artifacts that might
the PMy5 mass concentration derived from the MOUDI data iaffect the particle size distribution observations: the removal
much greater than the SMPS estimate. In this case, the MOUBdInucleation mode particles due to coagulation in the dilution
data show an unusually high OC concentration on the two upgampler aging chamber, and the production of spurious particles
stages with cutpoints of 1.8 and 3u2n (operated downstreamin the sampling equipment.
from the 2.5.m cyclone), while the SMPS scan does not extend The N/V ratio analysis discussed earlier in this paper led
todiameterslargerthan 352 nm. Run 13 (JP-8 jammer) generategarticle diameters of average volume that were on the large
the greatest mass concentrations of the experiment. end of the range reported by Kittelson (1998). This observation
The data in Table 4 lead to the conclusion that EC and O&uld be consistent with loss of nucleation mode particles
constituted 26t 8% and 6Gt 30% (average and standard devithrough coagulation with accumulation mode occupants during
ation), respectively, of the PM mass generated by all of thetheir 80 s residence in the aging chamber of the dilution sam-
engines in this study. The JP-8 jammer data (Run 13) are outlipter. This process wouldn’t affect summed particle mass con-
in this calculation, with 9% EC and 66% OC. We hypothesizeentrations, but would distort the size distributions.
that the jammer exhaust may have included some particle-phas@o obtain an approximate estimate of the magnitude of the co-
unburned fuel. agulation mechanism, we considered nucleation mode particles
Kirchstetter et al. (1999) present on-road particulate carb@ nmin diameter coagulating with accumulation mode particles
measurements that seem to approximate a fleet average. T0@ nm in diameter. Average values for diesel exhaust particle
findings of these investigators may be compared to the HAFBImber concentrations are 58.0° cm~3 and 3.3x 10° cm™3
findings, although the latter are not intended to represent a flémtthe diluted nucleation and accumulation modes, respectively.
average. Kirchstetter et al. (1999) measured,PMhass, EC, The simple discrete coagulation equation and the coagulation
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coefficient appropriate for 10 nm and 100 nm particles coagu- Exhaust temperatures were measured at the inlet to the dilu-
lating with each other (Seinfeld and Pandis 1998) can be appltézh sampler line during the HAFB tests; these data show that
in order to generate an approximate estimate. Assuming that the exhaust temperature exceeded®@@r Run 7 (152C), and
ery coagulation event removes a nucleation mode particle aRdn 12 (142C). If the dilution sample inlet line was acting as a
transfers it to the accumulation mode, this approach indicateservoir of adsorbed material for Run 12 as found in the Maricq
that somewhat less than 30% of the nucleation mode particttsl. (1999a) study, one would expect to see high concentrations
were affected by coagulation. Therefore, the nucleation modgparticles in the nucleation modes of Runs 7 and 12, and pos-
concentrations that we observed in this study were underesibly Runs 8 and 13. Instead, the SMPS data from Runs 7, 8,
mated by a factor on the order of 30% due to coagulation &nd 12 all seem to fit within the consistent pattern involving re-
the aging chamber. This finding would have no effect on thiction of the nucleation mode and growth of the accumulation
summed particle mass, and since the nucleation mode is onlyratde as the rpm setting was increased. Furthermore, the distri-
tenuated, not removed, the conclusions pertaining to the grovailition for Run 13 does not exhibit high nucleation mode particle
of the accumulation mode with increasing rpm are unaffectezbncentrations. The artifact formation process may have been
Coagulation does, however, seem consistent with the N/V ratiperative but suppressed for Runs 12 and 13 because the inlet
discrepancies described earlier. line was replaced after Run 9 and therefore was relatively clean.
Recent studies have also identified conditions under which The presence of artifact particles is not obvious in the remain-
spurious particles may be produced in dynamometer dilutor saimg HAFB test runs. The 1997 Coleman and 1990 Bobtail test se-
pling systems. Kittelson et al. (1999) report investigations inguences (Runs 6—8 and 9-12) indicate that the nucleation mode
the effects of different dilution scenarios on the nucleation @frticle concentrations actually decrease with increasing rpm,
particles after the exhaust has left the tailpipe. These investigaiich seems contrary to the behavior one would expect from
tors found that dilution ratios in the 10 to 50 range, at norméie artifact formation processes. These observations do not con-
ambient temperatures and when achieved rapidly, are sufficitnadict the artifact scenarios and well-justified recommendations
to initiate homogeneous nucleation of sulfuric acid. These rpresented by Kittelson (1999) and Maricq et al. (1999). Rather,
searchers suggest that the most likely path for condensatiorthafy suggest that the transfer line and dilution conditions during
the soluble organic fraction is via heterogeneous nucleation otite HAFB tests avoided spurious patrticle production phenomena
the sulfuric acid particles. Dilution ratios that reach the 10 tiw a reasonable degree.
50 range but do not increase any further are appropriate for the
formation of sulfuric acid particles by homogeneous nucleatioBUMMARY AND CONCLUSIONS
If the dilution continues rapidly past this range, the sulfuric acid The AGE vehicle tests conducted at Hill Air Force Base in
supersaturation will not be maintained, and homogeneous 18eptember 1999 included three diesel-fueled vehicles, and one
cleation will not be possible (Kittelson et al. 1999). vehicle operating on JP-8 aviation fuel. The results of nine test
Maricq et al. (1999a), conducted dynamometer studies ams are reported. The rpm settings were kept constant during
passenger cars equipped with both gasoline and diesel engittes runs and no external loads were imposed.
in order to identify potential artifacts in particle size distribu- The measured particle size distributions generally varied lit-
tions. Their studies utilized primary dilution ratios between 1fke during the 45 min test runs. The averaged number-size dis-
and 32. The findings of Maricq etal. (1999a) included the discotribution data exhibited modes peaking between 21 and 84 nm.
ery that transfer hoses leading from the test vehicle to a dilutidlot all distributions include clearly discernable accumulation
tunnel can act as “storage reservoirs” for semivolatile hydrocamodes. The low-rpm number-size distributions were often qual-
bon compounds. If the transfer hose is insulated, it can lateriktatively similar in form to on-road distributions obtained in
heated by the exhaust gases enough that “stored” hydrocarbsitigations dominated by heavy-duty diesel trucks. The Count
are desorbed, forming spurious nuclei mode particles with highedian Diameters (CMD) of the distributions obtained in these
particle concentrations. tests increased as the engine rpm increased, indicating a shift
The dilution sampler at HAFB utilized dilution ratios of 1:18from the nucleation mode to the accumulation mode as rpm was
to 1:20 (sample air to clean air). The dilution sampler inlet linecreased.
was heated to 10C and kept at that temperature by a controller; The number-size distributions reported here were utilized to
it was also replaced after Run 9. One consistent consequencealfulate “N/V” ratios (Kittelson 1998), and to examine the shift-
either spurious homogeneous nucleation or transfer line desdrny proportions of nucleation and accumulation mode particles
tion seems to be the creation of nucleation mode particles. fear the rpm was varied. The N/V ratios and diameters of aver-
homogeneously nucleated sulfuric acid, Kittelson et al. (1998)e volume for the HAFB diesel data fall in the same ranges
are not specific about particle sizes, stating only that the p&wund by Kittelson (1998) in a survey of four earlier studies on
ticles would fall in the nucleation mode. Maricq et al. (1999ajivilian engines operating at fuel-air equivalence ratios less than
show examples of nucleation mode artifact “signals” in thed.6. For two of the diesel vehicles for which low and high rpm
Figures 4, 6, 7, 9, 10, and 11. The accumulation mode seetasts were conducted, the accumulation mode includes more of
relatively unaffected. the particle population at the higher rpm setting compared to
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a civilian diesel engine. Distribution Measurements at the Tuscarora Mountain Turkeipsol Sci.
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dilution sampler was a 1.08 cm inside diameter, 320 cm lofgs been corrected for the T@temperature of the sample flow.
line actively controlled to 100 wall temperature. At the down- Since the estimated uncertainty in the venturi and sampling flows
stream end of this line, flow was measured by a venturi withas £5%, and the uncertainty in the main flow in the u-tube
pressure taps (Lambda Square, Inc., Bay Shore, NY, similantas+10%, the propagated uncertainty of the dilution ratio was
the example shown in Figure 2.9 in Hinds 1999). For the meastimated to be aboudt9%.
surements we report here, the sample line flow ranged from 35
to 38 I/m. Accordingly, the transit time for the sample, from thg ppenDIX B
tailpipe to the venturi, was about 0.47 to 0.50 s in turbulent flow,
with Reynolds Numbers ranging from about 2900 to 3200. Measurement Uncertainties

Upon exiting the venturi, the sample flow was immediately SMPS Precision. Each of our test runs involved either six
deliveredtothe side wall of a 15 cm diameter cylindrical duct casr seven SMPS scans, each of which utilized a 60 s up scan
rying ambient air used for dilution. The dilution air was filteredime and a 30 s down scan time. Time was also allowed in
and passed through an activated carbon bed prior to mixing witetween scans, so that the SMPS was flushed from its previous
the exhaust sample flow. The ambient air temperatures varied. Table B-1 summarizes three measures of the precisions of
only over an 11C range, from 20to 31°C. For this experiment, these measurements.
the dilution air flows ranged from 680 to 710 I/m. The flow The third column in Table B-1 is the average over the given
was therefore turbulent, with Reynolds Numbers ranging fronumber of SMPS scans of the summed particle number con-
about 5500 to 5700. The 15 cm duct carried the mixed samglentrations. The fourth column is the standard deviation of the
and dilution flows over a distance of about 274 cm before pandividual summed number concentrations, expressed as a per-
of the mixed flow was diverted into the top of an aging chamberentage of the average (relative standard deviation). We utilize
The transit time of the mixed flow, from the venturi outlet to thetandard deviations and relative standard deviations as measures
aging chamber connection, therefore ranged from 3.9 to 4.1 ef measurement precision. The fifth column is the average over

The aging chamber was a stainless steel cylinder, 46 cmtlire given number of SMPS scans of the Count Median Diam-
diameter and 300 liters in volume, at ambient temperature. Téeer (CMD), as calculated by the SMPS software (version 2.4,
flow through the aging chamber was the sum of two 113 I/SI, Inc, St. Paul, MN). The sixth column of the table shows the
cyclone (Bendix-Unico 240 units, 2/m cutpoint, located at relative standard deviations of the CMD estimates. The seventh
the bottom of the aging chamber) flows, plus about 4 I/m froeplumn of Table B-1 lists the averages of the geometric standard
exit ports that did not utilize cyclones. Therefore, the averageviations §g) of the particle distributions, again as calculated
residence time in the aging chamber was about 80 s. The tempigrthe SMPS software. The last column of the table lists the
atures of the diluted exhaust samples ranged from@383'C, relative standard deviations of thg estimates. The CMD and
and the diluted sample relative humidities ranged from 16% &g estimates assume that the particle size distributions consist
25%. of a single lognormal mode constrained by requiring that the

The dilution ratios for each run are shown in the last colunsummed particle concentration must equal the measured value.
of Table 2. Each dilution ratio was calculated by taking the ratibhis assumption is not always strictly justified for the cases
of the total flow through the 15 cm mixing tube to the incomindiscussed here, because the distributions sometimes include a
sample flow as measured by the venturi. The venturi flow resecond mode. However, the estimated CMD is often close to

Table B-1
Precision estimates for SMPS data

Average summed Relative Average geometric  Relative
particle number  Relative standard Average count  standard standard deviation standard
Run Number of  concentration, deviation of summed median diameter deviation,  of distribution  deviation of

number SMPS scans (cH) concentration (%) (CMD),nm  CMD (%) af) ag (%)
5 7 4.77ES 13.7 23 5.1 1.94 3.6
6 7 8.95E-5 13.7 29 5.6 1.76 5.0
7 7 1.31E-6 14.3 44 16.3 1.76 2.2
8 6 8.39Er5 5.1 28 5.0 1.71 0.9
9 7 9.55E-5 21.0 27 24 1.86 0.8
10 7 8.55E+5 12.3 30 3.2 2.31 5.8
11 6 1.11E-6 4.6 31 0.9 1.89 3.3
12 7 9.178-5 8.4 65 5.0 2.01 14
13 7 1.94E-6 7.9 86 5.2 1.67 0.8
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the diameter of the main peak in the distribution, indicating that Table B-2

the lognormal fit is a conditionally useable approximation to the SMPS mass concentration precision estimates

measured distribution. i
Table B-1 shows that, as quantified by the relative standard Run  SMPS summed mass Relative

deviations, the average summed number concentrations vary by "Umber concentratiomg/m®  uncertainty, percent

5% to 21% over the course of any one run, the CMD varies by g 1.53E+3 20.6

1% to 16%, and theyy varies from 1% to 6%. This estimate 6 2.02E+3 185

of the precision in the CMD measurement overlaps the SMPS - 6.72E-3 19.0

size resolution estimate given by Maricq et al. (1999),5 nm 8 1.47E+3 17.2

at 15 nm, to+30 nm at 500 nm. The relative precisions of 9 3.88E+3 215

the oy measurements indicate that the widths of these distri- 1 1.01E-4 24.3

butions varied less than their peak diameters and their number 414 6.59E+3 23.6

concentrations. These variations take account of both the mea- 1 1.37E-4 21.7

surement precision of the SMPS instrument, and any variations 13 3.63EL4 216

in the vehicle exhaust that might have occurred over the 45 min

runs.

The summed particle mass in a distribution could be estived by the approach that has just been described. (These un-
mated by using a Hatch-Choate lognormal distribution relati@ertainty estimates do not take particle density uncertainties into
to calculate the particle diameter of average mass (Hinds 199%count.) For comparison, the Hatch-Choate relation mentioned
If the distributions obtained in this study consisted of a singkarlier, and the precisions listed in Table B-1, were also used to
lognormal mode, this approach would allow use of the preastimate SMPS particle mass concentration uncertainties. The
sions in Table B-1, and straightforward error propagation idatch-Choate values exceeded those in Table B-2 by 0.1 to
order to estimate the summed particle mass precision. HoO relative uncertainty percent, indicating that the two meth-
ever, even though the accumulation modes are usually mwaks agree within a factor of about 1.3.
smaller in particle concentrations than the corresponding nucle-Maricq et al. (1999a) estimated that the2o uncertainty
ation modes, most of the particle mass is to be found thereirtexhaust particle mass emission rates derived from SMPS
therefore seems somewhat inappropriate to use a Hatch-Chomtmber-size distributions wass0%. These investigators stated
relation with its assumption that a single lognormal mode fithat test-to-test variability and particle density uncertainty con-
the observed distribution. tribute approximately equally to their uncertainty estimate.

We therefore calculated the summed particle mass unc&he +2¢ estimates implied by our propagated precisions lie
tainty by propagating the uncertainty associated with eachinfthe +34% to +48% range without including any measure
the 51 channels of the SMPS averaged distributions, followitg density uncertainty. Therefore, our mass concentration un-
the standard rules for error propagation (e.g., Bevington aodrtainty estimates in Table B-2 are somewhat greater than the
Robinson 1992). It is instructive to consider a relative unceest-to-test variability components estimated by Maricq et al.
tainty of 100% in each channel’'s particle number count. Th{§999a).
value is very conservative, i.e., probably overestimated, espe-SMPS Accuracy. At this time, there do not seem to be com-
cially given that the square roots of the differential particle nunmonly accepted methods for checking SMPS number-size distri-
bers in each channel, corresponding to a sirffecount uncer- bution accuracies. Kinney et al. (1991) found that the absolute
tainty, were always less than 10%. However, when propagaicturacy with which particle diameters can be determined by
over the 51 channels of the distributions, this estimate of the petectrostatic classifiers is about 3%. However, the particle siz-
channeluncertainty leads to a summed number count uncertainty accuracy in an SMPS system is a function of the particle
of £16% to+20%, which overlaps the upper range of relativeransit time from the classifier to the particle counter (“delay
standard deviations in summed number concentrations displayiete”), as well as the classifier itself. If nonstandard tubing con-
in Table B-1. (Sample flow uncertainty also contributes to theections are used, or if for any other reason the aerosol transit
number concentration uncertainty, but it is reasonable to assutinge differs from that assumed by the SMPS software, then the
that relative flow uncertainty is 5% or less, leading to secongarticle sizing accuracy will be affected.
order contributions in these cases.) The summed number counThe absolute accuracy in particle number count determina-
uncertainty estimate af16% to+20% is also consistent with tions by the SMPS is just that of the Condensation Particle
the observation (Kittelson 2002) that SMPS integrated numb@ounter (CPC, Model 3022A, TSI, Inc., St. Paul, MN) as long
concentrations generally agree with well-calibrated condensethe SMPS is operating properly. The manufacturer states that
tion particle counters to within about 20%. the absolute accuracy in CPC particle counts can be estimated

Table B-2 lists the summed SMPS particle mass concentlar the square root of the count obtained in a given interval.
tion estimates and their propagated relative uncertainties déwe count accuracy has to be combined with the CPC flow rate
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Table B-3
MOUDI mass and total carbon measurement precisions
MOUDI mass MOUDI mass MOUDI total carbon  MOUDI total carbon

Run concentration, concentration, relative concentration, concentration, relative
number wg/m? precision, percent wg/m? precision, percent

5 3.67E+3 13.0 1.35E-3 9.2

6 3.12E+3 16.4 1.35B-3 9.6

7 7.63E+3 6.9 7.20E-3 4.4

8 2.39E+3 23.1 1.548-3 8.7

9 5.33E+3 10.2
10 1.23E+4 5.2 1.65B-4 4.9
12 2.30E+4 3.6 2.556-4 4.1
13 3.19E+4 3.5 2.386-4 4.1

accuracy in order to derive the propagated accuracy of the parMOUDI Accuracy. The accuracies with which particulate
ticle concentration measurement. mass and carbon concentrations are determined using cascade
MOUDI Precision. Table B-3 summarizes the measureimpactor samples depend on the application of traceable stan-
ment precisions calculated for the MOUDI mass and total carbdards in the corresponding laboratory procedures. The microbal-
concentration measurements. ances used in this study were systematically calibrated with
The precision estimates shown in Table B-3 are the restriaiceable gravimetric standards having an accuracymi-
of propagating laboratory mass and carbon analysis precisi@nggrams. Chow et al. (1993) state that the accuracy of the total
and estimated 5% sample flow precision. These propagated marbon determination i§5%, and that the precision (not the ac-
cisions decrease as the net amount of particulate material ¢goracy) with which the “split” between OC and EC is determined
creases, as would be expected. is also+5%.



