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PREFACE

A. Paul Altshuller®

An invitation was given to the U. S. Environmental Protection
Agency (EPA) by General Motors (GM) to participate in a test track
study at the GM Proving Ground to measure the effect on air quality
of emissions from a fleet of catalyst equipped vehicles under con-
trolled experimental conditions. These experiments would permit
concentration levels to be measured which would not be attained for
many years with actual vehicle populations on roadways. After dis-
cussions of experimental design, EPA investigators agreed to participate.
The EPA participation was provided by the Environmental Sciences
Research Laboratory, Research Triangle Park, North Carolina, using
in-house, contractor, and grantee capabilities.

The test track facilities and drivers were provided by GM. The
test fleet consisted of 352 low-mileage 1975 and 1976 catalyst equipped
vehicles with air pumps provided by manufacturers. The roadway test
section used was the 10-km north-south straightway. During October
1975 for about two hours a day, 350 vehicles were operated in packs
on four Tanes at a speed of 50 miles per hour. This mode of operation
was equivalent to a traffic density of 5,460 vehicles an hour. The
fuel used contained 0.03 weight percent sulfur. Eight vehicles were
equipped by GM to emit sulfur hexafluoride as a tracer. A vehicle
was equipped by EPA to measure particle sizes, sulfate, and sulfuric
acid on the test track.

*The author is Director of the Environmental Sciences Research
Laboratory, U. S. Environmental Protection Agency, Research Triangle
Park, North Carolina.



EPA investigators made measurements for sulfates, sulfuric acid,
sulfur dioxide, ammonia, ammonium, and particle size at towers and in
mobile laboratories at several distances just off the test track. GM
investigators made measurements for sulfates, sulfur hexafluoride,
and for meteorological parameters from towers in the median of the
roadway and at various distances out to 113 m off the roadway.
Vertical profile measurements also were made by both GM and EPA
investigators from these towers.

The following conclusions can be drawn to date from the analysis
of these experiments.

1. The particulate sulfur flow rate measured from the vehicle
fleet was computed to correspond to about 12 percent «f the fuel
sulfur being emitted as particulate sulfur. A separate estimate by
GM gave the average sulfate emission rate as 0.037 g/mile.

2. Most of the aerosol mass emitted from the air injection
catalyst equipped vehicles was in the form of ultrafine sulfur aerosol
in the size range between 0.01 and 0.1 um.

3. During the background measurements before and after operation
of the vehicle fleet, this ultrafine sulfur-containing aerosol was
almost completely absent. Instead the sulfur-containing aerosol was
in the usual urban-regional fine aerosol range of 0.1 to 1 um particle
sizes. This "aged" sulfur-containing aerosol was not acid, so it was
probably in the form of neutralized ammonium sulfate.

4. The rate at which the ultrafine aerosols grew towards the
size range of "aged" aerosols was very rapid. When the wind was
across the test track (shorter aging time) most of the aerosol from
the vehicles measured 30 m off the test track was ultrafine aerosol.
When the wind blew down the test track (longer aging time) one-third
to one-half of the aerosol shifted into the "aged" 0.1 to 1 um
range.

5. Sulfuric acid was measured inside the equipped vehicle
running on the test track. More than two-thirds of the sulfate
emitted by the vehicles was measured as sulfuric acid 20 m off the
test track.
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6. One set of ammonium-to-sulfate ratios appeared to indicate
substantial neutralization. However, the ratio corresponds to com-
plete neutralization at all measurement points rather than being con-
sistent with gradual neutralization. The ammonia measured was hardly
sufficient to permit neutralization, particularly very rapid neutral-
jzation at the sampling site. This result appears to be associated with
neutralization occurring from neutralization occurring as an artifact
during sampling and storage and not during transport of sulfuric acid
from the vehicles on the test track to the sampling sites. Qther
measurements of acidity and sulfuric acid indicate the presence of sulfuric
acid off the roadway, but suggest partial or complete neutralization
at 100 meters downwind.

7. Computations by the HIWAY model were compared with the
sulfate concentrations reported by GM investigators. The computed
values were in good agreement with the experimental values when the
wind was nearly perpendicular to the roadway under unstable metero-
logical conditions and at wind speeds at or above 1 m/sec. The
tracer data indicates the HIWAY model tends to overestimate by a
factor of 2 to 3 for E and F stability conditions, and by a factor of
nearly 2 for the parallel wind case.

8. Neither the off-roadway sulfate measurements nor the
model results are likely to be accurate in predicting the commuter ex-
posure during the parallel wind case.
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CHEMICAL CHARACTERIZATION OF AEROSOLS
PRESENT DURING THE GENERAL MOTORS
SULFATE DISPERSION EXPERIMENT

Paul J. Lamothe, Thomas G. Dzubay, Robert K. Stevens*

ABSTRACT

A study was conducted duiing Octobern 1975 at General Motors
MiLfond Proving Ground to measure the chemical properties of sulfate
emisslons grom a fleet of catalyst equipped vehicles undern contrhofled
highway driving conditions. Aenosof samples were collected with
dichotomous samplerns and were analyzed by both X-ray gLucrescence
spectrometny and wet chemical procedures forn strong acdd, ammonium
and sulfate content. In addition sulfuric acdd, ammonia and S0,
measwrements wenre obtained during the study.

The peak sulfate concentrations ranged from 2.4 Zo 5.7 ug/m3
above background and the sulfuric acid concentrations ranged grom 1.1
to 5.4 pg/mg. Because significant amounts of sulfuric acid were
measwred at 20m downwind of the noadway, it can be assumed that the
product of the ammonia concentration and trhanspornt time from the
roadway to the monitorn was insufpicient to cause complefe neutrhalization
04 the sulfuric acdd.

INTRODUCT ION

To meet Federal and state emission standards, automobile manufac-
turers have incorporated catalytic converters in vehicle exhaust
systems to reduce hydrocarbon and carbon monoxide emissions to acceptable
levels. However, gasolines contain trace amounts of sulfur (typically
0.03% by weight) which are converted to 502 during the combustion process.

*The authors are with the U. S. Environmental Protection Agency,
Environmental Sciences Research Laboratory, Research Triangle Park,
North Carolina 27711.



A portion of the 502 is subsequently oxidized to sulfur trioxide by
the catalytic converter and, ultimately, sulfuric acid aerosols
result from the reaction of SO3 with water vapor. Several reports in
the literature (refs. 1,2) have documented this combustion process
and identified the emission products.

Very little information is available on the chemical and physical
properties of sulfuric acid emitted from cars under actual highway
conditions; likewise, there is no available information on how the
H2504 from the catalyst equipped cars is dispersed in the atmosphere.

In April 1975, General Motors proposed a study to measure
sulfate exposures utilizing a fleet of catalyst equipped motor
vehicles in controlled simulated highway driving conditions and under
as many different meteorological situations as possible. At the
request of General Motors, E.P.A. consented to participate in the
study which was conducted at the G.M. Milford Proving Ground.

The study was conducted during October 1975 because several days
with temperature inversions and Tow wind speeds were predicted for
the test track site.

E.P.A.'s participation included:

1. operating eight dichotomous samplers upwind and downwind of

the test track.

2. making sulfuric acid measurements inside one of the test

vehicles, and

3. obtaining H2504, ammonia and SO2 measurements 20 meters

downwind of the test track.
Samples collected with dichotomous sampler were analyzed by X-ray
fluorescence spectrometry for elemental composition, and by the
Brosset et al. (ref. 3) procedure for strong acid, ammonium, and
sulfate content. A prototype sulfuric acid monitor, based on the low
temperature volatilization technique described by Mudgett, et al.
(ref. 4) was employed to obtain hourly measurements.

This report describes the results of these experiments and their
relationship to data gathered by other investigators participating in
the study.



EXPERIMENTAL

A, Test Conditions

The study was conducted during October 1975 at the General
Motors Milford Proving Ground's 10km N-S straightaway. The test
fleet consisted of 350 vehicles equipped with catalytic converters
and air pumps. None of the converters used in the study had logged
more than 10,000km (6,000 miles). During the two-hour experimental
runs, the vehicles traveled at approximately 80kph (50 miles/hr),
producing a traffic density of 5460 vehicles/hour. The gasoline used
by the cars was unleaded and was blended to contain 0.03% sulfur by
weight.

B. Sampling

Ajrborne particulate samples were collected using 8 dichotomous
samplers situated across the roadway as shown in figure 1. Each
dichotomous sampler collects particles in two size ranges using the
principle of virtual impaction. In this device, the air is sampled
through an inlet at a height of 1.2m above the ground, passes through
a jet and is deflected around a coarse particle receptor. Coarse
particles (>3.5um), which are unable to follow the curving air stream,
enter the coarse receptor and are collected on a 1um pore size Teflon
(Fluoropore) filter. Fine particles (>3.5um) which move with the air
stream are collected on a second Teflon filter. The flow rate through
the fine particle filter is 13.7 1/min. The use of filters in a
virtual impactor eliminates the particle bounce problem associated
with the collection surfaces of a conventional impactor. A complete
description of the dichotomous sampler has been reported by Stevens
and Dzubay (ref. 5).

Samples were collected for 2 hours during the experiments on
10/1, 10/2, 10/3, 10/6, 10/8, 10/10, and 10/13 and were analyzed for
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Figure 1 Location of EPA dichotomous samplers (circles), General Motors
sampling towers (triangles), and mobile laboratories at General
Motors Milford Proving Ground, October 1975.



total acidity, ammonium, soluble sulfate, and elemental composition
as described below. In addition to the samples collected during the
experimental runs, background samples were collected on 10/2, 10/3,
10/4, 10/8, 10/10 and 10/13. In an attempt to prevent neutralization
of the collected sulfuric acid by ambient NH3, all filter samples
were stored in a desiccator containing H3P03 crystals.

Sulfuric acid (H2304), ammonia (NH3) and sulfur dioxide (502)
measurements were obtained using instruments located inside a mobile
laboratory provided by Research Triangle Institute (figure 1). For
the measurements, ambient air was drawn through a glass manifold
system at 1,500 1/min with an inlet 20m east of the roadway at a
vertical height of 3.3m.

Filter samples were also collected inside the passenger compartment
of one of the cars in the test fleet (G.M. car 24-7). Samples were
collected only during the two-hour driving cycles on the test track.
The filter sampler in the car employed the use of a diffusion denuder
to remove NH3 from the ambient aerosol prior to filter collection.
The diffusion denuder consists of six pieces of glass tubing (6mm
0.d. x 30cm long), mounted side by side in a lucite block, 5cm in
length, having a common outlet Teading to the filter holder. The
inside walls of each section of glass tubing were coated with H3P03,
which is a highly effective absorbent for NH3. Ambient air was drawn
through the denuder and filter at a flow rate of 3.0 liters per
minute using a vacuum pump and critical orifice. Under these conditions,
the denuder is capable of reducing ammonia concentrations by a factor
of 100, while passing particles having diameters of 0.01um and above.

C. Wet Chemical Procedures

Samples collected with dichotomous samplers were analyzed for
strong acid ("), ammonium ion (NH4+), and soluble sulfate (SO4=) in
three successive steps by wet-chemical procedures similar to those
developed by Dr. Cyrill Brosset at IVL, Swedish Water and Air Pollution

Research Laboratory, Gothenburg, Sweden (ref. 3).



The procedure used here deviates from the Swedish procedure only
in the filter extraction method. Gentle stirring has been replaced
by ultrasonic action to insure quantitative extraction of the sample
from the filter. Filter samples were placed sample-side-down into
eml of extracting solution (5x10'5M HC1O4), contained in a 30ml
polypropylene bottle. The hydrophobic filter was submerged using a
Teflon fork constructed from Teflon tubing, and subjected to ultra-
sonic action for twenty minutes using an electronic nebulizer (Mistogen
Equipment Co., Oakland, Cal.).

A 5ml aliquot of extracted sample was first analyzed for H*
content by a Gran's (ref. 6) function potentiometric titration method.
An antilog amplifier was used in conjunction with an electrometer and
pH electrodes to produce a linear plot of H" concentration versus
NaOH titrant volume. Although the Gran function contains an additional
titrant volume term, a simple antilog amplifier is sufficient to
produce Tinearity because the titrant volume never exceeded a few
percent of the sample volume.

The titrated sample was then diluted with 5ml of extracting
solution, made basic with NaOH to convert ammonium ion to ammonia and
analyzed for ammonia concentration using an ion-selective electrode
(Orion Research Model 95-10). This electrode is a gas-detecting
electrode and is consequently not affected by anions, cations and
other dissolved species other than those which form complexes with
ammonia. The electrode which was used gave a nerstian response to
2M and 10'6M.

Following the ammonium jon determination, the sample was passed

ammonia for concentrations between 10~

through a column containing Dowex 50W-X8, 50-100 mesh ion exchange
resin. A 3ml aliquot of the ion-exchanged sample was collected and
subjected to sulfate analysis by the spectrophotometric-thorin method.
This method is based on a single spectrophotometric determination of
the Toss of a known amount of barium-thorin complex caused by the
precipitation of barium by sulfate in the sample. Since barium forms
a complex with thorin which has a higher absorptivity than thorin at



520nm, it was possible to determine the amount of complex left in the
solution and, therefore, how much sulfate was precipitated. Isopropanol
was used in the method to reduce both the dissociation of the barium-
thorin complex and the solubility product constant of barium sulfate.

An automatic pipetting system was used to simultaneously dispense
measured volumes of barium ion, thorin and sampie solutions to an
optical absorption cell. The transmission was read and converted to
absorbance from which the sulfate concentration in the sample was
determined from a calibration curve.

From repetitive analyses of blank filters, the minimum detectable
limits for H' (as H,SO

250)
and 3.5 pg per filter, respectively.

. NH4+ and 504 were determined to be 2, 0.1

D. X-ray Fluorescence Analysis

Measurement of the trace element composition was made using an
energy dispersive X-ray fluorescence (XRF) spectrometer (refs. 7,8).
In this device, an X-ray beam excites a secondary fluorescer which in
turn excites the sample with its nearly monochromatic characteristic
X-rays (ref. 7). Elements in the sample with atomic numbers in the
ranges 13-20 and 19-38 were analyzed using titanium and molybdenum
secondary fluorescers, respectively. This range of elements includes
sulfur, which was analyzed using the titanium fluorescer. In addition,
lead was analyzed using the molybdenum fluorescer.

The fluorescent X-ray lines emitted by the sample were detected
using a lithium drifted silicon detector with electronic collimation
to enhance the signal above background (ref. 7). Because of a very
compact geometrical arrangement between X-ray tube, fluorescer,
sample and detector, an adequate count rate was obtained with X-ray
tube power dissipation of less than 15w. The total irradiation time
for each sample using both fluorescers was 10 minutes. A minicomputer
was used to control the operation of the X-ray spectrometer allowing
the samples to be analyzed in batches of 20 without operator intervention.

The elemental concentrations were determined by the minicomputer.
For the analysis, it was assumed that an observed X-ray spectrum was



2 superpaosition of the characteristic X-ray spectra for each individual
c2lement in the sample. Individual spectra of 30 pure element standards
were accumulated and stored in the computer memory. These individual
spectra as well as a stored clean filter background spectrum were
compared with the unknown aerosol spectrum using a stripping procedure
to determine the concentration of each element (ref. 7). By making a
judicious choice of the order in which the elements were stripped,

the problem of interfering Ke and K8 X-ray lines was largely eliminated.
Although there is a potential interference between the M X-rays from
lead and the K X-rays from sulfur, it was insignificant in tbis study
because of the low Tead concentrations. Nonetheless, a correction

for the interference was made on the basis of the lead concentration
measures for the sample using the interference-free Lg X-ray from

lead and the X-ray ratio of intensities for the lead M and LB X-

rays. The ratio was determined using a thin lead film.

The analyzer was calibrated using thin single-element concentration
standards according to a procedure developed by Giauque et al. (ref.
9). These standards consisted of vacuum evaporated foils obtained
from Micromatter Co. (Seattle, Wash.). The elemental deposits were
uniform across the 37mm diameter of each standard and ranged in mass
per unit area from 10-150 ug/cmz. They were known to an accuracy of
+10% or better. For airborne particles uniformly deposited onto the
membrane filters, the concentration (in'ug/cmz) of a specific element
on the filter was determined by comparison of the observed count rate
with that of the known foil of the same element.

From these considerations, it is estimated that for elements
well above the detection 1imit, the 1-o accuracy for X-ray analysis
of elements with atomic numbers above 20 (Ti and heavier) is +10%.

For the lighter elements, the energies of the characteristic X-rays
are sufficiently low that self-absorption can take place within the
larger collected particles and within the filter media for fine
particles that penetrate into the filter. Self-absorption corrections
were made, using a proceduve developed by Dzubay and Nelson (ref.

10).



For sulfur, almost all of the mass appears in the fine particle
range. Hence, attenuation effects within the individual particles
are negligible (ref. 10). A correction factor of 0.85+0.10 was used
to account for a slight penetration of the aerosol into the filter
and the associated attenuation of the outgoing sulfur X-rays. The
overall 20 accuracy for measuring sulfur is estimated to be £15%.

E. Sulfuric Acid Monitor

The sulfuric acid monitor (figure 2) used during the G.M. Sulfate
Dispersion Experiment was fabricated for EPA by Cabot Corporation
(Billerica, Mass.). The monjtoring method involves filter collection
of ambient particulate matter followed by separation of the sulfuric
acid from the other sulfur containing particles by Tow temperature
(130°C) volatilization. The amount of sulfuric acid volatilized is
determined using a Meloy flame photometric sulfur gas analyzer.

The monitor is a combination sampler/analyzer; therefore, two
filters are in active use by the monitor at all times. Ambient air
flows through one of the filters to collect the particulate matter
and simultaneously, dry air heated to 130°C flows through the other
filter to volatilize the sulfuric acid collected during the previous
cycle. The instrument has been designed to mechanically move the
filters back and forth between the ambient and dry air flows, rather
than use valves for switching the air flows between filters. Moving
the filters eliminates the need for both passing ambient air as well
as clean air through the same parts of the apparatus and having
aerosol- laden ambient air pass through a valve on the way to the
filter.

Fluoropore (0.5 um pore size) filters were chosen for use in the
monitor because they have been found to have greater than 99% collection
efficiency for particles ranging from 0.03 to 1um in diameter (ref.
11). Also, Fluoropore filters were the most inert to sulfuric acid
of all the filter substrates tested.
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Ammonium sulfate aerosols (0.07 um mean diameter) do not cause
interferences at volatilization temperatures below 140°C (ref. 12).
The detection 1imit of the monitor is 0.8 yug HZSO4/m3 for a one hour
sample collection period, and the precision of the method is +20%.

F. Ammonia Monitor

The monitor used to measure atmospheric ammonia (NH3) concentrations
was a Thermo Electron model 14T analyzer. This monitor uses as its
measurement technique a combination of the chemiluminescent NO-O3
reaction and three reaction chambers in combination with one photo-
multiplier tube and two thermal converters.

The sample stream is split into three portions as it enters the
analyzer. One portion goes to the NO reaction chamber where it mixes
with ozone for a direct NO measurement. A second portion of the
sample passes through a low temperature (250°C) molybdenum converter,
where NO2 is converted to NO, into the second reaction chamber for a
measurement of NOX (NO + N02). oA third portion of the sample passes
through a high temperature (800 C) stainless steel converter, which
converts NO2 and NH3 to NO, into the third reaction chamber for a
"total nitrogen" measurement (NO + NO2 + NH3). The use of a spinning
chopper wheel allows a single photomultiplier tube to sequentially
measure the chemiluminescence produced in each chamber.

The monitor determines the ammonia concentration by electronically
subtracting the NOX signal from the "total nitrogen" signal. Period-
ically the sample stream is allowed to flow through a 50cm x 0.50m
H3PO3 coated glass tube. This tube removes the NH3 but not the NOX;
therefore, the NOX signal should be equal to the NOX + NH, signal when
the tube is in stream. If the NOX + NH3 signal is larger than the
NOX, some species other than NH3 is producing an anomalous response.
During these studies, no evidence of an interference of this type was
observed.

The analyzer exhibits a linear response for ammonia concentrations
ranging from 2ppb to 1000ppb. The minimum detectable 1imit of the
monitor is 2ppb NH3 when the NOx concentration is below 50ppb.

1



During periods of higher NOX concentrations, the detection limit for
ammonia is 5ppb.

G. Sulfur Dioxide (total Sulfur) Monitor

A flame photometric sulfur gas analyzer (Meloy Model SA 185) was
used for the measurements of gaseous sulfur (502). A continuous
measurement of sulfur concentration is possible with the monitor
since the sample is brought through a fiTter directly to the detector
where it burns in a hydrogen rich flame. Light emitted from the
chemiluminescent sulfur reaction passes through a 394nm interference
filter into a photomultiplier tube. The dynamic range of this monitor
usually ranges from 10 to 1000ppb; however, during this study, the
instrument was calibrated to give a 100ppb full scale response. This
special calibration was performed to achieve a 2ppb detection limit
for the monitor.

RESULTS

The results of the X-ray fluorescence (XRF) analyses are shown
in tables 1 and 2. Table 1 shows the elemental analyses of the 4 and
24-hour background runs to indicate which chemical elements were
present in this geographic location. Table 2 shows the sulfate
concentrations deduced from the XRF analyses assuming that all of the
observed particulate sulfur is in the form of sulfate. For the
background runs, there is agreement among the amounts of sulfur
collected in each of the eight dichotomous samplers. According to
table 2, the standard deviation for the background sulfur values
never exceeds 15% and is generally 10% or less.

As an independent test of the XRF measure for sulfate, five of
the fine particle filter samples were analyzed during a barium
chloranilate procedure, and the results are shown in table 3. The
two methods agree well, except at low sulfate concentrations where small
deviations in the experimental values produce large percentage deviations.

12
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For both background and catalyst runs, results for sulfate and
ammonium analysis of the dichotomous samples were given in tables 4
and 5. For the catalyst runs, figures 3-5 show a comparison of the
XRF and Thorin sulfate in the fine particle fraction (<3.5pum) from
the dichotomous samplers at various Tocations across the roadway.
Figures 3-5 also show the sulfate determinations made by General
Motors personnel for their sampler located 0.5m above the ground.

The G.M. samplers collect a total aerosol sample without size fractionation,
and the G.M. samples were analyzed for safety by a barium chloronilate
procedure.

Table 6 shows the NH3 and 502 gas and the H2504 data obtained at
the RTI van. It also shows the HZSO4 data for the car operated on
the test track.

DISCUSSION

From the XRF data in tables 1 and 2, one can conclude that of
the elements with atomic numbers above 12, sulfur is the element in
greatest abundance in the fine particle fraction for both the catalyst
and background runs. Typically, at least 90% of the sulfur occurs in
the fine particle fraction. For the fine particle fraction, there is
considerable agreement between sulfate deduced from the XRF analysis
and the sulfate measurements by the Thorin method as shown in figures
3-5. For each run, the sulfate concentration peaked at the downwind
edge of the roadway.

The sulfate deduced from the XRF analysis of the fine particle
fraction is compared with the total sulfate measured by General
Motors personnel in figures 3-5. Agreement is greater for the far
upwind and downwind sites, where background sulfate predominates,
than near the roadway where the automotive component predominates.
Figures 3-5 also show that the peak sulfate concentrations observed
by G.M. always exceed those observed by EPA.
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Differences in sampler locations and the handling of samples
could account for the above discrepancies. First of all, the inlets
for the G.M. samplers were at a height of 0.5m, which is closer to
the height of the exhaust pipes than the 1.2m height of the inlets of
the EPA dichotomous samplers. Secondly, the storage of the EPA
samples in the ammonia free atmosphere of the desiccator containing
H3PO3 may have enhanced losses of collected sulfuric acid by volatilization.
This contention is supported by recent observations made by Cabot
Corporation (ref. 12) which indicates 20% losses of sulfuric acid
from filter samples stored for one month in a nitrogen atmosphere at
room temperature. The Cabot samples were prepared by collecting a
laboratory generated sulfuric acid aerosol having a mean diamter of
0.07 um. Since the data obtained by the University of Minnesota
personnel indicated that the aerosols produced by the vehicles during
this study had diamters between 0.02 and 0.03 um, the sulfuric acid
volatility problem was potentially more severe than the Cabot results
indicate. It is unlikely that the higher sulfate concentrations
observed by G.M. are associated with the fact that the G.M. sampler
did not discriminate between fine and coarse particles, since less
than 10% of the total particulate sulfate is associated with particles
greater than 3.5 um in diameter.

The particulate ammonium data, given in table 5, indicate an
apparent downwind increase in ammonium concentration. These increases
could result from H2504 - NH3 reactions occurring both prior to and
during the sample collections. Moreover, the possibility of neutralization
reactions occurring after the samples were collected cannot be unequivocally
ruled out because the samples were exposed to laboratory air for
periods up to 48 hours during XRF analyses.

The downwind increases in NH4+ concentrations above background
(ANHZ) relative to the downwind increases in 504: (ASOZ) indicate that
the sulfate present on the fine particle filters was in the form of
(NH4)2 804. However, the ANHZ/ASO4= ratios do not vary at a function
of downwind distance from the roadway. If sulfuric acid aerosols emitted
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by the vehicles were neutral1zed by ambient NH3, one would expect to
observe increases in the ANH4/ASO4 ratio at 1ncreas1ng distances
from the roadway. The lack of variation in ANH4/ASO4 ratio is a
further indication of filter sample degradations caused by H SO4
volatilization and/or neutralization during sampling and storage.

Sulfuric acid, ammonia and sulfur dioxide data are given in
table 6. The SO2 results indicate ghat during the driving cycles,
the vehicles added less than 8 ug/m~ (3 ppb) of S0, to the background
at 20m downwind. The highest concentration of 502 observed during
the study occurred on 10/8/75 when the wind was out of the East
(Detroit). Occasional spikes of S0, as high as 78ug/m3 (30 ppb)
were recorded dur ng periods when cars were idling on the track.

Ambient air sulfuric acid concentrations ranged from 1.1+0.2 to
5.4¢1.]pgmgm3 on those days when the wind was out of the West (10/1,
10/2, 10/3, 10/10, 10/13). It should be noted in table 6 that the
highest HZSO4 concentration occurred on 10/10 when the wind speed
was relatively low.

Sulfuric acid determinations made from samples collected inside
the car ranged from 1.2+0.2 to 3+0.7 ug/m3. These samples were
collected under normal driving conditions, usually with car windows
rolled up and heater on. To preclude the possibility of interferences
from tobacco smoke, a nonsmoking driver was selected for these
tests.

Comparisons of the EPA sulfuric acid data, obtained 20m east of
the roadway at a height of 3.3m, and the G.M. sulfate data are pre-
sented in table 7. The sulfate data in table 7 is the average of
the four 1/2 hour measurements obtained by G.M. at a site 15m east
of the roadway at a height of 3.5m. The ASO4= values were obtained
by subtracting the upwind background sulfate concentrations from the
15m downwind data. The data in table 7 shows that for four out of
five days, more than 70% of the sulfate emitted by the vehicles was
in the form of H2304 at 20m downwind. It is felt that the anomalously
high result (HZSO4/SO4—) obtained for 10/10/75 was due to the - 20¢
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Table 7. Comparison of Sulfuric Acid and Sulfate Results.
Date Wind Wind  Background  Downwind ASO4: HZSOE/AS%=
Direction Speed Sulfate? Sulfateb
3 3 3
km/h  ug/m ug/m ug/m
10/1/75 | 285° 15 2.75 4.5 1.76 1.08
10/2/75 | 330° 13 0.59 3.49 2.90 0.38
10/3/75 | 335° 8 2.27 5.53 3.26 0.83
10/10/75 | 245° 6 17.19 20.65 3.46 1.56
10/13/75 | 195° 12 7.55 10.85 3.30 0.73

aBackground sulfate values are averages of four 1/2 hour measurements

obtained by G.M. 30m West of the roadway at a height of 3.5m.

bDownwind sulfate values are averages of four 1/2 hour measurements

obtained by G.M. 15m East of the roadway at a height of 3.5m.

“The H.,S0

2
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experimental uncertainty in the HZSO4 value and differences in the
sulfate concentration between the two sites.

It was intended that the strong acid titration procedure would
provide an independent measurement to be compared with the results
obtained using the Sulfuric Acid Monitor. However, these acid
titration measurements exhibited an unexpectedly large amount of
varjability which rendered the measurements useless for determining
the acid properties of the aerosol in the present study. For the
background runs when the cars were not on the roadway the standard
deviation of the strong acid determinations was 6.7 ug of H2504 per
filter. This corresponds to a 20 detection limit of 8.2 ug of H2804
per m3 for a two nour sampling period at a flow rate of 13.71/min.
The strong acid titration data were inconclusive because the limit
of detection for the titration measurements was larger than the
highest value measured by the Sulfuric Acid Monitor.

CONCLUSTONS

From the data presented in this paper, the following conclusions
are drawn:

1. More than 90% of the total particulate sulfur mass, present
in both background and vehicle aerosols, is associated with particles
less than 3.5 um in diameter.

2. Sulfuric acid was not detected during any of the background
measurements, but was always detected whenever the catalyst equipped
vehicles were operating on the roadway upwind of the sulfuric acid
monitor. On four of the five days when sulfuric acid was detected,
more than 70% of the sulfate emitted by the vehicles was in the form
of HZSO4 at 20m downwind of the roadway.

3. For the samples collected while the vehicles were operating
on the roadway, sulfur was the only element which had concentrations
detectable above the background. There was no detectable change
from the background concentrations for silicon, calcium, iron, bromine,

lead and other elements at analyzed by X-ray fluorescence.
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4. Because significant amounts of sulfuric acid were measured
at 20m downwind of the roadway, it can be assumed that the product
of the ammonia concentration and transport time from the roadway to
the monitor was insufficient to cause complete neutralization of the
sulfuric acid.
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AEROSOL SIZE DISTRIBUTIONS AND CONCENTRATIONS MEASURED
DURING THE GENERAL MOTORS PROVING GROUNDS SULFATE STUDY

K. T. Whitby, D. B. Kittelson, B. K. Cantrell,
N. J. Barsic, D. F. Dolan, L. D. Tarvestad
D. J. Nieken, J. L. Wolf, and J. R. Wood*

Abstract

In Octoben 1975, General Motons (GM] and the Envinonmental Pro-
tection Agency (EPA) conducted a §reeway simulation study at the GM
Ml gond Proving Ground, wsing only catalytic converter equipped
cars. During the study, nearly 900 aercsol slze distribution measurements
were made, both on the test track and close by, At the same £ime,
sulfate measwrements wene also being made by othern expesimental
Teams.

Background aerosol volume sdze distributions measured during
the test show three distinet modes with mean sizes of approximately
0.03, 0.24 and 6.0 um. Aencsol distributions measured durning the
run, both on and o4f the track, also exhibit thrnee modes. Those at
0.24 and 6.0 remain essentially unchanged while the smafller mode
contains much more volume than the backghound aerosol, and now has a
mean s4ize of about 0.02 um. The exact amount of the increase in
volume of the smallest mode £is greatly dependent on meteorofogical
parametens. This was seen Lo vary grom about 20 umg/cmg, when the
wind direction was parallel to the track, to 2 umz/cma, when the
wind blew acnoss the track. On days when the wind was parnatllel to
the trhack, approximately 1/3 to 1/7 of the increase in volume duning
the test nuns overn background appeared (n the 0.24 um mode. No

*The authors are with the Particle Technology Laboratory,
Mechanical Engineering Department, University of Minnesota,
Minneapolis, Minnesota.
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sdgnigicant Ancrease fct the 0.24 um mode was noted when the wind
blew across the track. Togethern, these facts would indicate that the
prlmarny aerosolf volume emission of the catalytic convertern equipped
cans A5 of a mean sdze ¢f 0.02um. We can also conclude that the
increase in volfume {n the s4ze 0.1 fo 1 um L8 primadily caused by
coagulation of the small diamtern aerosol, and that this occurs in the
atmosphere aftern emission and dilution of the failpipe.

SUMMARY

In October 1975, GM and the Environmental Protection Agency
conducted a freew.y simulation study at the GM proving ground. Only
catalytic converter equipped cars were used in order to provide base
line data for modeling future freeway conditions. Particular effort
was directed towards estimating sulfate content of the aerosols
produced. During the study, the University of Minnesota Particle
Technology Laboratory, under EPA sponsorship and in collaboration
with EPA personnel, made measurements of .in s.4tu aerosol size distri-
butions and concentrations at the test track site using the large EPA
mobile laboratory and a specially equipped automobile prepared by the
University. Approximately 450 size distributions were measured with
the EPA trailer and 450 with the car.

The most significant results and conclusions from the University
of Minnesota portion of the work are presented in this report.
Because of the short time available for data analysis, it has not
been possible to make intercomparisons with other investigators'
results or to investigate the more subtle aspects of our own data.

1. Difference distributions calculated by taking the difference
between the average size distributions during the test and the
average of the background distributions before and after the test,
suggest that most of the aerosol volume (and hence mass) is emitted
in the size range smaller and 0.1 um.
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The geometric mean diameter by volume of this nuclei mode
aerosol is about 0.02 um. Figure 4 compares with the background the
size distribution of aercso] measured during the test period of GM
run 15. It is clear that the size distribution of the accumulation
mode (center mode) and coarse particle mode (right hand mode) have
not changed significantly. It is also clear that the nuclei mode
(1eft hand mode) is contributed almost entirely by the cars on the
roadway.

Figure 10 shows car difference distributions calculated for a
typical day having a cross wind (GM 10), and for the day having the
highest concentration (GM 12) when the wind was exactly parallel to
the roadway. This figure shows that when the wind is across the
roadway (short aging time) most of the aerosol contributed by the
cars is smaller than 0.1 um. When the wind is along the roadway
(Tong aging time) coagulation transfers 1/3 to 1/2 of the aerosol to
the mode in the 0.1 to Tum size range. Therefore, under the conditions
of the test, most of the aerosol growth from the 0.01 to 0.1 size
range to the 0.1 to 1 um range occurs in the atmosphere after emission
and dilution at the tail pipe.

2. The highest contributions observed on the track by the car
and at the trailer were during GM Run #12 on October 23 when the
average wind direction during the run was ]810 or the wind was
blowing almost directly down the track. The pertinent aerosol
volumes are given in table 1.

3. Although it is not possible to calculate comparable averages
over all of the data for the trailer and the car, the arithmetic
average over the 12 GM runs for which data can be averaged for the
trailer gives means of 1.49 and 0.63 um?’/cm3 for aVAN and AVAC respec-
tively or a total fine particle contribution of 2.12. A somewhat
comparable average for AVAN for the car is 7.00 um3/cm3.

4. When the wind was blowing almost directly across the track,
values of VAN measured in the car were significantly higher on the
downwind side. For example, for GM Run =4, wind W-SW, the average
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values on the downwind leg near the track were VAN = 10.1, compared
to an upwind value of 4.32 pm3/cm3.

5. The geometric mean diameter by volume for the aerosol as
emitted by the cars is about 0.02 ym. When the wind was directly
parallel to the roadway as it was for GM 12, coagulation increased
the mean size to about 0.04 and significant mass was transferred to
the accumulation mode.

Table 1

Typical and High Average Aerosol Volumes
Measured by the Car and EPA Trailer.

Measurement Background Test Difference
VAN vAC® AN VAC sVAN  sAFPS  vEPS
Trailer GM 7 .07 10.2 1.96 10.4 1.88 0.2 2.08
Car GM 7 .05 8.43 4.56 9.79 4.51 1.36 5.87
Trailer GM 12 .10 17.2 2.35 18.3 2.25 1.10 3.35
Car GM 12 15 12.2 22.9 26.6 22.7 4.4 37.1

3Volume in the Aitken Nuclei mode, um3/cm3

bVo1ume in accumulation mode, um3/cm3

CFine particle volume=aVFP = AVAN + aVAC, wms/cm’

Note that the total fine particle volume (VFP) contribution for GMP
#12 is 3.35 uns/cm’
the car on the inside lane. Run 7, which is probably more typical,

at the trailer and 37.1 um3/cm3 as measured by

is shown for comparison. During Run 7, the wind was from the southwest,
at 197 .

INTRODUCTION

This is a report describing the origin, degree of participation,
and most important results from the participation of the University
of Minnesota's Particle Technology Laboratory in the EPA/General
Motors proving ground study of sulfate aerosols during October 1975
at the General Motors Milford Test Track.
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The origin and original purpose of the project is described in
General Motors Research Publicatijon GMR-1967 (ref. 1). We were in-
vited by EPA to participate in order to use the University of Minnesota's
and EPA's aerosol size distribution measuring equipment to measure
size distributions on the test track and near the track.

To make measurements on the track, we installed the aerosol
analyzing equipment that has been used aboard an aircraft for plume
studies in St. Louis in a 1975 Ford four-door sedan. Basically,
this car system consisted of an automated bag sampler, a condensation
nuclei counter, an electrical aerosol analyzer, an optical particle
counter, and an automatic sulfur sampler (refs. 2,3). With this
system, {n s4tu aerosol size distributions from .0075 to about 6
microns could be measured, and filtered samples could be acquired on
glass fiber filter media for subsequent analysis by Husar at Washington
University.

The large EPA mobile laboratory was also operated jointly by
EPA and University of Minnesota personnel about 30m east of the test
track. Its 4n s<itu aerosol analyzing system, some gas analyzers,
and filter samplers, were operated. The EPA Taboratory acquired
data during all of the GM runs; however, the car began taking data
with GM PG Run #4.

LABORATORY VEHICLES USED IN THE
GENERAL MOTORS SULFATE DISPERSION EXPERIMENT

A. Instrumented Automobile

The automobile used for this study was a 1975 Ford Custom 500
four~door sedan with a catalytic converter equipped 351 CID engine.
Original seats were removed from the car and replaced by two bucket
seats: one for the driver and one in the right rear for an observer.
This provided space for the instruments in the right front and the
sample bag assembly in the left rear, as shown in figure 1.
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Figure 1

EPA trailer (center background) and special aerosol
measurement car at the experimental site during the
GMPG experiment. Note the sampling inlets projecting
from the top of the car.
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tlectrical power for the instrumentation was supplied by two
heavy-duty twelve-volt batteries connected parallel to a twelve-volt
D.C. to 110-volt A.C. inverter. Motorized valve power was supplied
as 24 volts D.C. by two heavy-duty twelve-volt batteries connected in
series. A ninety-amp alternator (factory option) was installed to
provide power for all system vacuum pumps. The vacuum pumps were
placed in the trunk compartment with the exception of the internal
sample pumps in the CNC and OPC. A Rotron CHE 1 blower was used to
evacuate and fill the sample bag. Gast Model 343 D.C. pumps were
used for the EAA (two pumps in parallel) and for the three filter
samplers.

B. Instrumentation

The aerosol instrumentation package used, figure 2, was basically
that used in an aircraft in the 1974 and 1975 St. Louis Urban Plume
Study. This package provides aerosol size distribution measurement
capabilities in the range of 0.01 to 5 um, using an Electrical Aerosol
Analyzer (EAA) (Thermo Systems Model 3030) for the .01 to 1 um range
and a modified Royco 218 for the 0.5 to 5 um range. An Environment
One, Model Rich 100 counter was used to measure Aitken nuclei.

Two filter collection systems were incorporated into the car to
collect aerosol samples for sulfate particulate mass fraction deter-
mination. These filter systems were also used in the 1975 St. Louis
Plume Study. One system used comprised four 25mm Millipore type AH
filter holders containing a media consisting of glass fiber with
cellulose backing (Pallflex E70/2075 W, manufactured by Pallflex
Products Corp.). These were used to collect separate integrated
filter samples of air from outside and inside the car. The other
system used is an automated sulfate filter sampler developed by
Husar (ref. 2,3), Washington University, St. Louis. This device,
utilizing the Paliflex filter media, was used primarily to sample
outside air. A third filter sampling system was used occasionally to
collect samples for acid sulfate aerosol analysis by Research Triangle
Institute (RTI).
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Figure 2 Schematic of the aerosol sampling system used in the aerosol
measurement car. The system consists of an automatic bag
sampler, TSI electrical aerosol analyzer, Royco 218 optical
particle counter, Environment One condensation nuclei counter,
Husar TWO MASS sulfate sampler and an integrating filter sampler.
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Figure 3 Schematic of a trimodal atmospheric aerosol size distribution
showing the principal modes, main sources of mass for each
mode, and the principal processes involved in inserting mass
and removing mass from each mode.
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C. System Operation

The EAA and OPC require 150 and 60 seconds respectively to
complete a measurement cycle. With this long a cycle time, direct
sampling of a rapidly changing aerosol such as is produced by a fleet
of automobiles on a roadway would yield erratic results. To minimize
this problem, a system was designed which rapidly takes a sample (18
sec) into a sampling chamber inside the car as the car passes through
the region of interest. The size analysis instruments then sample
directly from the static air volume in the sampling chamber while
executing their analysis cycles. The sample thus represents the
characteristics of the atmosphere sampled along about a 0.5km portion
of the test track. The two-chamber sampling system shown in figure 3
was designed to allow sampling at any speed.

Operation of the system is semiautomatic with automatic valve
control and EAA and OPC start after the cycle is initiated by the
observer pressing a button. Following the start command, the motorized
valves operate in the following sequence. The exhaust valve opens
for 18 seconds with Fi11 also open and all others closed. This
exhausts the inner bag and fills the rigid outer chamber with air
from inside the car. Fill and Sample Bag Fill valves then open and
Fil1l closes for 18 seconds to draw in a sample into the inner bag.

At that point the Fill and Sample Bag Fill again close and Fill opens
for the sample period, about three minutes. Immediately after the
Fill valves have closed, the controller resets the EAA and OPC and
initiates the EAA and OPC acquisition cycles. Following completion
of the sample period, the Inside Sample valve opens, allowing the EAA
and OPC to continuously sample the atmosphere inside the car.

To record the data, the operator reads the EAA and OPC outputs
into a cassette tape recorder, along with a CNC reading. The CNC
reading recorded on the tape was that corresponding to the start of
the sample period; however, a strip chart recorder was connected so
that a continuous record was kept of the CNC count.
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Three separate air inlets were used. One provided the sample
for the bag; one provided the sample for the filters and also ventilated
the trunk compartment; and one provided the sample for the CNC.

D. Car Sampling Location:

Samples are taken at various Tocations on the track; however,
the track section nearest the EPA trailer site received the most
attention. With the sample bag fill time of 18 seconds, the sample
taken was actually an average of conditions over a track length of
about 0.5km. Also, a number of measurements of the atmosphere
inside the car were also made each day while cruising on the track.
Car run data are shown in table 2.

E. EPA Mobile Laboratory and Instrumentation

The large EPA mobile Taboratory was parked 30m to the east of
the test track and about 15m north of the GM instrumented bus. The
sampling inlet was 6m above the ground level.

In addition to wind speed, direction, outside temperature,
dewpoint, and NO, NOX, the following aerosol measurements were made:

- Ajtken Nuclei using an Environment One - Rich 100 automatic
condensation nuclei counter (CNC) calibrated using the Liu - Pui
method (ref. 4).

- Aerosol size distribution in the 0.01 to 1 um range using a
Thermo Systems Model 3030 Electrical Aerosol Analyzer (EAA) using
the calibration constants discussed in Appendix I.

- Royco 220 optical counter, measuring aerosols in the 0.56 to
7.5 um range and calibrated against oil aerosols of 1.49 refractive
index, (ref. 5).

- Royco 245 optical particle counter, measuring aerosols in the
5.6 to 40 um range and calibrated against oil aerosols of 1.4 refractive
index. Inlet sampling efficiency corrections for both the Royco 220
and Royco 245 were made (ref. 5).

- Visibility measurements were made using a Meteorology Research
Inc. Model 1550 Nephelometer calibrated against Freon.

38



s3s93 |etdads  (oL:0L - oYL oL:Z 91 €oe  0£/01

s3s9} [etdads  OL:0L GE'6  GEI/ 50/ Sl 20¢ 62/01

s3s91 [etdads  GGi6  Gpi6  0€:/ oL:8 pl 00€  [2/0L

Ll €2 apisuL  00:0L GE€:6  GE:/ oL:Z €L /62  v2/oL

9 €2 apisSuL  GSi6  GEi6  GEi/ 0L:/ zl 962  £2/01

LL 8 y S0:0L OPi6 OB/ oL:s Ll s62  22/0L

9 £2 " 02:01 G616  GE:/ oL:L 0L w62 Lz2/0l

9 €2 } 2vizl S0:LL  §0:0L GE:6 6 €62 02/0L

9 €2 y 00:0L O¥i6  Ob:/ SLi/ 8 062 LL/OL

9 £2 ’ 00:0L S¥i6  Gbi/ 0L:/ L 98z £1/01

LL €2 ) 02:0l 066  0§:/ olL:L 9 €82 0L/0L

2 €2 y G0:0L 056  0£:/ 0L:L S 182 80/0L

2 £2 8pLsIN0 G0l §G'6  GE:/ Gl:/ % 6/2 90/01

y . 0l:0L 096 Ot/ 0L:L € 9/2  €0/01

; w  00:0L 0£6  OB:/ oL:L Z S/2  20/0L

juasaad 20U 00:91 GbiGl  GE:IEL - L v/2  10/01

“ON ¥9e4 3uel  JU0j SpUT  surbag oAlady  9dWwg  Aeq  33eq
UOLIRI0T 4B) W 40 N sde)  1S9)] 1s9] sdey 1S9

“juswLAddXd 3yl butuanp
UOL3BI0| JBD | 4O | pue ‘poLudad 3$33 ‘Sawl]l sdnjaedap
pue |eALJJR 19D|4 ‘SJdQWNU und “S33ep 1S9 40 3ISLT g I|qe|

39



- Filter samples for X-ray fluorescence analysis by EPA were
taken with an LBL Dichotomous Virtual Impactor located on the roof at
the rear of the lab (ref. 6).

- Some special experiments were performed using a heater borrowed
from R. Husar of Washington University, ahead of a TSI 3030 EAA.

EPA trailer sampling and run information is shown in table 2.

F. Data Acquisition

Data from all instruments which provide electrical output is
recorded using a computer based Data Acquisition System (DAS).
Acquisition of data is based on a 10 minute cycle. During a cycle,
continuous analog signals are measured every 20 seconds, averaged for
the entire 10 minutes, and reduced on 1ine. The EAA executes one
measurement cycle in the first 2.5 minutes of the period and the
multichannel analyzers (MCA), used to collect the pulse height data
from the Royco 220 and 245 optical particle counters, acquire data
for the first 400 seconds of the period. Size distribution data thus
generated is recorded by the DAS, reduced and listed together with
the analog data averages during the next 10-minute acquisition cycle.
Table 3 presents the format of the data Tisting. Data from each 10-
minute cycle is stored on magnetic disc packs during an experimental
run and can be later transferred to 9 track industry standard magnetic
tape for later analysis. An auxiliary strip chart was also used to
record continuous data for the CNC during the experiment. On most
days during the GM experiment, data acquisition was started at 0630,
about 1 hour before the cars appeared on the track, in order to
acquire background data before the test started, then continued for
about an hour after the test for the same reason. Due to computer
problems, background data were not obtained before the test on some
days.
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DATA ANALYSIS
A. Method for Characterizing Aerosol Size Distributions

Approximately 900 size distributions were measured by the car
and the EPA trailer. Since the prime objective was to determine how
much aerosol was added by the cars on the track and in what size
range, a method for characterizing the size distributions was needed,
which clearly showed in what size range the cars contributed the
aerosols, and which would also allow unambiguous calculations of the
difference between test data and background data.

In previous work, Whitby (ref. 7,8) has shown that in general,
atmospheric aerosuls are trimodal, figure 3, with two of the modes
occurring below 1 um in size. The smallest mode has been named the
"Nuclei Mode" and the second mode, the "Accumulation Mode," because
all mass added in the submicron size range tends to accumulate 1in
that mode. Figures 4 and 5 show a background and test period size
distribution measured by the EPA trailer on a day with a Tow background.
Because of the low background, the trimodal nature of the aerosol is
strikingly apparent. Furthermore, by comparing the background with
the test distribution, it is apparent that most of the aerosol volume
contributed by the cars is to the nuclei mode.

It was therefore decided to characterize all of the aerosol
distributions by modeling them with three log normal distributions
using the general procedure described by Whitby (ref. 9,10). Since
the volume of aerosol in the nuclei mode during background conditions
was usually less than 0.1 um3/cm3, whereas the volume during a test
was in the 1 to 20 um3/cm3 range, the volume in the nuclei mode
during the test period is a clear and unambiguous measure of the
aerosol being emitted by the cars, except for a few runs when the
wind was almost exactly parallel to the track. Under these conditions,
more aerosol volume was observed in the accumulation mode as well as
in the nuclei mode.
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Figure 4 Trimodal model distribution measured by the EPA trailer during
GMPG Run No. 15 on 10/29/75. The model distributions were
obtained by fitting the data shown in Figure 5. Note that
during the test the accumulation and coarse particle modes
(center and right modes) have not changed significantly from
the background conditions. On the other hand, practically
all of the volume of the nuclei mode (left mode) is contrib-
uted by the cars on the roadway.
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Figure 5 Example of a distinctly trimodal volume size distribution
measured by the EPA trailer 4in 4{tu aerosol instruments during
GMPG run 15 on 10/29/75. The size ranges measured by each
instrument are shown. Note the excellent matching between the
instruments where they overlap. The geometric mean sizes and
geometric standard deviations are typical of those measured
during the test periods.
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B. Model Fitting Procedure and Data Presentation

In order to characterize the trimodal size distributions, each
mode of the aerosol size distribution data for both car and trailer
is fitted separately, and the resulting log-normal parameters, integral
concentration (I) for the mode, geometric mean size (DPG), and geometric
standard deviation (SG), are used to describe the mode.

For the trailer size distribution, data which were ordinarily
complete from .01 to 40 um, the following fitting procedure was used.

1. The surface weighting of the aerosol distribution data is
first "fitted" to obtain the parameters for the accumulation (AC)
mode. To start, in initial estimate for the log-normal parameters is
calculated using the data in the range of the accumulation mode.
These are then used as a starting point for a non-linear regression
employing a Simplex-directed direct search scheme (Nelder and Mead,
1965) (ref. 11) to minimize the function:

2
INDEX = f [0; -LN (1,DPG,SG)]
[N(T,DPG,S6)

Here, Di is the data in the interval; LN is the evaluation of the
integral of the log-normal function with parameters, I, DPG, SG, over
the interval i; and INDEX is value of the sum being minimized. 1/LN
is used in the sum as a weight or scaling factcr proportional to the
square of the error in the data. The values of I, DPG and SG that
minimize INDEX are taken as the best estimate of the log-normal
parameters. Using these, the AC mode is subtracted from the
distribution data, leaving the Aitken nuclei (AN) and coarse particle
(CP) modes.

2. The number weighting of the AN mode is next characterized
using the same procedure described for the surface weighting of the
AC mode. Since the mode was often incomplete due to the inadequacies
of the EAA data below .01 um, the geometric standard deviation was
assumed to be equal to 1.6. This is an average value derived from
data where the mode was reasonably complete and the surface weighting
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of the nuclei mode could be fitted accurately. Therefore, for the
nuclei mode, only the amount in the mode and the geometric mean
diameter by volume were determined from the fitting procedure. When
a best estimate of these parameters is obtained, the AN mode is
subtracted from the distribution data Teaving only the CP mode.

3. Finally, the log-normal parameters for the volume weighting
of the CP mode are determined using the fitting procedure outlined
above. Upon completion of this final "fit," modal parameters for all
three weightings of the three modes are computed, resulting in a
composite parameterization for the entire distribution consisting of
9 parameters for each weighting, 3 per mode. Since the modal parameters
for the volume weighting of a given mode are related to the number
and surface weightings, we used only the parameters for the volume
weighting in this paper. This should be adequate for the present
discussion because aerosol volume is more directly related to sulfate
aerosol concentration. The symbols used for each parameter and mode
are given in table 1. These particular designations were adopted to
enable graphs and tables to be prepared as conventional computer
outputs. The parameters are tabulated on the printout for each ten-
minute size distribution run on the trailer and for each car measurement.
The parameters were also plotted by the computer on strip charts as
shown in figure 6, and also tabulated in summary form in the DATA
MAPS, table 4.

For the car data, the fitting procedure was modified somewhat.
Because of the limitations of the Royco 218 optical counter and the
sampling inefficiencies of the sampling system, the coarse particle
mode was often incomplete. It was therefore decided that fits to the
coarse particle mode were probably not meaningful for many runs.

Also, because the electrical aerosol analyzer in the car was
often cycled in less than 5 minutes, the current differences in the
0.0056 to 0.01 uym and 0.01 to 0.0178 pm size ranges were lower than
they should be. Therefore, only data associated with the size range
of 0.0178 to 1.0 um were used for fitting. As with the trailer data,
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Figure 6 Computer-prepared strip charts of important meteorological
and aerosol parameters for GMPG Run 7. The test started
at 0740 and ended at 0940. Note the abrupt decrease in NTM,
CNC, VAN, NO, and V2 at the end of the run. Note, however,
that VAC and VCP did not change significantly. During the
test period the geometric mean size of the nuclei mode,
DPGVAN, decreased from the background value of 0.04 to the
test value of about 0.02um.

(* uncalibrated)
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the SG of the AN mode was fixed at 1.6. Even with this restriction,
the number of particles in the distribution agreed within 30-40% with
the condensation nuclei count. It is believed that the estimate of
the Aitken nuclei volume obtained this way is better than that which
would have been obtained by an unrestricted "fit" to the actual EAA
data over the complete Aitken nuclei mode size range.

The data weighting used for the fitting of each mode of the
distribution was chosen in such a way that the most accurate data
from each measuring instrument would determine the fit. This should
be a valid procedure if the log-normal characterization provides an
adequate description of each mode. That it is adequate can be shown
by simultaneously fitting all three modes of the distribution with a
composite trimodal log-normal function. This simultaneous fitting of
the data, however, requires a prohibitive investment in time for the
improvement in fit over that obtained using the procedure outlined
above and was not done for this experiment. The procedure used in
this study worked quite well for about 90% of the data. For the
remaining 10%, there were assorted defects in the data which required
the omission of some size ranges, fitting of only part of the mode,
or in some cases precluded fitting. The log-normal fitting routine
is capable of fitting the mode as long as the mode is visible. This
fitting procedure yields the best results for the accumulation mode
and reasonably good results for the coarse particle and Aitken nuclei
mode.

Log-normal modal parameters have many advantages over the decade
size range parameters that have been used previously. Although there
is a reasonably good correlation between V2 and VAN, it may be observed
from the strip charts of V2 and VAN that a part of the accumulation
mode is actually in V2. Therefore, when the volume in the Aitken
nuclei mode is close to 0, V2 will have a finite but small value.
Therefore, the volume in the Aitken nuclei mode is, for this particular
sulfate study, a much more definite description of the contribution
of the automobiles on the track.
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C. Nomenclature

A relatively complex nomenclature is required to describe trimodal
distributions. Since our computer cannot easily print Greek or Tower
case letters, only combinations of upper case letters and numerals
have been used. Also to simplify data outputs, the units used have
been omitted in most cases. Nomenclature and units used are given in
Appendix II; a summary of the mnemonics is in table 5.

Table 5 :Summary of mnemonics used for the log-~normal parameters
associated with the characterization of the
volume weighting of the data.

Parameter:
MODE Integral Volume  Geometric Mean Geometric Standard
Size Deviation
Aitken Nuclei (AN) VAN DPG VAN SGAN
Accumulation (AC) VAC DPG VAC SGAC
Coarse Particle (CP) VCP DPG VCP SGCP
D. Difference Calculations

The amount being contributed by the cars on the track was obtained
by subtracting the average volumes in the three modes during background
conditions from an average during the test period. There were no
problems in doing this for the nuclei mode, since the background was
so low. However, the background for the accumulation (AC) and coarse
particle (CP) modes were ordinarily about the same as the values
observed during the test period. Also, the variations in the volumes
in the AC and CP modes with time, due to changes in humidity and air
mass changes were sometimes large enough to make the volume differences
negative. Therefore, for only a few runs were the AC and CP mode
volume changes significant.
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E. Analysis Data Outputs

Each 10-minute data record was reduced using the appropriate
calibration data and constants and printed out as shown in table 3.
This printout includes the gas and meteorological data at the top,
the size distributions in the middle and the various summary parameters
calculated from the distribution or from the log normal fitting at
the bottom.

Figures 7a-7d show typical surface and volume plots that were
prepared by computer for each 10-minute size distribution.

Next, DATA MAPS of the most important meteorologicel and aerosol
parameters were prepared by computer for both the car and trailer
data. A typical DATA MAP is illustrated in table 5.

Strip charts of key parameters were next prepared by computer
for each run for the trailer and the car. These are illustrated in
figure 6.

Using the DATA MAPS and the strip charts, runs were selected to
be averaged together to obtain the background and test data. Finally,
the automobile contribution was calculated by subtracting the background
modal volumes from the test values. The background, test and difference
volume (AV) are tabulated in tables 6 and 7 for the EPA trailer and
the car, respectively.

At this time (February 1976), no final decision has been made as
to how all of the data outputs described above are going to be distributed
to those interested in the complete data and outputs. However,
strong consideration is being given to distributing it on microfiche.
The total data set is about 2000 pages or about 10 microfiches.

EPA TRAILER RESULTS

Measurements were taken aboard the trailer every ten minutes
from about one hour before the tests began to one hour afterwards.
The before and after periods were used to calculate background distributions

50



GM MILFORD PROVING GROUND:

S
AUG BKGND AFTER RUN 16/13/75

OF RUNS_ 15 30 21 b8 28
G
w2157 e “lesEes uz @76 NO/NOX @ 42
wep 186 NTH. 23ED@e U 878 UMW eed
RH 6l 8 ST 3.5 @2 u3-: 354  UAC- 18 16
O 2381 ° Uar 1387  UP  15.13
K1 +2)
6 T 1 7T II'I' H ‘_rlrm L1 T T ll"' T 1 |[1T"
o5 | [ e - Y
oo R228 -
S R24s - 2722

GM _MILFORD PROVING GROUNDS

SITE: GM PG 7 AUG BKGND AFTER RUN 18/13/75
AUG OF RUNS 19 20 21 22 23
Wo 215 7 CNC:

1 68E 94 U2- @ 76 NO/NOX 2 43
WSP 15 6 NTM: 2 38E 04 U3 8 78 UAN 8 89
RH 61 8 ST 3.55E 02 U3-. 9 %4 URC 10.16
ut:  23.51 U4+ 13 97 Uce: 15 13
X1 +1>
3 [ lTlllllll T l||1lnl T rorTm LIRS Bl L
Dy =
“DCoCor

Figure 7a and 7b
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Distribution

7b  Volume

Distribution

Average surface and volume distribution for

the background period for GMPG run 7.

This

run is typical of most of the size distribution

data.

Note the almost complete absence of

the nuclei mode for the background aerosol.
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background value of 0.09 um

the test period for GMPG Run 7.

Figures 7c and 7d
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for comparison to the values during the test period. Data from each
ten-minute run were calculated as shown in table 3, then the most im-
portant aerosol and meteorological parameters were tabulated by computer
as shown in the DATA MAPS for GM run #7, shown in table 4.

Next, the background periods were averaged together and the test
periods were averaged together, using care to exclude system start-up
transients and the transient periods at the beginning and the end of
the test period. During runs #5, 8, and 11, the wind was from the
east, so that aerosol from the roadway did not consistently reach the
trailer. These are included for comparison to the car data, which are
valid for those runs. These runs were not included in the averages
calculated in table 6.

The last two columns in table 6 show the differences between the
test and background volume in the Aitken nuclei mode, and the accumulation
mode. The grand average increase in volume in the Atiken nuclei mode
was 1.49 +.6] um3/cm3. The average increase in volume in the accumulation
mode was 0.63 +1.05 um3/cm3. However, it will be noted that the
standard deviation of the grand average is larger than the average for
the accumulation mode, and it is therefore doubtful that the increase
in the accumulation mode is significant.

Figures 7a-7d show typical surface and volume distributions for
the background and the test period measured at the trailer. These are
the averages during the test period for GM Run #7. By comparing the
surface distributions for the background and the test periods, it is
obvious that the nuclei mode is mostly due to the cars on the track.

The small nuclei mode during background conditions is undoubtedly
contributed by cars upwind of the proving grounds roadways, probably
at distances of several miles.

Figure 6 shows strip charts of the major variables measured. An
examination of this figure shows that condensation nuclei (CNC) increased
abruptly at the beginning of the test at 0740 and declined sharply at
the end of the test. This is also true of the volume in the Aitken
nuclei mode, VAN, VZ, and NO. On the other hand, the volume in the
accumulation mode (VAC) stayed practically constant during the run,
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indicating that 1ittle volume was being added to the accumulation mode

by the cars on the roadway. It can also be noted that the mean size

of the Aitken nuclei mode decreased from 0.034 um during the background
periods to 0.018 um during the test period. This indicates that the
emitted size of the fresh aerosol from the cars on the roadway is

about a factor of 2 smaller than the aged nuclei mode aerosols contributed
by combustion sources at a much greater distance in the background.

It will also be noted that there was little addition of aerosol to the
coarse particles or little change in the coarse particle size.

Figure 8 shows strip charts for GM Run #16. During this run,
there was an abrunt change in the wind from the NW of the roadway
around to the NE at 0840. Figure 9 shows the response of various
parameters to this step function change in the wind direction and
hence in the roadway as a source of aerosol. From the figure, note
that there were abrupt decreases in NO, CNC, and the volume of the
Aitken nuclei mode, VAN, with this wind shift. There was a small
change in the volume of the coarse particles and a nonsignificant
change in the volume of the accumulation mode. This is further evidence
that the roadway aerosols are essentially all in the nuclei mode.

Figure 9 shows a difference distribution for GM Run #7. This
provides further evidence that all the aerosol is added in the nuclei
mode. If figure 9 is contrasted with figure 10 for the car, it is
seen that at the trailer, there is not significant addition of aerosol
to the accumulation mode. However, the car distributions for GM 12
shown in figure 10, show significant additions of aerosol to the
accumulation mode. The conclusions that can be drawn from this is
that the aerosol additions to the accumulation mode shown in figure 10
are occurring after the aerosol has left the exhaust system of the
automobile. When the wind is across the roadway at reasonably high
velocities, it is diluted so rapidly that 1ittle aerosol is added to
the accumulation mode by the time it reaches the trailer. This is the
situation shown in figure 9. However, when the wind was traveling
parallel to the roadway as during Run 12, illustrated in figure 10,
coagulation transferred almost half the volume to the accumulation
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Figure 8

Figure 3
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Strip charts of principal aerosol parameters measured by the EPA
trailer during GMPG Run 16. During this run, the wind abruptly
shifted between 0840 and 0850 from blowing the emissions from the
cars on the roadway toward the trailer to blowing away from it.
This step function in the aerosol source caused abrupt decreases
in NO, CNC, and VAN, but not in VAC. It is not clear whether
there was a sianificant change in the coarse particle volume, VCP.
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Difference distribution calculated from the background and test
period averages for GMPG Run 7 measured by the EPA trailer.
Note that there is a significant addition of volume in only the
nuclei mode.
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Figure 10
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Shown are difference distributions calculated from averages
of the size distributions measured by the car on the roadway
during the indicated runs and measurements of background
aerosol made before and after the test period. Included in
the figure are the volume (V), mean geometric size (DPG), and
geometric standard deviation for the resulting modes. These
are based on a fit of the difference data using the log-
normal fitting procedures.



mode. It is interesting to observe that in spite of this mass transfer,
the nuclei mode and accumulation mode geometric standard deviations
remain essentially constant. There is, however, about a 30% increase

in the accumulation mode geometric mean diameter and a 100% increase

in the nuclei mode geometric mean diameter as measured by the car
during Run 12 as compared to the background value.

RESULTS FROM THE UNIVERSITY OF MINNESOTA CAR

The University of Minnesota (UM) car was used to obtain aerosol
data and sulfate samples. Most of the discussion here concerns the
UM aerosol data, although some comparisons with the available sulfate
data have been made.

The car arrived in Detroit in time to start participating in the
test program on October 6, 1975, GMPG Run #4. In Runs 4-13, aerosol
samples were obtained both inside and outside the car as the car
traveled around the track with the test fleet. For Runs 14-16, the
car was used to measure aerosol at different positions around the
track and did not travel with the test fleet. The off-the-track data
obtained by the car were used to compare the response of the car
aerosol sampling system with the trailer aerosol sampling system.
These data were used to calculate the background aerosol size distributions
that would have been measured by the car had the car been used to
obtain background data.

A. Data Format

The test conditions for all runs are summarized in table 2.
Presentation and interpretation of the aerosol data obtained with the
car is complicated by the fact that the car was a moving sampling
platform, so that both space and time variations of aerosol characteristics
were encountered. Hence, the data are presented in several different
ways. Tables 8 and 9 are DATA MAPS for the car obtained during Runs
7 and 12, respectively. These tables give run number, time, track
position, meteorological and aerosol data. The position on the track
is indicated by distance from the northern end when the car is traveling

59



south and distance from the southern end when the car is traveling

north.  The northern and southern ends of the track are designated as the
north and south loops, respectively. The cars circled the track in

a clockwise direction. Thus, when the car was traveling in a southerly
direction, it emerged from the north Toop (at a location designated 0
miles south), traveled down the east side of the track passing the
position labeled 0.5 mi. (S), 1.0 mil. (S), etc. The trailer was

Tocated at a position 30m east and approximately 1.3 miles south

(midway between the north and south loops).

When the aerosol data were obtained from inside tne car, it was
impossible to id2ntify the aerosol with a specific location on the
track because the car acted as a large volume which integrated the
sample over the spatial distances on the order of the track length.

Aerosol data listed for each run include: condensation nuclei
counts (CNC), total number concentration calculated during aerosol
modeling (NTM), V2, V3, V3™, Aitken nuclei volume concentration
(VAN), volume mean diameter for the Aitken nuclei mode (DPG VAN)},
accumulation mode volume concentration (VAC), and volume mean diamter
for the accumulation mode (DPG VAC).

The variation of VAN and VAC with track position and time are
presented in a more graphic form in figure 11. In its center, a map
of the track js illustrated. A set of time coordinates have been
superimposed on the map. These axes read away from the center of the
sheet with earliest times near the center and later times further
away. Aerosol data for outside samples (samples taken from outside
the car through the bag sampling system) have been plotted on the
figure with the numerical values of VAC and VAN placed on the figure
in the position corresponding to the space and time at which the data
were obtained. The format is (VAN, VAC).

B. Discussion of Aerosol Data Size Distributions

It is apparent from tables 8 and 9 and figure 11 that both
aerosol nuclei and accumulation mode volumes, VAN and VAC, vary as
the car moves around the track. Although the ratio of VAN to VAC
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Figure 11 Distribution of the nuclei and accumulation mode aerosol
volumes around the roadway for GMPG Run 7.
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varied somewhat with track position and time, the basic submicron
bimodal character of the aerosol, which was apparent in the trailer
data, was always present. Figures 12 and 13, which show the outside
average volumetric size distributions obtained for Runs 7 and 12,
respectively, clearly illustrate this bimodality. Run 7 was quite
typical for both car and trailer. The average Aitken nuclei mode
volume, VAN, and accumulation mode volume, VAC, are 4.56 + 1.72 and
9.79 + 0.61 um3/cm3, respectively. The uncertainties given are one
standard deviation. This compares with background values of 0.05 =
.05 and 8.43 = .22 um3 for VAN and VAC, respectively. Thus most of
the aerosol produced by the cars is added to VAN. The main difference
between the average car size distribution and the average trailer
size distribution for Run 7 is that VAN outside average for the car
is significantly larger than VAN average for the trailer: 4.56 =
1.72 um3/cm3, compared to 1.96 + 0.42 um3/cm3. The average values of
VAC for the car and trailer are about the same, 9.79 + 0.61 and 10.4 +
0.15 um3/cm3
view that the direct aerosol contribution from the car exhaust is to
VAN.

Run 12 is of particular interest because extremely high values

, respectively. This behavior is consistent with the

of both VAN and VAC were measured by the car. The average wind
direction during this run was 1800; in other words, the wind was

blowing directly down the track. This apparently allowed significant
buildup in concentration along the track. The average values of VAN

and VAC are 22.9 + 3.6 and 26.6 + 6.9 um3/cm3, respectively. Background
values of VAN and VAC were 0.15 = 0.04 and 12.2 + 0.5 um3/cm3. It

is apparent that under these conditions, there is significant volume
addition to both VAN and VAC by the cars. The wind direction along

the track allows the aerosol to build up with 1ittle dilution so that
there is time for significant mass transfer by heterodisperse coagulation
from VAN to VAC; thus a large contribution to VAC as well. The
phenomena will be examined further in the section entitled "Discussion
of Car Data."
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Figure 12  Car average aerosol volume distribution for GMPG Run 7.
The average is for the samples taken in the center portion
of the track, nearest the EPA trailer.
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Figure 13  Car average aerosol volume distributions for GMPG Run 12.
The average is for the samples taken in the center portion
of the track. For this run, the wind was almost exactly
parallel to the roadway. Note that VAN = 22.91 um3/cm3
for this run as compared to VAN = 4.56 ym3/cm3 when the
wind was across the roadway (GMPG Run 7, Figure 12)
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Figures 12 and 13 also shown an aerosol volume mode above 1.0
um, the coarse particle mode. The average size distribution for Run
7 (figure 7d) shows that coarse particle volume is comparable to the
volume below 1 um, the fine particle volume. On the other hand, the
average size distribution for Run 12 (figure 12) shows that the
coarse particle volume is small compared to the fine particle volume.
This provides evidence that little coarse particle volume is being
added by the cars. Otherwise, a buildup in concentration similar to
that observed in the submicron range would be expected to occur in the
supermicron range.

C. Variation of Aerosol Concentrations and Size Distributions with

Car Position and Time

Examination of the data map in table 9 and the around-the-track
aerosol map in figure 11 for this run shows that there is a significant
variation in VAC and VAN during the run, and that the total nuclei
plus accumulation mode volume sometimes exceeds 60 um3/cm3. The
relatively large variation observed during the run probably resulted
from the fact that the wind was shifting slightly during the run, and
the slight shift away from the down-the-track wind direction would
signficantly change the aerosol volumes observed.

This behavior is also apparent in the plots shown in figure 14.
Here the variation of CNC, VAN and VAC are plotted against time. The
values of CNC and VAN vary with time in essentially the same manner.
Since most of the nuclei count should be contributed by the nuclei
mode, this is to be expected. However, VAN and CNC were measured by
two independent, completely different instruments (the EAA and the
CNC), so that it is pleasing to the high level of agreement between
them. Note that all through the run, the nuclei count was very high.
6 number/cm®. CNC, VAN and VAC
all show significant variation with time. The standard deviations
were 22, 16, and 26% of the mean for CNC, VAN and VAC, respectively.
These variations probably result from charges in the vehicle operating

Its average was 7.1 x 106 + 1.6 x 10
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Figure 14
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Strip charts of CNC, VAN and VAC for GMPG Run 12. Note

the increase VAC at the beginning and end of the test
period. This suggests that when the cars are idling or
moving at low speeds there is an increased output of aerosol
in the accumulation mode or a decrease in the effective
dilution of aerosol emissions.
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conditions as they circle the track as well as changes in wind direction
and velocity which alter the aerosol dilution and residence time over
the track.

Average values of VAN, VAC, wind direction and wind speed for
all test days are summarized in table 7. For each day, averages of
all northbound runs, all southbound runs, overall average of all
outside-the-car data, and overall average of all inside-the-car data
are presented. In addition, the difference volumes, AVAN and AVAC,
are presented. These difference volumes are obtained by subtracting
the best available average background values of VAN and VAC ‘rom
those measured using the car system during the test. Unfortunately,
in most cases, the background data was only available from the aerosol
analyzing system in the trailer.

When the background aerosol sampled through the trailer inlet
system and measured with the trailer EAA was compared with the same
background aerosol sampled through the car inlet system and measured
with the car EAA, a systematic difference was observed. The values
of VAN determined by the car system were about 70% of those obtained
by the trailer system, and the values of VAC obtained by the car
system were about 85% of those obtained by the trailer system.
Whenever it was necessary to use background data ohtained with the
trailer to obtain difference distributions for the car, the trailer
values were corrected by multiplication by .7 for the nuclei mode
volumes and .85 for the accumulation mode volumes. In addition,
since the background aerosoi concentration changed with time during
the run, an average based on the data obtained both before and after
the run was used for the background correction.

The background values of VAN were small compared to run values;
hence, any errors in them will not significantly alter the AVAN.
However, the background value of VAC was always a large fraction of
the run VAC. An examination of the data listed in table 7 shows that
typically AVAC determined by this method was only slightly larger
than the standard deviation in the average run VAC. These measurements
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are thus not believed to be highly significant. On the other hand,
the values obtained under all conditions were positive and it is
believed that there was a contribution by the cars to VAC in most
cases. Under certain conditions, for example at 7:35 (Run #4) of
GMPG 7 when the cars were parked on the track idling (see table 8),
and for most cases in GMPG 12 and GMPG 13 where the wind direction
was parallel to the track, the contributions to VAC by the test fleet
are indisputable.
D. Comparison of Aerosol Measurements Made Inside and Outside of
the Car

Aerosol concentrations measured inside the car in both the
nuclei and accumulation modes are significantly lower than comparable
measurements made outside the car. Average values of VAN and VAC
both inside and outside are Tisted in table 7.

The ratio of VAN inside to VAN outside averaged over all the
runs is 0.79 and the corresponding ratio for VAC is 0.70. This loss
of aerosol evidentiy results from impaction and diffusion to the
walls in the fresh air ducts, the heater core and fan, and the air
conditioner. It is rather surprising to note that the loss of volume
from the accumulation mode is greater than that from the nuclei mode.
Losses through duct systems of this type would be expected to be
Tower in the size range of the accumulation mode rather than that of
the nuclei mode. It is difficult to deduce a plausible explanation
for this behavior without further detailed analyses of particle
losses along the aerosol path to the passenger compartment. Since
the difference between these ratios is probably not significant, such
a detailed analysis is not warranted at this time.

As a consequence of aerosol losses in the car ventilation ducts,
determination of the difference volumes for the aerosols measured
inside the car was complicated slightly. These difference volumes
would be strictly valid only if background aerosols were obtained
with the car moving through the background aerosol under exactly the
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same sampling conditions as during a run. It was impossible to
obtain such background data, so the following corrections were made.
As described above, the average inside-to-outside volume ratios were
0.79 and 0.70 for VAN and VAC, respectively. It was assumed that the
same ratios would apply to background measurements, and they were
corrected accordingly. Difference volumes were calculated using
these corrected background levels.

These difference volumes indicate a substantial aerosol contribution
by the test fleet to both VAN and VAC. The overall average contribution
to the nuclei mode measured inside the car is 6.7 + 3.95 um3/cm3, and
the contribution to the accumulation mode is 2.57 + 2.25 um3/cm3.

This compares with average outside contributions of 8.57 + 5.17 and
3.62 + 4.03 ume/cm® for AVAN and AVAC, respectively.
E. Influence of Wind Direction and Track Position on Measured

Aerosol Volumes

Whenever there was a significant across-the-track wind component,
car data obtained on the upwind side showed Tower aerosol concentrations
than on the downwind side. For example, during Run 7, the average
wind direction was ]980; thus, there was a significant crosswind
component with the southbound lanes in the downwind direction and the
northbound lanes in the upwind direction. As a result of this crosswind,
the car measured higher aerosol concentrations in the southbound lane
than in the northbound T1ane. The average value of VAN measured in
the southbound Tane was 5.4 um3/cm3
pm3/cm3. The same type of upwind-downwind dependence was observed in
most runs, which is of course to be expected. Figure 15 shows a plot
of the ratio of AVAN measured in the southbound lane to AVAN measured

, and in the northbound lane, 4.3

in the northbound lane, plotted against wind direction. For wind
directions between 0 and 1800, the northbound lane is downwind and
should be higher, whereas for wind directions between 180 and 3600,
the southbound lane is downwind and should be higher. Figure 15
shows this to be the case, and as can be seen, a simple Sine wave
describes the data fairly well.
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Shown is the ratio of the aerosol volume added to the nuclei
mode on the southbound side of the roadway to the volume on
the northbound side plotted against the wind direction. It
is seen that the data is fitted well by a sine function.
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F. Discussion of Car Data

The data described above show that aerosols produced by catalyst
equipped cars appear in the atmosphere mainly in two size ranges:
(1) nuclei mode at about 0.02 pm volume mean diameter, and (2) accumulation
mcde at about 0.25 um volume mean diameter. The ratio of average
AVAC to AVAN for each day is given in table 7. It varies from about
0.83 to 0.16 with an average value of 0.37. Thus on the average,
about 3/4 of the aerosol added by the cars appears in the nuclei
mode. The large run-to-run variation is mainly due to uncertainties
in AVAC, which is small in magnitude compared with the two VAC values
(both subject to errors) used to calcuate AVAC.
It appears that the primary emissions from the car add to VAN
and the observed addition to VAC results from heterodisperse coagulation.
Thus aerosols which have had more opportunity to age before sampling
should exhibit a higher ratio of AVAC to £VAN. This effect is clearly
illustrated in figure 10, which shows volumetric difference size
distributions for Runs 10 and 12. For Run 10 with a crosswind (WDIR
= 2240), and therefore a short aging time before sampling, nearly all
of the volume appears in the nuclei mode. For Run 12, on the other
hand, for which the wind was blowing nearly straicht down the track
(WDIR = 1800), the aerosols could build up and age over the track.
Hence time was available for mass transfer to the accumulation mode
by heterodisperse coagulation. The difference distribution for Run
12 shows that under these conditions a significant volume, about 1/3
the total submicron volume, was added to the accumulation mode. Also
note the size shift in the nuclei mode between Run 10 and 12 from DPG
= 0.025 to 0.033 ym. This suggests that under the conditions existing
during Run 12, the nuclei mode also grew by monodisperse coagulation.
Further evidence of transfer from the nuclei mode to the accumulation
mode -- when wind directions are nearly parallel to the track, is
provided in table 7. For Runs 12 and 13, both with down-the-track
wind directions, the ratios of AVAC to AVAN are 0.63 and 0.83, respectively,
compared with an average ratio for the other eight runs of 0.28. Run
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13 (WDIR = 1760) however, does not show the very high values of both
AVAC and aVAN observed in Run 12 (WDIR = 180 ). Apparently the

slight departure from exactly down-the-track wind conditions in Run

13 significantly increases aerosol dilution, thus reducing aerosol
concentrations; while at the same time, still allowing enough residence
time over the track for heterodisperse coagulation to take place.
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APPENDIX I

EEECTRICAL AERQSOL ANALYZER CONSTANTS

To obtain aerosol particle size distributions from the currents
measured with the TSI Model 3030 Electrical Aerosol Analyzer it is
necessary to multiply the al's calculated from the I's by a constant.

When the EAA is operated at an nt = 107 as it was in the GM study, it

has been found that the sensitivities as published by Liu and Pui? are not
applicable as they are given in the paper. The published calibration

was done with moncdisperse aerosols, and the response cn heterodisperse
aerosols will not be the same. Although various more complex calculation
schemes are being developed at Minnesota and by other investigators

using the EAA, it was decided to develop a single set of constants

that would improve the calculated distributions but would not require
complex calculations.

Constants "B" were used for the on-line data reduction performed
in Milford. Constants HC were used for all of the results presented
in this report.

To develop these new constants, a new matrix applicable to a
distributed aerosol was first derived from the Liu-Pui matrix®.

Then currents for a model distribution having both a nuclei and
accumulation mode were calculated. Next, using the AN's from the
model distribution and the I's calculated from the matrix, new sen-
sitivities were calculated so that when the new sensitivities were
muitiplied by the Al's, the model AN's are obtained.

These new constants were evaluated against & variety of model
distributions before use, and it was concluded that the maximum
errors in integral parameters such as VT, ST, and NT were less than
15% for the extreme cases observed in the sulfate study. A complete
report on the derivation and calculation of these constants is being
written for distribution in early April.

3pTL publication #237
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Table I-1. Electrical Aerosol Analyzer Constants for nt = 107 em”

ANi =(aN/Al) AIi = (AN/AIi)i (11+1— Ii)
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Appendix II

Nomenclature, a Description of Terms and Units

Below are listed the mnemonics, definitions and units for the various
parameters referred to in the text.

General

TIME

Meteorology

WDIR, WD
WSPD, WSP
TOUT

DEWPT

RH, RELHUM
PRESS
BBRAD
UVRAD

Gas Chemistry

NO
NO,,
NO,

NO/NO,

Equipment References

EAA
CNC

ROYCO 220, R220
ROYCO 225, RZ225
ROYCO 218, R218
TWO MASS

hours, eastern daylight time

wind direction, clockwise degr2es from north
wind speed, kilometers/hr.

outside temperature, oC

dew point, °C

relative humidity, percent

barometric pressure, mm-Hg

broad bond radiation, mW/cm2

ultraviolet radiation, mW/cm2

Nitric Oxide, PPM
Nitrogen Dioxide, PPM
total Oxides of Nitrogen, PPM

ratio of Nitric Oxide to total Oxides of
Nitrogen

electrical aerosol analyzer; Thermo-Systems,
3030

condensation nuclei counter, Environment One,
RICH 100

Royco model 220 optical particle counter
Royco model 225 optical particle counter
Royco model 218 optical particle counter

Impactor - filter sampler with cut point at
2.0 um
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Aerosol Mass Fraction

SC calculated sulfur concentration pg/m3
SM measured sulfur concentration, ug/m3
0 Aerosol particle density, g/cc

Particle Size Distribution

DP particle diameter-interval boundary, um

DPI particle diameter-geometric midpoint, um

DN particle number concentration, in a size
interval number/cc

DN/DLDP particle number concentration per log-size
interval, No/cc.]ogDp

DS surface area concentration, in a size interval,
mm*/cc

DS/DLDP surface area concentration per log-size interval,
um?/cc. Tog Dy

DV volume concentration, in a size interval,
um3/CC

DV/DLDP volume concentration per log-size interval,

um3/cc. log Dp

Integral Particle Parameters

BSCAT 1ight scattering coefficient, m'l (nephelometer
data)
ANC, CNC Aitken Nuclei concentration, number/cc
1,2,3,4,5 particle size subranges, see diagram above.
NT,ST, VT total number, surface area, and volume concentrations
NZ2,S2,V2 number, surface area, and volume concentrations
in subrange -2
N3,S3,V3 number, surface area, and volume concentrations

in subrange-3

N4 ,S4,V4 number, surface area, and volume concentrations
in subrange-4

N5,55,V5 number, surface area, and volume concentrations
in subrange-5
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Integral Particle Parameters (cont.)

N3-,53-,V3-

N4+,S4+,V4+

qumber, surface area, and volume concentrations
in subranges 2 & 3

Qumber, surface area, and volume concentrations
in subranges 4 & 5

1

001 .01

Figure II-1.

Modal Fit Parameters

BRILL RN B RL LU R R R
2

VAN

VAC

VCP

VFP = VAN + VAC
SGAN, SGAC, and SGCP

DPGVAN, DPGVAC, and
DPCVCP

NTM

5

0.1 1.0 10 100

PARTICLE DIAMETER, um

Particle Size Subranges

volume in the Aitken Nuclei mode, um3/cc
volume in the accumulation mode, um3/cc
volume in the coarse particle mode, um3/cc
volume of fine particles, um3/cc

Geometric Standard Deviations of the AN, AC
and CP modes respectively

Geometric Mean Diameter of the AN, AC and CP
modes respectively um.

total number concentration derived from the
log-normal distributions fitted to the data,
No./cc.
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PARTICULATE SULFUR EMISSION RATE FROM A SIMULATED FREEWAY
E. S. Macias, R. A. Fletcher, J. D. Husar, and R. B, Husar*

ABSTRACT

The particulate sulfurn emission rates from a hoadway thaversed
by catalytic converntern equipped cans was determined by measwring the
parnticulate sulfurn concentration phogile and vertical wind velocity
progile 15m grom the edge of the rnoad. Filter samples were coflected
in half-houn intervals with two stage samplesns and were subsequently
analyzed for sulfur, wusing the flash vaporization-fLame photometric
detection method. Parnticulate mass was also monitored with a beta
attenuation mass monitorn., The sulfur Low rate for this experiment
was found to be 5.3 + 1.2 ug/m/sec and the sulgur emission rate pen
car was 3.5 + 0.8 ug/m. This corresponds to a 12. + 3.0% conversion
04 the fuel sulfurn emitted as parnticulate suwlfur. 1t was also gound
that sulfur accounted fon approximately 20% of the fine parnticulate
mass. Measwrements in an automobile indicated that the sulfur con-
centrations on the noadway and {nside a passengern vehicle wene com-
parable and were similar Lo the concentrations measured 15m dowmwdind.

INTRODUCTION

Gasoline contains trace quantities of sulfur, on the order of
0.03 weight percent. From non-catalyst equipped cars, the sulfur is
emitted largely as 502. In catalyst equipped cars, however, a sub-
stantial portion of the fuel sulfur may be emitted in oxidized form.
The current available data (ref. 1) suggest that most of the sulfate
emissions have the chemical form of sulfuric acid. At present,

*The authors are with Washington University, St. Louis, Missouri,
where Drs. Macias and Fletcher are in the Department of Chemistry
and the Drs. Husar are in the Department of Mechanical Engineering.
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however, the only information available is from dynamometer tests.
In this paper we present results of measurements of roadway aerosol
emission rates obtained as participants in the GM Sulfate Dispersion
Study during October 1975.

The primary objective of this work is the determination of the
particular sulfur emission rate from the roadway. The method employed
was the determination of the roadway particulate sulfur flow rate
across a plane 15m from the edge of the road. The fine particulate
sulfur concentration was determined at five heights above the ground
at 15m from the road as shown in figure 1. The wind velocity profile
perpendicular to the roadway was measured at three heights above the
ground and at 15m from the road. The automobile generated particulate
sulfur level was distinguishable from a background Tevel of comparable
magnitude by employing high time resolution sampling (30 min) using
a two stage on-line mass monitor with aerosol size separator (TWOMASS)
sampler (refs. 2-4) and high sensitivity sulfur analysis using the
flash vaporization-flame photometric detection methods (refs. 5, 6).
The total mass concentration of both fine and coarse particles was
determined in 10-minute intervals using a TWOMASS automated mass
monitor Tocated in a van.

A TWOMASS sampler was also operated by the University of Minnesota
in a car traveling with the test fleet. These filter sampies were
also analyzed for sulfur.

Four aerosol charge detectors and three high response anemometer
bivanes were operated at several heights above the ground to illustrate
the aerosol concentration and flux fluctuation with subsecond time
resolution. This work will be reported in a later paper.

The daily configuration of the Washington University experiment
is given in table 1.
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Table 1. Experiment Summary

Equipment in Operation

Date Run TWOMASS TWOMASS Aerosol Prevailing
Sulfur Mass Chargers Wind
Samplers Analyser Direction
On Towers In Car
9/29/75 272 5 E
10/1/75 274 7 5 NW
10/2/75 275 7 5 NW-N
10/3/75 276 7 1 5 SW
10/6/75 279 7 1 1 5
10/8/75 281 7 1 1 5 E
10/10/75 283 9 1 1 W
10/13/75 286 9 1 L sW
10/17/75 290 10 1 4 NE
10/20/75 293 9 4 W
10/21/75 294 1 4 SW
10/22/75 295 10 1 4 NE
10/23/75 296 1 S
10/24/75 297 1 A S
10/27/75 300 9 4 SW
10/29/75 302 N

NOTE: West wind component required for useful data.

84



EXPERIMENTAL PROCEDURES

A. Test Conditions

The experiment was conducted on the 10km North-South Straightaway
at the GM Proving Ground in Milford, Michigan during October 1975.
The Proving Ground is located about 50km northwest of Detroit and
30km north of Ann Arbor in a very flat, lightly wooded area. The
test track is 30m (6 lanes) wide; however, the experiment was conducted
with two lanes of traffic in each direction simulating a four-lane
freeway.

The test fleet consisted of 350 catalyst-equipped vehicles from
model years 1975 and 1976 (equipped with air pumps) with relatively
Tow mileage (1000-5000 miles). The vehicles were driven in packs of
22, synchronized so that two packs (one in each direction) arrived at
the experiment site simultaneously every 29 seconds; therefore, the
automobiles arrive in pulses of 44 vehicles every 29 seconds or 5462
vehicles per hour. The fuel used was Amoco unleaded, with a sulfur
content of 0.33 + 0.0005 weight percent. The fleet had a weighted
average fuel consumption calculated from EPA dynamometer tests
on similar models of 7.74 kilometers per liter (18.2 miles per
gallon). Actual fuel consumption figures for the GM test fleet were
not available; therefore, we have assumed a realistic fleet average
value of 6.97 kilometer per liter (16.4 miles per gallon), which is
90% of the EPA test value. A typical run was conducted as follows:
at 0715 (E.S.T.) vehicles began to arrive on test track, and the
test run was conducted from 0745-0945. By 1000, all vehicles were
off test track.

B.  Aerosol Sampling

Aerosol sampling was performed with the TWOMASS sampler which
separates particles into two size fractions. Coarse particles are
impacted on a glass fiber filter; the remaining particles are collected
on an identical high-efficiency glass fiber filter. This system is
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shown schematically in figure 2. The single stage impactor head has

a 4.5mm diameter inlet aperture with a 4.5mm jet-to-plate distance.

The impactor was designed to have 50% efficiency for 3.5 um particles.
This cutoff size was chosen as a compromise between the proper
separation of the two modes of the atmospheric aerosol size distribution
and the simulation of the aerosol removal characteristics of the

human upper respiratory system.

One sampler was located at 30m west of the roadway at a height
of Tm and five samplers were located 15m east of the roadway at
heights of 1.0, 1.9, 3.9, 5.6, 8.2m. One to four additional samplers
were operated at various heights and distances from the roadway.
Results from these extra samplers were used for cross-comparison and
determination of internal consistency. These samplers were used to
collect aerosol for sulfur analysis. One additional TWOMASS sampler
located in a van 20m from the roadway at a heicht of 3m was fully
instrumented for particulate mass analysis as described below.

The samplers were synchronized to advance the filter tape and
begin a new sample every 30 minutes on the half hour. The filter
tape on the TWOMASS mass monitor in the van advanced at 0700 and
1100. Samples taken between 0800-0930 were used to determine the
roadway aerosol contribution. Samples taken between 0630-1730 and
1000-1100 were used to determine background concentrations.

The horizontal and vertical wind conditions were determined by
GM at 15m east of the roadway at heights of 1.5, 4.5, and 10.5m
above the ground.

C. Atmospheric Particulate Mass Measurement

A TWOMASS sampler employing the beta attenuation technique was
used for high resolution monitoring of atmospheric aerosols as shown
in figure 2. This instrument independently analyzed the mass con-
centrations of two particle size fractions in 10 minute intervals.
Both the impaction and filtration heads of the TWOMASS had independent
source detector systems. Carbon-14 was used as a source of beta
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Figure 2  Schematic diagram of the TWOMASS sampler and mass monjtor.

87



particles which were detected by a solid state surface-barrier
detector. The accuracy of the aerosol mass concentration with this
instrument is 11%, with a precision of 4 ug/m3.

D. Particulate Sulfur Analysis

Analysis of water soluble fine particulate sulfur was performed
using a flash vaporization-flame photometric detection method (refs.
5,6). The analyzing system shown in figure 3 consists of a flash
vaporization vessel, flame-photometric detector, integrator and
strip chart recorder. The sample vaporization is accomplished by
capacitor discharge across a tungsten boat, resulting in resistance
heating to 11000(. Vaporized gaseous decomposed products of sulfur
compounds are carried to the flame-photometric detector by a stream
of clean, charcoal filtered air at a flow rate of 2 cm3/sec. The
detector used in the Meloy SA-160 flame-photometric total sulfur
sensor,

Samples were collected with TWOMASS samplers on a portion (0.3
cm2) of a light weight (1.9 mg/cmz) low pressure drop glass-fiber
filter (Pallflex E 70/2075 W) with a consistent and low sulfur blank
of 0.36-0.5 ug/cmz. A water extract of each fine particulate sample
was prepared by punching out a circular filter segment (0.6 cmz)
containing the aerosol deposit (0.3 cm2). The segments were extracted
in doubie distilled-deionized water. The sulfur samples were collected
over one-half hour intervals. Under the conditions of this experiment,
for an uncertainty of 11%, the minimum detectable ambient sulfur
concentration was 0.44 ug/m3 (ref. 6). This includes inaccuracies
in sample air volume determination, sulfur determination and variations
in sulfur blank on the filter. The fine particle sulfur concentration
determinations from this work are given in table 2.

88



‘w23 SAS UOL]D818p JN4|NS dY3 JO wedberp dLjewsydss ¢ dunbly
V34V Mdv3ad
001 S¥D
SOINOYLO4NI
43040034y HOLVHOILNI
LHUVHD dldls v3uv dv3ad

~—21

diind Ol

INIAVINYLSN,
J1H1L3WOLOHd
3NVI4  A03IN

4012313a
ynd4ans

1S0d 1vli3w !Vv_

leoed

'Il\ll

Lk.\l./
;.Emm AVvL3IW

i

Vi

Ol SSv19

\\MHHW|1mm<mm

ivo8
N3L1SONNL

HiV NV3T0

89



Dats

9/29/13%

10/3/75

10/10/75

10/13/75

10/20/75

10/21/15

10/24/75

10/27/715

10/29/7%

172

274

283

286

293

294

297

02

Table 2.

Fine Particle Sulfur Concentration.

30 min Average Values Endipg at Time Indicated

Tower
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[ ]
(15m East)

™6
(30n East)

™7
(50m East)

™1
(30m West)

GH 5
(15a East)

6
(30n East)
o 7
(50m Zast)

EQR
(15m East)

EQR
(15 = East)

EQR
(15 = East)

M1
(30 m West)

@5
(15a East)

EQR
(15 » Zast)

EQR

(1% = East)
M1

{30 w West)

(ISG= ill()

Height (m)

00 WA W
NV O

® b
Nwo O

XLV
N wO

1.0

@
N w O

umu"‘b—‘
oW

(in ug/m3)

Time (EDT)
0700 0730
Iime (EDT)
1300 13130
0.38 2.46
0.42 1.20
0.02 0.165
0.46 0.03
1me
0700 0730
2.80
2.97
a2
2.46
2.77
3.31
Time (EDT)
0700 0730
1.48 1.39
1.52 1.64
1.44 1.88
1.20 1.49
1.12 1.66
1.48 3.38
1.02
1.68
Time (EDT
1030 1100
1.00 1.34
0.31 1.14
Time (EDT)
0735 0800
2.02 2.40
1.40 1.70
Time (EDT)
0730
447
Time (EST)
0700 0730
1.49
Tiwe (EST)
0700 0730
1.60
2.07
1.23
1.87
1.39
1.46 2.31
0.26 0.48
0.72
0.36
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0800

0800

0910

3.52
8.24

0800

3.34

0800
1.39
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2.20
2.9¢9
1.82
1.97
1.77

2.90

0.25
1.11
0.43
0.44
0.76

90

0830

1.18
1.74
Q.15
0.65
4.03

1430

0.26

1.71
0.44
0.07

0830

2.04

3.84
3.48
2.72
2.66
2.91

4.71

3.00

0830

0.095

0.66
1.07
0.93
1.07
Q.41

0900

2.12
3.03
3.51
2.17
2.26
2.25

1.60

2.69

1245

0900

3.27

0900

1.65

0900

.72
94
.69
48
17

[ R N

78
10
78
.12
.71

O~ OMNO

090

2.81
12.67
3.30
3.32
4.03

1530

1.45
0.165
0.71

0930

3.84
3.60
.73
2.66
3.48

4.17

2.95

0930

1300

0.92
1.07
Q.68
0.85
0 &9

1000

8.63
12.15
9.53
8.23
4.03

1600

0.58

.77
1.09
0.38

3.48
1.4

2.42
3.89

3.3

[
@
»

1200

1.43
0.55

1000

1000

.24
.60
.02
.69
21

R R

2
34
1

[l =

0.17

1030

1630

0.75

0.51
0.07
0.35

1030

3.01

2.99
2.57
2.61
2.14
3.45

3.21

2.38

103

2.14

3.37
2.72
1.64
2.65
2.46

2.99

1030

1.51
1030

20
.60
.91

-

.22

97

D000
ocoaa
w

1100

1100

1100

1.53
1100

1.20
1.95
1.36
1.33
1.48

0 29
0.20
Q.11
0.20
0.01



RESULTS

A. Particulate Sulfur Emission Rate from the Simulated Freeway

The particulate sulfur flow rate across a plane was determined
by simultaneous measurement of the particulate sulfur concentration
profile and wind velocity profile 15m downwind from the edge of the
roadway. The flow rate per unit length of the roadway (Q/L) is
determined by the separate measurement of the fine particulate
sulfur concentration as a function of height [Cs(z)], and the com-
ponent of the velocity profile perpendicular to the roadway [U(z)]. This
flow rate is calculated from the following integral:

h

oL - /CS(Z)U(Z) dz .

0

It is assumed that this flow rate corresponds to the actual emission
rate, which is valid for fine particulates, but is not correct for
settling coarse particles. The average emission rate per car per
unit Tength of roadway can be calculated by dividing this flow rate
by the traffic density.

The particulate sulfur concentration from each sampler was
determined in half-hour averages. A linear interpolation of sulfur
concentration from samples collected prior to and after each run was
used to determine the background concentrations. A sampler located
30m upwind was used to monitor the temporal variation of the background
during each run and was used as a check on the Tinear background
used. The sulfur contribution from the roadway was obtained by
subtracting the background concentration from each half-hour sulfur
measurement. It should be noted that the background concentration
was at least as large as the roadway contribution and it should be
mentioned that as in figure 4, on some days the background varied as
a function of time.
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.SULFUR CONCENTRATION (ng/m3)

PARTICULATE SULFUR CUNCENTRATIUN
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Figure 4

TIME (hrs)

Half-hour average sulfur concentration data from
runs 286 and 300. The shaded area is the excess
sulfur concentration due to the roadway.
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The excess sulfur concentrations due to the roadway for run 286
(10/13) and 300 (10/27) at the five heights (1.0, 1.9, 3.6, 5.6, and
8.2m) are shown as the shaded area in figure 4. The excess sulfur
values generally vary between 0-1.5 ug/m3. At a height of 2m (approximately
the height of an adult), for run 286 (10/13), the average roadway
particulate sulfur concentration was 1 ug(S)/m3.

The vertical variation of roadway particulate sulfur concentration
and the wind profile perpendicular to the roadway was determined for
each half-hour interval and then averaged for the entire run as
shown in figure 5. The third frame of this figure shows the vertical
profile of the horizontal roadway particulate sulfur flux, Cs(z)U(z),
in units of ug m'zsec1. Numerical integration of the flux with
respect to height yields the flow rate per unit length of roadway
Q/L. 1t is evident from figure 5 that the roadway plume height
exceeded 9m. This phenomenon has also been observed in the aerosol
charge profile measurements. The concentration profile above 8.2m
was estimated as indicated by the dashed portion of the curve. The
half-hour average flow rates for the four runs analyzed in detail
are given in table 3. Half-hour average sulfur concentration data
from runs 286 and 300 (October 13 and 27) are shown in figure 4.

The wind direction on run 302 (10/29) was within 15% of being parallel

with the roadway. Under these wind conditions, measurement of the

sulfur flow rate by this technique gives results with large uncertainties.
Therefore, the data from this run will not be included in the determination
of the particulate sulfur emission rate.

The particulate sulfur flow rate from the roadway averaged over
the entire experiment was 5.3 + 1.2 ug/m/sec. For the traffic
density of this experiment, 1.52 cars/sec, the particulate sulfur
emission rate per car was 3.5 + 0.8 ug/m (5.6 + 1.3 mg/mile). This
emission rate corresponds to a 12 + 3.0% conversion of the fuel
sulfur emitted as particulate sulfur using the fuel sulfur content
and fuel consumption rate given above.
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Table 3. Sulfur Flow Rates, Q, (ug/(m.sec))

Half-hour Run

Ending Time 283 286 300 302
0830 2.4 4,2 5.2 2.7
0900 4.6 3.7 5.1 1.2
0930 4.6 10.5 7.6 ——

Daily Average 3.9 6.1 5.9 2.0
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B. Roadway Aerosol Mass

The TWOMASS mass monitor gave no indication of an increase in
coarse particle mass during the experiment due to the roadway.
The fine particle mass did show a definite roadway component as
indicated by the shaded portion in figure 6. The mass monitor
indicated an average fine particle mass increase due to the roadway
of 4.4 + 0.8 ug/m3 for four days of the experiment. These measurements
and the sulfur measurements were made at a different distance from
roadway and, therefore, can not be directly compared. However these
data indicate that sulfur accounts for approximately 20% of ihe fine
particle mass.

C. Temporal Variability of the Roadway Aerosol

The driving pattern of the GM test runs was such that packs of
automobiles arrived at the sampling site in 29-second intervals;
thus, the source intensity was pulsed with the period of half a
minute. The use of rapid response aerosol detection devices, such
as the aerosol charger, permits the temporal resolution of the
emission strength as shown in figure 7. This typical chart recording
of the charger output clearly indicates the periodicity of the
concentration with a period of 29 seconds. The data suggest the
utility of the charger for diffusion experiments and other cases
where time resolution is important.

It may also be noted that the charger signal downwind of the

similated freeways was about 3 x 10']2

amps which is about a factor
of 20 to 50 higher than the charge values for backgroind aerosol -

that is, upwind of the roadway.
D. Particulate Sulfur Concentration on the Roadway

Fine particulates sampled inside and external to the passenger
compartment of the University of Minnesota vehicle driving in the
test fleet were analyzed for sulfur in order to assess the particulate
sulfur concentrations on the roadway. These data, summarized in
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FINE PARTICLE MASS

10 MIN AVERAGES
GM PROVING GROUNDS

20

OCTOBER 3,1975
(276)

i 1 1 1

OCTOBER 6, 1975
(279)

OCTOBER 10, 975
(283)

FINE PARTICLE MASS (xg/m3)
B

| { 1 1

OCTOBER 13,1975
(286)

ROADWAY AEROSOL CONTRIBUTION

1 1 1 1
7 8 9 10
TIME (brs)

Figure 6 10 min average fine particle mass concentration data. The
shaded area is the excess fine particle mass due to the roadway.
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table 4, indicate that under a variety of wind conditions, the
particulate sulfur concentrations were comparable within experimental
error inside and outside the vehicle. Furthermore, these concentrations
were about the same as the concentrations measured at 15m from the
roadway.

CONCLUSIONS

In this study, we have measured the sulfur emission rate from
automobiles traveling on a simulated freeway in order to assess the
impact of automobiles, specifically those equipped with catalytic
converters, on th: ambient particulate sulfur levels. The particulate
sulfur emission rate per car was determined to be 3.5 + 0.8 ug/m.
This corresponds to a 12 + 3.0% conversion of the fuel sulfur into
emitted particulate sulfur. It was also found that sulfur accounted
for approximately 20% of the fine particulate mass. Measurements in
an automobile indicated that the sulfur concentrations on the roadway
and inside a passenger vehicie were comparable and were similar to
the concentrations measured 15m downwind.
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COMPARISONS OF DISPERSION MODEL ESTIMATES
WITH MEASURED SULFATE CONCENTRATIONS

WilTiam B. Petersen*

ABSTRACT

A fLeet of about 400 catalyst equipped vehicles were operated on
the L0-km test track at GM's MiLford Proving Ground. This type of
contrholled experiment provides an excellent opportunilty to compare
estimates from the EPA HIWAY Model with measured So, concentrations.
Concenthation estimates from HIWAY arne compared with sampling measure-
ments observed for several weeks during morning hours. Performance
04 the model at the neceptor heights and at several distances dowmind
grom the test thack £s also investigated.

HIWAY gives concentration estimates best in cases when the winds
were near perpendicularn to the trnack. 1t overestimates concentrations
when the winds were near parallel. During unsiable atmospheric
conditions, HIWAY models concentrations well. For stable conditions,
HIWAY overestimates concentrations.

INTRODUCTION

Recent interest in sulfate emissions from catalyst equipped
vehicles caused an experiment to be initiated in which roadside
sulfate exposures from a fleet of catalyst equipped vehicles were
measured. A major purpose of this experiment was to gather data to
determine the physical and chemical properties of aerosols emitted by
automobiles equipped with catalytic converters under simulated
freeway conditions. The purpose of this paper is to compare the

*The author is a physical scientist with the U. S. Environmental
Protection Agency's Research Triangle Park, North Carolina Environ-
mental Sciences Research Laboratory.
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measured sulfate concentrations with estimated concentrations for
each sampling period and receptor Tocation from the EPA HIWAY Model
(Zimmerman and Thompson, 1975). It should be emphasized that the
results contained here are preliminary and do not represent an
exhaustive analysis of the data. Although further analysis may
indicate how the model may be improved, that is not our main purpose
here.

In the past there have been a number of studies in which estimates
from HIWAY were compared with measured concentrations. For the State
of Tennessee, Noll (1975) used CO data from several highways to
evaluate the performance of three highway models, one of which was
the EPA HIWAY Model. Badgley (1975) conducted air quality studies at
several different sites for the Washington State Highway Commission,
Department of Highways, and made comparisons between estimates and
measured concentrations for several models including HIWAY. Kenneth
Noll et al. found that HIWAY tends to overestimate concentrations
when the winds are parallel to the roadway and underestimate concentra-
tions when the winds are perpendicular to the roadway. Regarding
atmospheric stability categories, Noll found that HIWAY tends to
overestimate for stable conditions and underestimate during unstable
conditions. The study prepared for the Washington State Highway
Commission shows similar results for the wind direction categories.

While the above study sites were on public highways, the General
Motors Sulfate Dispersion experiment was at Milford Proving Ground.

A fleet of about 400 vehicles was driven on a 10-km test track during
the morning hours on 16 different days. Air quality measurements
were made over half-hour periods and meteorological parameters
measured and averaged over half-hour periods.

A test track provides several advantages in a dispersion study.
Traffic volumes and vehicle speeds can be determined accurately. The
automobiles in this study were all catalyst equipped. Also, this
experiment included the use of a tracer, sulfur hexafluoride, which
was measured at the same receptors as was sulfate. This enabled
checks of dispersion independent on the vehicle emissions and without

high background interferences.
104



SITE DESCRIPTION

The test track used for the experiment was a 5-km north-south
straightway at the Milford Proving Ground. Milford Proving Ground is
Tocated in the gently rolling hills and 1ightly wooded area of
southeastern Michigan about 50 km northwest of Detroit and 30 km
north of Ann Arbor. There are only two major highways near the test
track--1-96, 7 km to the south, and M-23, 6 km to the west. The test
track is essentially level, with elevations varying less than 1 m
over the length of the track except at the ends where the track is
banked. For a more detailed description of the surrounding terrain
and the facilities located at the site, see GMC (1975).

Meteorological instrumentation and sequential samplers for

measuring SO, and SF6 concentrations were mounted on eight towers.

Figure 1 sho@s the perpendicular distances of the eight towers from
the center of the test track. The width of the four-lane track is
25.4 m, with a median width of 11.8 m. Although the roadway would
facilitate three lanes of traffic in each direction, the lane closest
to the median on either side was not used and therefore was included
in the median width. Temperature sensors and uvw anemometers were
located at 1.5, 4.5, and 10.5 m on Towers 1 through 6. The temper-
ature and wind sensors were located at 1.5 m on Towers 7 and 8. The
sequential samplers were at 0.5, 3.5, and 9.5 m on Towers 1 through 6

and at 0.5 m on Towers 7 and 8.

MODEL

The EPA HIWAY Model (Zimmerman and Thompson, 1975) is a short-term
Gaussian model providing estimates for averaging times of about 1
hour. Traffic emissions are simulated by a straight-1ine source of
finite length for each lane of the highway. A uniform emission rate
is assumed for each line source. Air pollution concentrations down-
wind from each line source are formed by a numerical integration
along the 1ine source of a simple Gaussian point-source plume.
Initial spreading of the pollutant in the turbulent wake of a vehicle
15 modeled by specifying appropriate values for the standard deviations
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Lane 2
Tower 30 X X AN A 25.4m 11lfm
Lane 3 16.5
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112.7m
Tower 8() ¢

Figure 1. Orientation of test track and perpendicular distances of
the meteorological towers from the center nf the test track.
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of pollutant distributions (i.e., dispersion coefficients). Based on
a 1imited amount of data, a conservative estimate of the initial
vertical standard deviation of the plume was determined to be 1.5 m.
The initial horizontal standard deviation of the plume was selected
as 3 m. The HIWAY Model requires information about highway geometry,
automotive emissions, and meteorological conditions.

EMISSION FACTORS

Probably nothing more dramatically emphasizes the importance of
a good estimate of the emission factor than to simply state that the
concentration estimates are directly proportional to the emission
factor. Personal communication with Dr, David Chock at General
Motors concluded in an estimate of the sulfate emission of 0.037
g/vehicle-mile. Dr. Chock indicated that 0.037 was a mean value of
the sulfate emission applicable for the cars driving at a steady
speed of 50 mph. However, he also pointed out that there was con-
siderable scatter about the mean. The traffic volume was held
constant during the experiment at about 1,365 vehicles per hour per
lane. Since the traffic volume and the vehicle speed remained
constant during the experiment, it was assumed that the emission rate
also remained constant.

Emission rates for sulfur hexaflouride (SF6) are given in table
1. The tracer (SF6) was released continuously from eight specially
4 the
SF6 gas was released directly into the exhaust streams. The eight

equipped vehicles. In order to simulate the dispersion of SO

vehicles were evenly spaced in the traffic, with four in each lane.
At an average speed of about 50 mph, a total of 64 passes by the
sampling point was made by tracer-releasing vehicles during each 30-
minute sampling interval.
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Table 1. SF,. Emission Rate per Unit Length

© (in ue/m/s)*

Quter Lanes Inner Lanes
Day (184) (2&3)
274 3.166 2.941
275 3.085 2.362
276 3.053 3.085
279 2.282 3.150
281 3.150 3.166
283 3.150 2.394
286 3.182 2.378
290 3.214 2.411
293 3.214 3.182
294 3.198 3.166
295 3.166 2.394
296 3.166 3.166
297 2.378 3.166
300 3.166 3.150
302 3.053 3.037
303 3.134 3.134

*
This table was provided by Dr. David Chock of General
Motors Corporation in a personal communication.
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BACKGROUND CONCENTRATIONS

Background concentrations of 304 for each half-hour period
were determined from the measurements and were added to the modeied
concentrations before comparisons were made. Measurements of SF6
at the sampling sites upwind of the roadway were so low that the
SF6 background was assumed zero.
In order to make the estimate of background concentrations
as objective as possible, the following scheme was used. The test
track is oriented north-south with the meteoroliogical towers oriented
basically east-west, Tower 1 being on the west side of the track
and Tower 8 being the farthest tower on the east side. When the wind
direction was between Oo and 1800, the concentrations at Towers 7 and 8
were averaged and that value was used for the background concentration.
If, however, the wind direction was between 180° and 3600, the three
measured concentrations on Tower 1 were averaged and used as background.
Table 2 shows the extreme half-hour estimates of backaground
concentrations for 504 for different azimuth ranges. The number of
half-hour periods in each azimuth range is also recorded. There appears
to be only a slight relationship between background concentration and
wind direction. However, when the wind was from the north there was
a consistently low background. Figure 2 gives daily fluctuations of
SO4 background concentrations. The daily background concentration
is the average of half-hour background concentrations during that
day (the experiment was conducted mostly during the morning hours). The
Towest average daily background concentration was 0.57 ug/m3 and
the highest average concentration was 16.33 ug/m3. The range of the
background concentration for individual periods is shown for each
day in figure 2.

ATMOSPHERIC STABILITY

The dispersion parameters oy and o, used in the EPA HIWAY Model
are basically extrapolations to shorter travel distances of the dis-

persion parameter values of the Pasquill stability type used in
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Table 2. Range of Sulfate Background Concentrations (ug/m3)
for Difterent Wind Direction Azimuths

Azimuth Number of
Range High Low Observations
1-15 7.30 3.69 2
16-30 11.52 2.97 3
31-45 10.74 10.26 2
46-60 8.87 2.85 4
61-75 7.09 2.55 5
76-90 16.96 6.68 3
91-105 13.47 13.47 1
106-120 - - 0
121-135 - - 0
136-150 - - 0
151-165 - - 0
166-180 12.64 11.13 2
181-195 15.07 5.96 13
196-210 13.00 1.60 8
211-225 14.51 3.57 4
226-240 7.22 2.34 5
241-255 17.69 8.23 6
256-270 18.72 17.86 2
271-285 4.79 4.05 2
286-300 9.35 2.46 5
301-315 - - 0
316-330 2.44 0.92 3
331-360 3.63 0.37 10
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Turner (1970). Table 3 is a summary of the meteorological data
gathered during the experiment (GMC, 1975). The atmospheric
stability was given in terms of the Richardson Number, which HIWAY
cannot use directly. Golder (1972) showed a technique to convert

the Richardson Numbers to the Pasquill stability classes. However,
the method was not applicable for Richardson Numbers greater than
0.14. Since Golder's method was not applicable for all the data,

the original Pasquill method (1961) was used to specify stability
class from cloud cover, ceiling height, and wind speed. The stability
class was determined using the wind speed at the experimental site
and the observations of cloud cover and ceiling at 3-hour intervals
for Flint, Michigan (about 44 km north of the site). The stabilities
determined from _he Richardson Number were used subjectively in
determining how fast the atmospheric stability was changing from
half-hour to half-hour. The stability class never changed more than
one class from one half-hour period to the next.

METHOD OF ANALYSIS ANALYSIS AND RESULTS

Estimates from the EPA HIWAY Model, using meteorological and
emission input for each half-hour period, were compared with measured
concentrations at each receptor location for every half-hour period.
In order to compare model estimates with measured concentrations,
factors influencing model performance were isolated. The important
factors are wind speed, wind direction, stability, and receptor locatior..
The available time for analysis of the data did not permit an ex-
haustive investigation of these factors; for exampie, the simultaneous
influence of two or more factors on model performance was not
investigated.

Individual factors were considered as follows. All the data were
separated into three wind direction categories and analyzed for each
category. Next, the data were separated into stability classes and
analyzed. No interactions between stability and wind direction were
considered. A1l data were analyzed by receptor height and were
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separated and analyzed by tower location. Finally, performance of
the model at different wind speeds was investigated.

A. Comparison of Concentrations With Wind Angle

Figure 3 shows plots of measured versus estimated sulfate
concentrations for three broad categories of angle of wind with the
roadway. The perpendicular category includes angles of wind with
the roadway from 60o to 120° (also 240° to 3000); that is, within *
30° of normal to the test track. The oblique category includes
angles of wind with the roadway from 30" to 600. The parallel
category includes angles of wind with the roadway from Oo (actual
parallel) to = 30o (within 30° of parallel).

For the perpendicular wind case, eight points were not plotted
because the estimated concentrations were outside the range of the
ordinate. These eight points all occurred during the same half-hour
period (on October 22) when the wind speed was extremely light, 0.08
m/sec, the lowest average wind speed recorded during the experiment.
The estimated concentrations during this half-hour period ranged
from 57 to 217 ug/m3, with the corresponding measured concentrations
ranging from 6 to 10 ug/m3.

For the oblique wind case, all the data points were plotted.
For the parallel wind case, five data points were plotted. For the
parallel wind case, five data points were not plotted because the
estimated concentrations were outside the range of the ordinate on
the plot. These five data points also occurred during the same day
(October 22) when the half-hour average wind speed was 0.35 m/sec;
concentration estimates during this period were as high as 122
ug/m3.

In all, there were 13 data points that were not plotted from
the data set. The high estimated concentrations all occurred during
very low wind speed conditions, less 1 m/sec, when the HIWAY model
would not be expected to perform well, since steady-state conditions
are not a good assumption in low wind speeds. During such low wind
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speeds, wind directions frequently meander over wide ranges.

The

regression analyses shown in the figures were performed on only the

plotted points.

Estimating background concentrations during conditions when the
wind is nearly parallel to the test track is a rather formidable

task, since the roadway emissions may be affecting samplers on both

sides of the roadway.

were calculated as stated in a previous section.

However, in this case the background concentrations

The bottom part of

figure 4 shows the parallel wind comparisons with no background
concentration added to the estimated concentration from the model.

It is evident from a comparison of this figure with the lower left

portion of figure 3 that the background concentrations are significant.
Perhaps other techniques for estimating background concentrations
would yield even better agreement between the model and measured

concentrations.
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Figure 4. Sulfate concentrations in (ug/ma). B, M, R, T, M in
the plot are the intercept, slope, correlation coefficient,
T test, and number of data points respectively.
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HIWAY performs best for the perpendicular wind case for both SO4
and SF6 as shown by the upper left portion of figures 3 and 5. At
measured sulfate concentration near 20 ug/m3 for the perpendicular
wind case, the range about the regression line is nearly = 5 ug/m3.

For the oblique wind case at the same measured concentration, 20, the
model yields 23 ug/m3. Scatter is much larger than in the perpendicular
wind case, ranging from about 17 to 35 pg/m3. At measured concentrations
of 20 ug/m3, during parallel wind conditions, the model estimates
concentrations at 27 ug/m3, with a range in the data from 20 to 48

pg/m3. The SF6 data show basically the same trend as that of 504.
However, from the regression line the model overestimates concentrations
by about a factor of 2 for the parallel wind case.

Whenever tre model estimated very high concentrations, the wind
speeds were generally less than 1 m/sec. The low wind speed conditions
occurred mostly when the winds were nearly perpendicular to the test
track. Figure 3 for the perpendicular wind case was replotted, but
not shown, for wind speeds greater than 1 m/sec. The slope remained
nearly the same, with an intercept shifting from 1.57 to 1.07 and the
correlation coefficient improving from 0.89 to 0.96. Removing
low wind speed conditions thus removed some scatter about the regression
line.

B. Comparison of Concentrations with Stabitity Class

Figure 6 shows the measured concentration versus the estimated
concentration for the stabilities B through F. 1In general, the more
unstable the conditions, the better the model performed. During
B and C stability conditions, the model slightly overestimates
at the 20—ug/m3 level. The results for stability B and C are very
similar, with intercepts of 2.86 and 2.42 respectively. The
slope of the regression line for B stability is .89, as is that of
stability C. The correlation coefficiencies were 0.94 and 0.92
respectively. Stability D occurred more often than any other
stability, having a total of 413 data points. During this condition,

the model had a tendency to overpredict by 5 ug/m3 at the ZO-pgm'3
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level, with a range from 17 to 35 ug/m3.

With increasing stability, the data indicate that HIWAY fails
to model concentrations accurately. At the 20-ug/m3 level, the
model estimates 30 and 34 ug/m3 for stability E and F respectively.
Precision in the model during E and F stability conditions is also
less. The correlation coefficients for E and F stability are 0.8]
and 0.61. The SF6 data yield the same results except that the model
tends to overestimate by a factor of 2 to 3 for stabilities E and F.

C. Comparison of Concentrations with Height of Receptor

Figure 7 shows the measured SO4 versus estimates from HIWAY for
three different receptor heights 0.5, 3.5, and 9.5 m. The largest
scatter in the data occurred at the 0.5-m height, with the least at
9.5 m. The model performed about equally well for all three heights.
At a measured concentration of 20 ug/m3, the estimated concentrations
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for the three levels from lowest to highest were 24, 24, and 23
ug/m3. For SF6
heights, with more scatter in the data at higher receptor heights.

the estimated concentrations increased with increasing

D. Comparison of Concentrations with Distance

The model response with distance from the roadway is shown in
figure 8. The top left graph is an analysis of data from the tower
in the median of the test track (Tower 3). Also shown are analyses
of the data for Towers 4, 6, and 8, which represent distances of 2,
30, and 100 m from the roadside. The data show that the model is
fairly consistent through the range of distances from the roadsides.
The slopes vary from 1.16 in the median down to 0.91 at Tower 8.
Correlation coefficients range from 0.89 at Tower 8 to a lTow 0.68 at
Tower 4.

The data show that the model overestimates at every tower, with
the greatest overestimation occurring at Towers 3 and 4. At a
measured concentration of 20 ug/m3, the model overestimates by 4 or
5 ug/m3 at Towers 3 and 4, and overestimates at about 2 ug/m3 at
Towers 6 and 8.

E. Comparison of Concentrations with Wind Speed

In an attempt to understand how the model performs under
various wind speeds, figure 9 was plotted. Measured concentrations
from all samplers on the downwind side of the test track were
averaged for each half-hour period. Estimated concentrations from
the model plus background for the same sampling positions on the
downwind side of the test track were also averaged. The differences
of these averages, model plus background minus measured are plotted
as a function of wind speed. Circles, triangles, and plus signs
represent data when the wind direction category was parallel, oblique,
or perpendicular, respectively. For the perpendicular wind case,
the data show that the model is relatively invariant for wind speeds
greater than 1 m/sec; data are similar with the oblique wind case.
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However, when the winds are within 30 of paraliel, the model
overestimates and lacks precision in the results.

SUMMARY

The results shown here are preliminary and represent what was
accomplished during the short time period for which data were available.
It should be noted that comparisons between measurements and estimates
from the HIWAY dispersion model have been examined by categories
based on only one parameter at a time: wind direction with the
roadway, stability class, receptor height, receptor distance, and
wind speed. It is desirable to group the data based upon two or
more parameters. This will be attempted in the future.

Figure 3 is a plot of estimated concentrations versus measured
sulfate concentrations for all the data. From the regression line
HIWAY estimates a concentration of 24 ug/m3 when 20 ug/m3 was
measured. Similarly, from figure 5 for SF6 (a1l data) when 2 ppb of
SF6 were measured, the model estimates 3.3 ppb. Why there is such a
large difference between measured and estimated concentrations for
SF6 compared to 504 is not clear. Further analysis of the data may
aid our understanding of why these differences occur.

The model performed best for unstable atmospheric conditions
or when the winds were near perpendicular to the test track. The
model overestimated concentrations to the greatest extent during
stable conditions or when the winds were near parallel to the test
track. Further analysis of the data should be very helpful and should
enable modifications to the model to improve performance.
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CHEMICAL SPECIATION OF SULFATE EMISSIONS FROM
CATALYST-EQUIPPED AUTOMOBILES UNDER AMBIENT CONDITIONS

R. L. Tanner and L. Newman*

ABSTRACT

Ainborne parnticles samples were obtained on trheated quartz
filtens duning fLve days of the Genernal Motons (GM) Sulfate Dispersion
Experiment and analyzed fon total acidity, sulfuric acdd, ammonium,
soluble sulfate (two methods), total sulfur and nitrate. From the
nesultant data £t is concluded that the immediate noadside Ampact grom
sulfate emissions by catalyst-equipped autos 48 of the order of 3-6
ug/m’, probably akl in the form of sulfuric acid (in agreement with
EPA and EPA contracton data). This particulate sulfuric acid emission
45 neutrnalized by ambient ammonia with a half-Life of tens of seconds,
the rate apparently dependent on the ambient ammonia concentration.
Experimental examples of (a) sulfuric acid impact; (b) ammonia-neutralized
sulfate impact; and (c¢) partially neutrnalized sulfate impact at 30
metens orn 100 metens downwind grom the roadway are cited.

INTRODUCTION

The GM Sulfate Dispersion Experiment conducted at the General
Motors Proving Ground at Milford, Michigan during October 1975 was
designed to elucidate the quantitative hazard from the sulfate emissions
of catalytic converter-equipped automobiles under ambient roadside
conditions. It provided for the participation, in addition to the GM
Environmental Sciences staff, of two branches of EPA's Environmental
Sciences Research Laboratory (ESRL) and their contractors, as well as
independently supported groups such as Brookhaven National Laboratory

*R. L. Tanner and L. Newman, Atmospheric Sciences Division,
Department of Applied Science, Brookhaven National Laboratory,
Associated Universities, Inc., Upton, New York 11973.
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(BNL). The BNL experimental work consisted of the collection of one
hour HiVol samples on treated quartz filters at two locations (2

meters and 100 meters east of the roadway) and comparison of the
analytical results with those from a background sample (30 meters west
of the roadway). In addition, low volume samples of ambient and
diffusion-processed air (ref. 1) (single cut, 50% penetration diameter =
0.07 - 0.09 um) were collected daily at one of the downwind locations.

EXPERIMENTAL

Airborne particle samples were obtained by HiVol <ampling of
H3PO4-treated quertz fiber filters during the Sulfate Experiment on
10/6, 10/8, 10/10, 10/21, and 10/22 (days 279, 281, 283, 294, and 295,
respectively), and analyzed for total acidity, sulfuric acid, ammonium,
soluble sulfate (two methods), total sulfur, and nitrate as described
below. ’

Titratable acidity of all samples was determined by the Brosset
method (ref. 2) employing Gran titration (ref. 3) and calculated as
ug/m3 of H2504. A negative number indicates that part of the pH 4
leach solution was neutralized by the collected particulate sample.
Ammonium was determined in all samples by an Autoanalyzer version of
the indophenol colorimetric techniques (ref. 4). Soluble sulfate was
determined by two methods: an Autoanalyzer turbidometric technique
(ref. 5) (all samples); and the new flash volatilization-flame photo-
metric detection (FVFPD) technique (ref. 6) (most samples). Total
sulfur was determined in selected samples by reduction to HZS with
HI/H3P03, conversion to CdS and radiochemical determination after

metathesization to 110

AgZS (ref. 7). Sulfuric acid was specifically
analyzed by extraction of a portion of the filter with benzaldehyde
(ref. 8), back leach into aqueous solution and determination as
sulfate by the FVFPD method. Nitrate was determined by the hydrazine
reduction-colorimetric method (ref. 9).

The summary of data from the five sampling days for which reasonably
coherent sets of analyses were obtained is included as tables 1-5.

Sample identification is by categories A-E: A indicates the mode of
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sample collection, HV = Staplex HiVol sampling on 4 inches diameter
circles of H3P04 - treated quartz; PQU = low volume sampling of
untreated air; PQDB = low volume sampling of diffusion processed air,
the latter two on 47 mm treated quartz circles. B indicates the
Tocation of filter vis-a-vis the track: 30m up corresponds to Tower

1 (GM designation), 2m down to Tower 4, and 100m down to Tower 8. C
indicates the vertical distance in meters of the sampler from the
ground (in parentheses). D indicates the number of the sampie (in
chronological order) when more than one sample was taken at a given
location during an experimental run. E indicates the duration of the
sampling in hours. The 30m upwind samples were always taken at Tower
1 from 0.5 hr before to 0.5 hr after the run; hence, for 10/8 and
10/22/75, when the winds were out of the eastern quadrant, the 30m
upwind sample is actually downwind from the track. An example from
Day' 295 data table, line 3: a high volume sample was taken 2m east of
the track at an elevation of 3m above ground during the second hour of
the run.

A11 numerical values for chemical determinations are reported in
units of ug/m3. NA = data not yet available; ND = data which cannot
be obtained from the sample collected due to experimental limitation;
L = sample lost, no analyses performed; E = erroneous data obtained.

RESULTS AND DISCUSSION

The information which we sought to obtain from these experiments
was as follows. Camparison of total soluble sulfate by turbidimetry
of FVFPD at the upwind and downwind sites would allow quantitization
of the increase in sulfate concentration due to auto emissions from
the track. The results from this part of the experiments indicate an
increase in sulfate at 2m downwind which varied from 3.2 ug/m3 on
10/20 (data not tabulated to 6.2 ug/m3 on 10/6. During four simultaneously
sampled days, data obtained by GM at the same location indicated an
average of 0.9 ug/m3 greaten sulfate increase while during 2 of those
days, EPA observed an equal sulfate increase.
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Secondly, comparison of total sulfur concentrations at downwind
sites versus background with soluble sulfate levels at the same sites
would reveal whether all the increase in sulfur is ascribable to
sulfate - presumably sulfuric acid and its neutralization products.
The data show that the average difference between soluble sulfate by
turbidimetry and total sulfur (as sulfate) for nine determinations at
all sampling Tocations was 1.8 ug/m3 and the difference in mean
values by the 2 methods is 4%. Clearly the water-extracted sulfate
and total sulfur methods are equivalent and the increase in sulfur is
with high probability in the form of sulfate.

We compared data for total acidity and sulfuric acid by the
specific benzaldehyde extraction-FVFPD method to determine if increases
in acidity matched increases in sulfate at two downwind locations
relative to background, and to see if the increased acidity was
attributable to H2504. The acidity data obtained at 2m downwind of
track were complicated by the presence of large, basic particles
apparently generated by the vehicular traffic on the roadway and by
the fact that background aerosol particles on four of six sampling
days were basic, £.e., neutralized part or all of the pH 4 leach
solution. The increase in total acidity and sulfuric acid documented
by the Brosset-Gran titration and benzaldehyde extraction - FVFPD
methods, respectively, was comparable for samples taken 30m or 100m
from the roadway: 100m from roadway, 10/6, a(Acidity) = 2.8 uq/m3,
A(HZSO4) = 1.4; 30 m from roadway, 10/22, A(Acidity) = 0.8, A(H2504)
= 0.55. The benzaldehyde extraction technique was superior to total
acidity determinations for the roadside samples (2m down) although
the observed H2504 increase was 25% or less of the sulfate increase
on a molar basis.

No influence of the roadway traffic on the ambient nitrate
levels was observed.

Determinations of ammonium concentrations at downwind sites and
background led to the following observations: No ammonium increases
over background were observed at the roadside site (2m from track)
except for a marginally significant increase on 10/22 when the NE
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winds placed this site 2m upwind from the track. Significant ammonium
increases were observed at downwind sites on 10/6 (100m) and 10/22
(30m) with marginally significant increases on 10/8 (30m) and 10/21
(100m). Furthermore, the ammonium increases appear to be positively
correlated with the combination of "larger than average" sulfate
increases and the ambient ammonia concentration.

Close examination of our data led to the identification of three
sampling days which illustrate the apparent correlation outlined
above. On sampling day 283 (10/10), a substantial increase in sulfate
over background at the 2m down site was observed (BNL = 5.2 uq/m3,
mean of BNL, GM, EPA data = 6.1 ug/m3), but the ambien: ammonia
concentration wa: low (EPA: <2ppb NH3). No significant increase in
ammonium at the 100m downwind site was observed, but there was a
downwind increase in sulfate (1.2 ug/m3 by reduction- ]]OAQZS),
acidity by Gran titration (1.0 ug/m3) and H2504 by extraction (1.7
ug/m3). This indicates that on this day, the emitted sulfuric acid
was being diluted., but not significantly neutralized, during transit
of the first 100m from the roadway.

A different situation was observed on 10/21 when a moderate
increase of 4-5 ug/m3 of sulfate at 2m downwind was observed and an
increase of 0.5 to 0.7 persisted at the 100m downwind site. No
acidity increase and probably no H2504 increase was observed at the
latter site, but an increase in ammonium >, the molar amount needed
to neutralize the increased sulfate was observed. Unfortunately, no
ambient ammonia data are available for the 10/21 date, but we would
estimate a value of 2-3 ppb to be sufficient for the observed HZSO4-
particle neutralization effect.

A situation intermediate between those for 10/10 and 10/21 was
observed on 10/6. A Tlarge increase in sulfate at the 2m downwind
site was observed (BNL = 6.2 ug/m°; mean of BNL, GM, EPA data = 6.2
ug/m3) which, according to BNL data, persisted at the 100m downwind
site (4.4 ug/m3). An increase in both acidity by Gran titration
(2.8) and sulfuric acid by extraction (1.4) was observed at the
latter location, but an increase in ammonium was also observed whickh,
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when combined with the acid increase, more than accounts for the
sulfate increase. It should be noted that a relatively high gaseous
ammonia concentration of 3.3 ppb was measured by EPA during this
experiment. It is tempting to conclude that the relatively high
sulfate increase from HZSO4 emissions was partially neutralized (ca.
70%) by ambient NH3 during passage from the roadway to the 100m
downwind location.

Sufficient data to determine if ambient ammonia concentrations
are significantly depleted and become the 1imiting reagent before the
sulfate plume reaches the 100m downwind location are not available
from BNL data. However, one may calculate a mean lifetime for
emitted sulfuric acid particles under the conditions of the 10/6
experiment (increase in [H2504] = 1.4 ppb, and ambient [NH3] = 3.3
ppb) based on the transit time from the roadway to the 100m downwind
site:

Mean wind direction = 250

Mean wind speed = 1.31 m/sec

Mean distance upwind to roadway =E%%ggﬁv-= 106m

s _ 100m -
Mean transit time to sampler " 3Thrsec - 81 sec.

Mean H2504 particle lifetime (assume 50% conversion and linear
chemistry) = ca. 1 min.

The observation of partially or wholly ammonia-neutralized
sulfuric acid at the 100m downwind site on some experimental days is
not inconsistent with the observation by EPA of unneutralized H2504
at the 15m down location. The methodology is insufficiently precise
to exclude 10 or 20% neutralization at the latter location, and
overall the agreement between BNL and EPA sulfate impact data is
exceptionally good.

Additional data (acidity, sulfate, ammonium, nitrate) were
obtained using low volume sampling of ambient and diffusion-processed
air (ref. 1). The diffusion battery was arranged and operated at
conditions giving 50% pentration for particles of diameter 0.07 -
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0.09 um, e.g., above the expected size range of the emitted sulfuric
acid, but lower than the size of most of the mass of ambient sulfate.
The sampling rate for the diffusion battery configuration available
was necessarily only about 1m3/hr and the sample size was thus in-
sufficient to yield reliable data on the size distribution of the
emitted acid sulfate. It should be noted that there is no inherent
1imit on sampling rate and that new diffusion batteries soon to be
available in our laboratories will be able to give 4-cut size discrim-
ination and chemical composition information at sampling rates to
6m/hr on 47mm diamter filters.

CONCLUSIONS

A. Sulfate emissions from the fleet of catalyst-equipped vehicles
at the GM Sulfate Dispersion Experiment\resu1ted in increased sulfate
burdens of 3.2 to 6.2 ug/m3 at the immediate roadside.

B. Comparison of total sulfur and sulfate data indicates that
the auto emission of sulfur is in the form of sulfate.

C. 1Increases in total acidity and sulfuric acid concentrations
downwind of the track strongly infer that the sulfate emission is in
the form of sulfuric acid.

D. Ammonium increases downwind of the track, when coupled with
acidity and H2504 data, strongly indicate that the emitted sulfuric
acid is neutralized by ammonia with a resultant mean half-1ife for
sulfuric acid particlies of on the order of tens of seconds. This
1ifetime is not unexpectedly dependent on the ambient ammonia con-
centration.
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