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ABSTRACT

The use of natural gas as a vehicle fuel has benefits over petroleum-based fuels in reducing the

primary emission of volatile organic compounds (VOC) and particulate matter (PM). The objective of this

research was to provide information concerning the relative PM forming potential of exhaust emissions

from vehicles fueled with natural gas compared with that from gasoline and diesel-fueled vehicles. A dual-

reactor, large (~20 m3 each) indoor environmental chamber was constructed to allow for growth and

measurement under controlled conditions simulating the atmosphere. A chassis dynamometer facility was

used to generate and characterize exhausts from a natural gas, a gasoline, and from a diesel-fueled vehicle.

The exhaust gases were added to propene - NOx - air mixtures to simulate gas-phase pollutants from other

sources in polluted urban atmospheres. Cold-start exhaust was injected into one reactor and hot start

exhaust from the same vehicle was injected into the other, and the two mixtures were irradiated with

blacklights for 4-6 hours, with gas-phase species measured before and during the irradiations. A

Differential Mobility Analyzer (DMA) was used to obtain particle number and volume information

throughout the experiments, and the final aerosol mass was also determined by passing the contents of the

reactors through filters which were weighed at the end of the experiments. Significant small particle

formation was observed in control experiments due to nucleation by background contaminants, which

prevented quantitative particle growth information to be obtained from the DMA data. The particle mass

emitted or formed from the natural gas vehicle was found to be not significantly different from the control

experiments, while significantly higher particle mass was formed from the vehicle fueled by conventional

gasoline. The data from the diesel vehicle were inconclusive because of the small amount added.

Additional experiments using an improved air purification system and including separate particle loss

measurements in the chamber are needed before quantitative information can be obtained concerning

differences in PM forming potentials in vehicle emissions. Nevertheless, the data obtained indicate that

emissions from natural gas vehicles are likely to have lower PM forming potentials than those from

gasoline vehicles.
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INTRODUCTION

Vehicle exhausts contribute significantly to the atmospheric loadings of particulate matter (PM),

nitrogen oxides (NOx) and reactive organic carbon gases (ROG) (US EPA, 1987). While standard methods

may be used to measure the amount of primary emissions, determining the potential for the formation of

secondary pollutants is much more difficult. The impact of NOx into a polluted environment is fairly well

understood and the amount of resulting ozone predicted from mechanistic models. The impact of ROG

emissions are much more difficult to evaluate since ROG consists of hundreds of compounds, which each

have their own reactivity to form photochemical ozone. A great deal of research has been conducted to

understand the mechanism of the photochemical production of ozone by using smog chambers. This

research, for example, has resulted in the development of a detailed chemical mechanism that can be used

to assess the reactivity of individual ROG components to produce ozone under a variety of environmental

conditions (Carter, 1990; 1995; Carter et al, 1993, 1995a). Airshed models have be developed based on

this and other data in which ozone impact within an airshed can be modeled from changes in the

concentration and composition of the ROG (e.g., Carter, 1994).

The processes in which ROG photochemically react to form compounds of lower volatility that

self-nucleate or condense onto existing PM are more complex since both homogeneous and heterogeneous

reactions are involved. The issue is further complicated since the concentration and composition of emitted

ROG and PM vary among vehicles, fuels, and modes of operation of a single vehicle. Environmental

conditions such as temperature and relative humidity also can influence ROG reactivity and particle

formation. Finally, the role of PM on ozone formation is not well understood. Particulate-forming

processes have been studied for individual compounds or simple synthetic mixtures in both the laboratory

and in environmental smog chambers (Grosjean, 1984; Stern et. al., 1987; Grosjean and Seinfeld, 1989;

Pandis et al., 1991: Wang et al., 1992a,b). The composition of ambient particulate organic carbon (POC)

has also been studied to determine precursors (Grosjean and Fung 1984 and Grosjean 1992) while others

(Pandis et al. 1992, Schauer et al. 1996) used model simulations to estimate ambient secondary POC and

compared the results with measurements. The transformation of gasoline-powered vehicular exhaust to

form secondary POC has been studied by Kleindienst et al. (1992) in smog chambers, to test for

mutagenic activity.

We are not aware of published smog chamber data involving actual vehicular exhausts to quantify

secondary particulate formation. One reason for this lack of data is that only several environmental smog

chambers suitable for this type of work exist, and their access to vehicle emission production and test

equipment is limited.
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While NG powered vehicles have been shown to produce substantially less fine PM, the overall

benefit to air quality must also consider the photochemical production potential compared with these

petroleum fuels. There is currently no data on these formation potentials for vehicle exhausts, although

it is likely that the benefit compared to conventional duels is likely to be even greater for secondary PM.

This likely would result in policies that will further encourage the use of NG as a vehicle fuel. As an

added benefit, the use of NG as a fuel results in an overall energy savings since the distribution of NG

is more energy efficient than petroleum based fuels.
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APPROACH

In this project, we used smog chamber simulations to evaluate the PM forming ability of exhausts

from spark ignition CNG exhaust compared to diesel and gasoline. Smog chambers have long been used

to investigate the reaction mechanisms of air pollutants (e.g., Carter and Lurmann, 1991; Carter et al,

1993, 1995a-c, 1997), but their usefulness in observing the transformations of particulate matter has been

limited, in part because of particle interaction with chamber walls (Grosjean, 1984; Stern et. al., 1987;

Grosjean and Seinfeld, 1989; Wang et al., 1992a,b). Previously, smog chambers use for aerosol research

have been relatively large (greater than 50,000 liters) in an attempt to decrease the surface-to-volume ratio

(Wang et al., 1992a,b). With such a large size, artificial irradiation is more difficult; therefore, the

chambers have been set up outdoors to use solar irradiation.

Previous outdoor Teflon chambers used for aerosol generation studies have had many

shortcomings that affect particle growth rates, such as lack of control over light intensity and temperature.

Therefore, for this project we constructed and employed a large-volume indoor environmental chamber

system for such studies.

Chamber Design

The chamber constructed for this project consisted of two large (approximately 20 m3), identical

Teflon bag reactors inside a housing with fluorescent blacklight as an irradiation source. The design was

based on smaller but similar chambers that have been successfully employed in our laboratories for a

number of years to investigate the gas-phase reactions of VOCs responsible for ozone formation (Carter

et al., 1993; 1995a-c, 1997). The indoor environment allowed for temperature and light intensity control.

Added advantages of the indoor approach were the reduction of thermal gradients (by cooling from the

bottom, heating from the top), less flow agitation and surface charge buildup (due to shielding from wind),

and longer chamber lifetime.

The Teflon bag reactors were constructed by heat sealing together six 2 mil thick FEP Teflon

panels each 58 inches wide and 3m long to form a tube. Additional panels were then heat-sealed in place

to form ends. All seams were covered with 2 in wide mylar tape for additional strength and to insure the

chamber was leak-free. The resulting reactors were ~8 feet high x ~8 feet wide x ~12 feet long. The

reactors were placed in a housing containing the blacklights as shown in Figure 1. The housing was

fabricate from panels 50 inches wide and 96 inches high. As shown in figure 2. Each panel consisted of

a frame welded from 3/4-inch square mild steel box tubing. Styrofoam sheets (3/4 inch thick) 10 wide

were set inside each length of the frame, two inches from the edge. Fiberboard sheets (1/8 inch thick and

12 inches wide) were glued over the Styrofoam and riveted to the outside of the frame leaving a 1 1/4
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Panel Outside

Ballasts

Fiberboard

Fiberboard
Covered
Foam

50 in

96 in

4



inch gap for wiring the lights. The panels along each length of the housing were equipped with sixteen

40 watt fluorescent blacklights. 4 x 8 foot fiberboard sheets were then glued to the other side of the

Styrofoam (the "inside" of the panel) and overlayed with a 4x8 foot Everbright aluminum sheet. The eight

ballasts for each panel were attached on the outside, near the bottom. The panels were bolted to a base

frame consisting of2 x 2 inch steel angle supported eight inches above the floor by cinder blocks. At the

top, panels were held together by bolting to the base of an "L" bracket located between the panels. For

rigidity, two by four wood beams were placed across the housing with at the top and bolted to the angle

bracket used to hold panels together. Everbright sheets were laid on the floor and attached to the 2x4

beams. The lights were wired so that they could be lit by quadrants. Within each quadrant, all or

alternating pair of two bulbs could be turned on.

On the bottom of each side of each chamber 2.5 inch diameter Teflon bulkhead fittings were

installed. On one side these were used for filling the chamber with purified air or exhaust and injecting

surrogate hydrocarbons. On the other side one port was used for the ozone and NOx analyzer and the other

for obtaining syringe samples for GC analysis. On the fill side an additional 2 inch diameter PCV gate

valve was installed into each chamber installing the RH sensor and for collecting aerosol samples using

an adaptor to a 47mm open face filter holder. Four-inch diameter PVC gate valves were installed between

both chambers on each side near the bottom. A four-inch muffin fan was installed on each gate valve and

positioned so that the flows were in opposite directions. These four-inch gate valves were used to mix the

chambers from side to side.

The two Teflon bag reactors in the chamber are designated the "east" side and the "west" side in

the subsequent discussion. This reflects the fact that the long axis of the chamber has an east-west

orientation.

Instrumentation

Temperature and humidity were be monitored continuously on each side. Nitrogen oxides were

measured by a chemilumenescent analyzer (Thermoenvironmental model 42) and ozone by a photometric

analyzer (Dasibi model 1003AH). These instruments used a three-way Teflon solenoid valve to sample

for 5 minutes on each side. Data were recorded as one-minute averages for the final three minutes after

switching. A Campbell CR10 data logger was used to collect all of the above data as one minute averages.

Two gas chromatographs using flame ionization detection were used to determine the concentration

of volatile organic hydrocarbons (VOC) during the course of the experiment. One was set up with a

packed column for light hydrocarbons (C1-C4) and the other used a capillary column to provide speciation

of all VOG greater than C4. Each was be equipped with gas sampling valves; samples were injected via

100 ml all glass syringes. Analyses were performed every 45 minutes. Peroxyacetyl nitrate (PAN) was

measured every 15 minutes using a gas chromatograph with an electron capture detector. Formaldehyde
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was monitored continuously with an automated wet chemical analyzer based on fluorescence detection of

a dye formed with reagents (Carter et al, 1995b,c).

Particulate samples were be collected at the end of each run using a lightweight 47 mm diameter

Teflon membrane filter (Gelman Teflo) operated at a nominal flow rate of 150 L/min. Sampling 10 m3

of air from the chamber allowed a precision of approximately ± 1 µg/m3. Since both the primary and

secondary particulate matter are expected to be less than 10 µm aerodynamic diameter (or even less than

the proposed 2.5 µm standard) no size selective inlet was necessary. Filters were weighed before and after

collection with a microbalance to the nearest microgram at a temperature and humidity similar to those

in the chamber.

Complete number and size distribution measurements for each side of the chamber were obtained

in 60 second intervals using TSI model 3071 cylindrical scanning electrical mobility spectrometers

(SEMS). Each SEMS was equipped with a TSI model 3760 condensation nucleus counter (CNC) to count

transmitted particles. Voltages were ramped from 40 to 8500 volts over a one minute period. The

cylindrical SEMS were operated with sheath and excess flows of 2.5 LPM and inlet and classified aerosol

flows of 0.25 LPM allowing for measurement of particle size distributions in the range of 28 - 850 nm.

Particle losses in the SEMS, SEMS response functions, particle charging efficiencies, and CNC counting

efficiency have been accounted for in the analysis of the aerosol data. In principle, particle wall loss to

the chamber can be accounted for as well, though this turned out not to be the case with most of the data

obtained for this program, for reasons discussed later. A more complete discussion of this system and its

associated data analysis methods is given elsewhere (ref?). This aerosol analysis system is referred to as

the Differential Mobility Analyzer (DMA) in the subsequent discussion.

Dynamometer Operations and Vehicles Employed

A Burke E. Porter Model 3900-3595 2WD Chassis Dynamometer with a Pierburg FLG-2000

driver’s aid and a Pierburg Positive Displacement Pump - Constant Volume Sampler (PDP-CVS) and a

Pierburg AMA-2000 Exhaust Emissions Measuring System was used for all vehicles. An adapter was

fitted to the exhaust pipe in the shape of a ’T’. Sample was directed to the chamber from the side outlet

of the ’T’ through a heated sample line. A variable restrictor plate was installed on the other end of the

T. All vehicles were operated at 40 mph. For each vehicle the restrictor plate was adjusted at this speed

so that the flow rate into the chamber was xx L/min. The heated transfer line to the chamber was

constructed of 4 m of 5/8 inch diameter stainless steel tube wrapped with heating tape and cover with 1/8

inch thick fiberglass tape. The temperature of the tubing was adjusted to 180-190° C by a variable

transformer. A Thermo Systems model 3012 charge neutralizer was installed on the inlet line 50 cm from

the entrance to the chamber.
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The vehicles used in this study were as follows. All vehicles were precondtioned by driving over

the LA-4 cycle or CFR equivalent, prior to testing.

Gasoline: 1994 Chevrolet Suburban C1500 two-wheel drive with a 5.7 liter engine. This vehicle
had 58,000 miles and was part of the UC Riverside Fleet. It was preconditioned by two sequences
of fuel drain and fill with RFG (to 40% tank capacity).

Spark Ignition CNG: 1991 Ford Ranger pickup with dedicated CNG retrofit. This vehicle had
17,800 miles and was part of the UC Riverside Fleet.

Compression Ignition Diesel: 1996 Dodge Ram pickup with 5.9 liter DI diesel. This vehicle had
11,900 miles and was owned by a private party.

all vehicles were allowed to equilibrate to room temperature for 24 hours prior to use. For the cold start,

the vehicles were started on the dynamometer and immediately brought to 40 mph with a load simulating

that required for the vehicle to operate at this speed on a roadway. The sampling inlet was then attached

and flow directed into the chamber through the heated transfer line. The length of time the exhaust was

directed into the chamber was adjusted to yield the desired approximate amount of exhaust injection. Once

the injection was completed, the vehicle was allowed to warm up five minutes at which time exhaust was

injected into the other side.

Experimental Procedures

The original strategy was to use our dividable chamber with exhaust from NG injected into one

side and exhaust from traditional fuel (TF) diesel in the other. It turned out that this was not possible

logistically due to the amount time required to remove and install vehicles on the dynamometer. We

instead conducted dual-mode chamber runs in which exhaust from a cold start was injected into one side

and then allowed the vehicle to warm up and injected exhaust from this stabilized mode. For both

injections we continuously measures CO, CO2, NOx and total non-methane hydrocarbons using the

Pierburg gas analyzer system.

Prior to isolation of the chamber sides, the chambers were purged with clean, filtered, humidified

air. The air was purified using an Aadco model 737 Pure Air Generator, and was humidified by splitting

the stream and passing a portion through a thermostated bubbler filled with deionized water followed by

recombining the air flows. Equal amounts of a propene was then injected into each side and allowed to

mix. After closing the valves between the sides, equal volumes of exhaust (cold start and hot stabilized)

were then added to both sides of the chamber. NOx was then injected if needed to raise the NOx to the

concentration required to achieve the desired level of ozone formation from the propene - NOx system.

The chamber remained in the dark until all components were mixed. The background concentrations were

then determined and the light source was turned on to photochemically react until the ozone concentration

peaked.
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RESULTS AND DISCUSSION

The experiments carried out for this program are summarized on Table 1, and measured

concentration-time plots for ozone, NO, NO2, propene (where applicable), and DMA PM measurements

are shown in various figures which are discussed below. The experiments can be classified as characteriza-

tion experiments to measure light intensity and evaluate major known chamber effects, control experiments

to measure PM formation in the absence of added exhausts, and experiments to determine PM formation

from various types of exhausts. The results of these various types of experiments are summarized below.

Characterization Experiments

Light Characterization

Immediately after the chamber was constructed, the light intensity was measured by carrying out

NO2 actinometry experiments using the quartz tube method of Zafonte et al (1977), modified as discussed

by Carter et al (1995b). These measurements were made prior to placing the Teflon reactors in the

chamber, so they do not take into account the effects of the light passing through the Teflon reactor walls.

However, experiments with other Teflon chambers indicate that the effect of the walls is probably not

much greater than 10%, at least when the Teflon is new. In all experiments, the tube was oriented parallel

to the ground and perpendicular to and centered on the long axis of the chamber. Measurements were

made with the tube oriented near the top, middle, and bottom of the chamber enclosure, in the middle of

where the east and west side reaction bags were to be located, and in the middle of the enclosure between

the reaction bags.

The results are summarized on Table 2. It is seen that good light uniformity is obtained, at least

along the long axis of the chamber. The light intensity may be slightly lower at the bottom of the

enclosure compared to the middle and top, but the difference is less than ~5%, which is comparable to

the precision of the measurement.

The average of all the NO2 photolysis rate measurements is 0.83±0.04 min-1. This is somewhat

higher than ambient conditions; for example, using the actinic fluxes given by Peterson (1976) for his

"best estimate" surface albedos and the NO2 absorption cross sections recommended by IUPAC (Atkinson

et al, 1997), we calculate the NO2 photolysis rate is 0.53 min-1 for direct overhead sun. However, it was

decided that for the purpose of this program it was useful to have a somewhat higher light intensity to

enhance photochemical reaction times. Shorter reactions times is useful for this study because it reduces

the times that the particles are exposed to the walls, thus somewhat reduces wall losses.
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Run RH Run Side Exhaust Other Reactants Max article Mass (ug/m3)
No.   Description (%) time Injection (ppm) O3 PM DMA

(hrs) Sec Mode NOx Propene (ppm) Final Max

NO2 actinomerty [a]

1 Ozone Decay [b] 35 - - -

2 Pure Air Irriadiation 10 15 E 0.11 - - -
W 0.11 - - -

Mixing tests (see text) - - -

3 Surrogate - NOx [c] ~0 5 E 0.20 0.04 0.78 - - -
5 W 0.21 0.04 0.80 - - -

4 Propene  + gasoline exhau 10 4.5 E 30 hot 0.15 0.54 0.70 44 - -
4.5 W 30 cold 0.84 0.58 1.61 21 35 47

5 Propene - NOx 25 4 E 0.18 0.55 0.84 1 2 2
4 W 0.19 0.57 0.83 4 1 1

6 Propene + gasoline exhau 15 5 E 10 cold 0.35 0.43 1.01 10 4 25+
5 W 120 hot 0.20 0.54 0.78 10 9 10

7 Propene + CNG exhaust 10 4 E 120 cold 0.82 0.56 0.07 4 1 1+
4 W 120 hot 0.94 0.53 0.03 5* 1 1

8 Propene + CNG exhaust 10 3.5 E 20 hot 0.20 0.64 0.79 8 3 3
3.5 W 20 cold 0.20 1.38 0.72 3 2 2

9 Pure air irriadiation 10 2.8 E 0.06 - 1 2
2.8 W 0.06 - 1 2

10 Propene - NOx Irradiation 15 6 E 0.21 0.61 0.74 15
6 W ND 0.57 0.65 7* - -

11 Propene + Diesel exhaust 10 3.7 E 10 cold 0.14 0.74 0.59 20 1 2
3.7 W 10 hot 0.11 0.66 0.46 3 2 2

12 n-Butane - NOx [d] ~0 4 E 0.28 0.05 0.12 - - -
4 W 0.30 0.05 0.08 - - -

-  No data taken or missing data.
*  Hole found in filter during reweighing
+  Apparently anomalous "spike" in the data not used when deriving the maximum (see Figure)
[a] Quartz tube method used in various positions in the chamber.  Average NO2 photolysis rate was 
[b] Initial ozone = 0.8 ppm east side, 1.1 ppm west side.  O3 decay rates: east = 0.13 %/hr, west = 0.1
[c]

[d] Initial n-Butane = 5.4 ppm, both sides.

Table 1. Summary of conditions and selected results for the experiments carried out for 
this program.

Surrogate mixture of n-butane, n-octane, ethene, propene, trans-2-butene, toluene, and m-
xylene injected to simulate ambient VOCs. Total surrogate concentration = 4.0 ppmC.
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East Middle West

Top 0.83 0.83

Middle 0.82 0.82 0.84*

Bottom 0.80 0.79

* Average of two points: 0.85 and 0.82 min-1
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Table 2.  Results of the NO2 actinometry experiments.  NO2 photolysis rates are 
in units of min-1.

Figure 3.  Measured spectral distribution of the chamber, compared to standard 
blacklight spectrum recommended for modeling.  (Standard spectrum 
adjusted to give the same area under the curve from 300-600 nm.)
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The spectrum of the light in the chamber was taken using a LiCor LI1800 portable spectra-

radiometer, and the results are shown in Figure 3. Also shown is the spectrum recommended by Carter

et al (1995b) for use when modeling data for all chamber experiments with blacklight light sources, which

is derived from various measurements from other chambers using such lights. The spectra can be seen to

be essentially the same, especially after taking into account the fact that the instrument used to measure

the spectrum in this work had lower resolution than those used to derive the recommended spectrum

(Carter et al, 1995b).

Ozone Conditioning

An ozone conditioning experiment was carried out immediately after the reaction bags were

installed. Approximately 1 ppm of ozone was added to each of the chambers that were previously filled

with purified air, the lights were then turned on, and the ozone was monitored for somewhat over 35

hours. Figure 4 shows the ozone concentrations for each chamber during this period, and also shows plots

of ln([O3]
initial/[O3]) during this period. The latter quantities should increase linearly if ozone loss is a first

order process during this period, and this is indeed what was observed. As shown on Figure 5, the loss

rates were 0.13 and 0.18 %/hour for the east and west sides, respectively. This can be compared with O3

dark decay rates in the range of 0.5-1 %/hour typically seen in our 2000-5000 liter chambers. The lower

decay rate in this experiment could be due to wall loss being offset by production by photolysis, or to the

lower surface/volume ratio of this larger chamber. In any case, the results indicate that ozone decay due

to background or wall effects should be negligible during typical irradiation experiments.

Mixing Time Determination

An experiment was carried out to determine times for mixing after compounds are injected into

the chamber and times for mixing compounds from one reactor to another. This was a concern in this

chamber because there were no mixing fans inside the individual reactors, only fans for forcing air from

one reactor to the other. To assess this, approximately 0.5 ppm of NO was injected into the west side of

the chamber and monitored with the mixing fans off until the concentration stabilized. The concentrations

of NOx in the reactor stabilized after about 20 minutes. Then the gate valves between the chambers was

opened and the mixing fans forcing the air from one side to the other were turned on. The half life for

mixing was approximately 1.3 hours, with mixing essentially complete in about two hours. The NOx

concentration-time data during the mixing experiment is shown on Figure 5. These mixing times were

taken into account when carrying out the experiments for this program.

Pure Air Irradiations

To assess background effects, two pure air irradiations were carried out during this program, one

(Run 2) when the reactors were newly installed and the second (Run 9) after experiments with both

gasoline and CNG exhaust were carried out. NO and NO2 were below levels which could be reliably
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monitored in both experiments, but measurable ozone formation was observed to occur. The ozone data

obtained are shown on Figure 6, and the final concentrations are given on Table 1. In the first experiment,

which was run for over 15 hours, 48 ppb of O3 was formed after three hours, but the rate of O3 formation

leveled off after about 5 hours, and the final O3 was only ~110 ppb. In the second experiment, 57 ppb was

formed after three hours, only ~20% more than in the first experiment after the same amount of time.

Therefore, the exhaust exposure only slightly increased the levels of background ozone precursors in the

chamber.

These runs were simulated in model calculations to assess whether the methods used to represent

background effects in our smaller (~2000-6000-liter) Teflon bag chambers could successfully represent

the background effects in this chamber. The chamber effects model we use when simulating chamber

experiments are discussed in detail elsewhere (Carter et al, 1995a,b, 1997). Simulations of pure air

experiments are sensitive to a number of background effects, but the most important are the NOx offgasing

rates and the initial NOx levels in the background air. The standard teflon chamber model developed to

fit data on our other chambers uses NOx offgasing rates on the order of 0.015 - 0.02 ppb/min and

background initial NOx levels of 2 ppb or less. This model significantly overprediced O3 formation in these

experiments; the data could only be fit if the NOx offgasing rate was assumed to be ~7 times lower, or

0.0025 ppb/min. Figure 6 shows results of two model simulations using this lower NOx offgasing rate, one

assuming initial NOx of 1 ppb the other assuming initial NOx is 2 ppb. These tend to bracket the results

of the two experiments, though they do not perfectly fit the shape of the O3 formation curve in the longer

duration Run 2. However, these data indicate that the larger chamber has lower background NOx offgasing

rates than the smaller chambers we usually employ.

Particle measurements were also made during these experiments. These data will be discussed

below, in conjunction with the results of the other control experiments where particle data were taken.

N-Butane - NOx Experiment

Another important chamber background effect is the "chamber radical source", which is manifested

by the fact that model calculations cannot simulate results of many types of chamber experiments unless

some sort of chamber-dependent, light-induced continuous radical source is assumed (Carter et al, 1982,

1995b). N-butane - NOx experiments are probably the most useful and sensitive experiment to measure

this effect, and are therefore routinely carried out in our laboratory for this purpose (Carter et al, 1995a-b,

1997). If there were no chamber radical source, essentially no NO oxidation or O3 formation would occur

in these experiments, and any NO oxidation and O3 formation that does occur is primarily a result of this

effect. Therefore, an n-butane - NOx run (Run 12) was carried out in this chamber near the end of this

study. The concentration-time plots for O3, NO, NO2, and propene (added in small amounts so its rate of

consumption can serve as a measure of radical levels) measured during this experiment are shown on

Figure 7.
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Figure 7. Experimental and calculated concentration - time plots for selected species 
for the n-butane - NOx experiment.
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Figure 7 shows that non-negligible NO oxidation and O3 formation is occurring, indicating that,

as expected, there is a chamber radical source in this chamber. Since this radical source is believed to be

light dependent, it is measured by the parameter "RS/k1", the OH radical input rate divided by the NO2

photolysis rate. The chamber radical source strength which best fits the n-butane - NOx data in our smaller

chambers varies, but typically correspond to an RS/k1 ~0.1 ppb, which would give a radical input rate of

0.07 ppb/min in this chamber. However, assuming this radical input rate results in the model significantly

overpredicting the NO oxidation and O3 formation rates in this experiment. The data are better fit by

assuming a radical input rate of 0.025 ppb/min, which corresponds to RS/k1≈0.03 ppb, three times lower

than the value which typically fits data in our smaller chambers. Such a low radical input rate is rarely

observed in the smaller chambers, though it is not entirely outside the range of variability. Results of

model simulations of this experiment using this lower radical source rate are shown on Figure 7.

It has been proposed that the radical source and NOx offgasing effects are manifestations of the

same process, which can be represented in the model by the emissions of nitrous acid (HONO) from the

walls. Since HONO photolyzes rapidly to form OH radicals and NO, its input serves as both a radical and

NOx source. This predicts that the radical source and the NOx input rates should be the same, and is

supported by data from our ~2000-6000-liter Teflon chambers, where this is often the case (Carter et al,

1995a-c, 1997). However, in this chamber the results of the n-butane - NOx and pure air irradiations in

this chamber suggest that the radical source rate is approximately an order of magnitude higher then the

NOx input rate, indicating that, at least in this chamber, much of the apparent radical source is caused by

some process not involving simultaneous NOx production.

Surrogate - NOx Conditioning and Control Experiment

Before any experimental runs involving particle measurements were conducted, a irradiation of

NOx and mixture of compounds designed to be a simplified "surrogate" of ROGs present in ambient air

was carried out. The purpose of this run was to condition the chamber to the compounds present in

environmental chambers, to serve as a control with which to compare similar experiments in other

chamber, and to evaluate the equivalency of results in the two reactors in experiments with an

atmospherically realistic mixture. The ROG surrogate consisted of n-butane, n-octane, ethene, propene,

trans-2-butene, toluene, and m-xylene, in relative amounts designed to represent relative amounts of similar

compounds measured in various urban atmospheres (Carter et al, 1995c). The initial ROG levels were ~4

ppmC, which is reasonably representative of the levels that can be present in highly polluted urban

atmospheres, and the NOx levels were determined so that most of the ozone formation would occur before

the run was completed.

Selected results of that experiment are shown in Figure 8. Very high levels of ozone compared

to ambient (~0.8 ppm) were formed, in part because of the relatively high light intensity, with most of
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Figure 8. Experimental and calculated concentration - time plots for monitored species 
for the surrogate - NOx conditioning and control experiment.
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the ozone formation occurring within the first two hours of the experiment. The results were essentially

the same on both sides, except that the final "NO2" measurements (which actually measures NO2 + nitric

acid, PAN and various other organic nitrates [Winer et al, 1974]) was somewhat lower on the east side.

In addition, the n-butane consumption rate, which is influenced to a large extent by dilution because it

reacts fairly slowly compared to the other reactants, was somewhat faster on the east side. As discussed

by Carter et al (1995b), the dilution rate in these chamber runs can be derived from relative rates of

consumption of relatively slowly reacting compounds (such as n-butane) with relatively rapidly reacting

ones (such as m-xylene) that react only with OH radicals, if their OH radical rate constants are known.

Based on this analysis, we derive that dilution on the west side is negligible, but that dilution on the east

side is ~1 %/hour. This slight dilution of the east reactor is consistent with the higher "NO2" levels on that

side, though the dilution is probably not enough to explain all the difference in the NO2 data.

Also shown on Figure 8 are results of a model simulation of this experiment, using the chamber

parameters which best fit the characterization runs discussed above, and assuming no dilution in the

chamber. The model gives reasonably good simulations of the data in a qualitative sense, though it

underpredicts the final O3 levels by about 35%. (The difference between the experimental and calculated

NO2 is due to the fact that the model simulation shows NO2 alone, while the measurement has the

interferences from the other species, as indicated above.) Note that the n-butane data, which reflects

primarily dilution, agrees with the model prediction for the west side, but the consumption rate is

underpredicted for the east side since the model assumes no dilution. The ability of the model to simulate

the consumption rates of the more reactive organic compounds is an indicator of how well it predicts OH

radical levels, since that is a major mode of reaction for most of these compounds. This model

performance is similar to what is observed in simulations of surrogate - NOx runs in our other chambers,

though generally the O3 yields are somewhat better simulated (see, for example, Carter et al, 1995c, 1997).

The discrepancy may be due to incomplete characterization of chamber conditions, inaccuracies in

measured initial reactant concentrations, or failure of the mechanism used to simulate the effect of this

relatively high light intensity (which is twice that in most of the experiments used when developing the

mechanism [Carter and Lurmann, 1991; Carter et al, 1995b, 1997]).

In any case, the results of this surrogate - NOx conditioning and control run are sufficiently close

to what was expected that they indicate no anomalous effects in this chamber which might compromise

its utility for use in this program.

Particle Measurement Experiments

The protocol for the PM measurement experiments was changed somewhat from that originally

proposed. In the first place, as discussed above, it was determined not to be feasible to carry out

experiments using different vehicles on the same day, because of the amount of time it takes to prepare

a vehicle for testing. Instead, the procedure was modified to test only a single vehicle in a given
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experiment, using cold start exhaust added to one side of the chamber, and hot start exhaust added to the

other. Although this procedure did not allow for direct comparison of different vehicles in the same

experiment, it did allow for direct comparison of data from exhaust produced from different modes of the

same vehicle’s operation.

Another change was made to the experimental protocol relative to that proposed because of the

availability of the Differential Mobility Analyzers (DMA) for use in this program. This instrument

continuously measures the particle size and volume distributions, which can be used to determine wall

losses during the experiment. This was considered to be preferable to determining wall losses in the dark

in prior to irradiation, or in separate experiments. Because of this, we did not feel that separate particle

loss experiments were necessary, which allowed additional exhaust runs to be carried out, in part

compensating for the inability to carry out runs with two vehicles at once. Unfortunately, once the data

were obtained it was found that there was too much apparent self-nucleation occurring in most of these

experiments for these estimates to give valid results. This was indicated by negative total particle and

calculated total particle concentrations less than the actual maximum observed particle concentrations

frequently being derived. For that reason, calculated particle growth estimates are not reported, and no

corrections for wall losses could be made. Nevertheless, it was felt that use of this instrument allowed

more accurate measurements of the particulate mass concentrations than filter sampling, though filter

sampling mass still done as a backup.

Many exhausts, especially from "cleaner" vehicles or vehicles with low reactivity fuels such as

CNG will not, by themselves, promote significant ozone formation in chamber experiments because of the

relatively high NOx to ROG ratios (after adjusting for ROG reactivity where applicable). Because ozone,

or the species formed along with ozone, may be involved in some particle formation, it was felt that

conditions promoting ozone formation was important in experiments measuring particle growth. For that

reason, in all the particle measurement experiments propene was added as a simple ambient ROG

surrogate to provide the reactivity necessary to form ozone in experiments with low reactivity or high NOx

exhausts. Propene was preferred over more complex ROG surrogates since it is known not to be a

significant precursor to particle formation in environmental chamber systems(ref?).

The particle mass data from the various experiments in this program are summarized on Table 1,

and concentration-time data from the DMA instrument are shown in various figures for the runs where

such data are available. The column labeled "PM" on Table 1 is the final particle mass derived by filtering

the air at the end of the experiment and weighing the filter, and the columns labeled "DMA Final" and

"DMA max" represent the average final and the maximum particle mass determined by the DMA. The

"DMA final" values are therefore presumably comparable to the "PM" data, provided that the specific

gravity of the aerosol is not greatly different from 1.0 as assumed with the DMA calculations. The figures

with the DMA results show plots of particle number and concentration as a function of time after the start
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of the experiment (i.e., after the lights are turned on. The "Number" data are the number concentrations

in particles/m3, and the "Concentration" data are the particulate concentrations (in µg/m3) calculated from

the DMA assuming unit density and spherical shape.

Pure Air Experiments

Particle measurements were made using the DMA during the latter part of the second of the pure

air experiments (Run 9) to determine background particle formation in the absence of added gas-phase

reactants. The DMA data taken during this experiment are shown on Figure 9. Note that instrument

problems prevented data from being obtained prior to 115 minutes after the irradiation started. The number

concentration was dropping due to particle losses to the walls while the particulate concentration is low

(1.5 µg/m3) and stable. Similar results were obtained on both sides, though the west side has slightly lower

particle numbers. The total mass formed in this experiment, as derived from the DMA data, is low. No

filter data were available for any of the pure air experiments.

Propene - NOx Control Experiments

Because propene and NOx were present in all the added exhaust runs, two propene - NOx runs

were carried out with particle analysis for control purposes. The gas-phase results of these experiments

are shown on Figure 10, the DMA data for the first experiment are shown on Figure 11, and the particle

mass measurement data are summarized on Table 1. DMA data are not available for the second propene

- NOx run.

Figure 10 shows that the O3 and NOx results are qualitatively similar to those for the surrogate

run shown on Figure 7, with about the same levels of O3 being formed, and most of the O3 occurring in

the first two hours of the experiments. The results are also qualitatively consistent with model predictions,

as also shown on Figure 9. Good side equivalency was observed in Run 5, though again the final "NO2"

levels were lower on the east side. On the other hand, in Run 10 the west side had slightly lower final O3

levels, though the final NO2 levels in both sides were in good agreement. The propene consumption rates

were essentially the same in both sides in both experiments.

The first propene control experiment (Run 5) was carried out following a single added exhaust

run. The particle mass in that run, as determined both by weighing the filters and by DMA, was very low,

being in the 1 and 4 µg/m3 range. The second propene control experiment was carried out after three more

added exhaust runs. In that run, a higher particle mass (7-15 µg/m3) was determined by the filter weighing

method, though useable DMA data were not available.

Figure 11 shows the DMA measurements first propene run (Run 5) where such data are available.

The large rise in the number is due to self-nucleation, which was unexpected since propene is not known

to form aerosols when photooxidized. Note that this increase in number density is occurring around the
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Figure 9. DMA particulate measurements during the second pure air irradiation 
experiment.
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Figure 10. Experimental and calculated concentration - time plots for selected 
species for the propene - NOx control experiments.
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Figure 11. DMA particulate measurements during the first propene - NOx 
irriadiation.
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time that NO is consumed, during the period of the most rapid ozone formation. One possible source of

this self-nucleation may be trace impurities passing through the air purification system, such as terpenes

from nearby citrus groves, which may form particles when they react with ozone. These particles then

rapidly are lost to the walls, since coagulation is unimportant at this concentration. Nevertheless, a non-

negligible amount of mass was also formed. The results were similar on both sides, though the DMA

numbers and volumes were slightly lower on the west side, as was observed in the pure air runs.

Gasoline Exhaust Experiments

Two experiments with gasoline exhaust were carried out (Runs 4 and 6), both with cold start

exhaust on one side and hot start exhaust on the other. In the first experiment, the same amount of exhaust

was added to each side. Selected gas phase data for these experiments are shown on Figure 12, the DMA

particulate data are shown on Figure 13, and the particle mass data are summarized in Table 1. As

expected, the cold start produced a higher final ozone concentration due to the higher VOC levels. Ozone

formation on the hot start (east) side was comparable to that observed in the propene - NOx control runs.

In the second gasoline exhaust run higher ozone concentration were again observed with the cold start

injection despite it being only ten seconds compared with 2 minutes for the hot stabilized mode. No

attempt was made to model the gas phase reactions in these and the other added exhaust experiments

because a complete speciated analysis of the gasoline VOCs was not carried out.

Both the DMA and the filter data indicate higher particle masses in the gasoline experiments than

the control runs, though the DMA did not provide useful data for the east (hot) side of Run 4 because of

a sampling problem. As shown on Figure 13, we again see nucleation occurring after ozone formation,

despite the fact that detailed hydrocarbon speciation did not show a significant level of hydrocarbons that

would be expected to show such behavior. While the number of particles formed was similar to the

propene/NOx control run shown on Figure 11, the amount of particulate mass formed was five time

higher. More particle mass and numbers were observed in the cold start side in Run 4 than observed in

either side of Run 6, presumably because of the larger amount of exhaust injected and/or the higher O3

levels formed. The filter data for Run 6 and the filter and east-side DMA data also indicated significant

particle mass formation, though the absolute amounts tended to be somewhat different from those indicated

by the DMA data.

CNG Exhaust Experiments

Two experiments with CNG exhaust were carried out (Runs 7 and 8), using similar procedures

as employed for the gasoline runs. The gas phase data are plotted in Figure 14, the DMA data are shown

on Figure 15, and particle mass measurements are summarized on Table 1. In the first experiment the

exhaust injection was too long (two minutes), resulting in very initial NO levels which suppressed ozone

formation. More O3 formation and faster NO oxidation occurred on the cold start side, indicating higher

ROG levels as well as slightly lower initial NO. Much shorter exhaust injection times were employed
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Figure 12. Experimental concentration - time plots for selected species for the 
propylene + gasoline exhaust experiments.
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Figure 13. DMA particulate measurements during the propene + gasoline exhaust 
experiments.
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Figure 14. Experimental concentration - time plots for selected species for the 
propylene + CNG exhaust experiments.
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Figure 15. DMA particulate measurements during the propene + CNG exhaust experiments.
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in the second experiment, and the resulting ozone levels were comparable to those observed in the propene

- NOx control runs. Although (somewhat unexpectedly) the O3 was lower on the cold start side than on

the side with the hot start exhaust, the subsequent propene - NOx control run (Run 10, Figure 9) indicated

that the west side tended to form somewhat lower O3 even with no exhaust added.

Figure 15 shows that self-nucleation was again occurring, with the results of Run 8 being similar

to that of the propene - NOx control run (see Figure 11). The amounts of particle mass formed (as

measured both by DMA and filter weighing) in the CNG exhaust Run 8 was also comparable to those in

the propene control run. The particle numbers and masses were lower in Run 7, perhaps because of the

lower amounts of O3 which was formed due to the higher NOx levels. In any case, the PM concentrations

were significantly lower in these added CNG exhaust experiments than was observed in the experiments

with gasoline exhaust.

Diesel Exhaust Experiment

One experiment was carried out using diesel exhaust, again with cold start exhaust on one side

and hot start on the other, with the same amount of exhaust added in both cases. For this run the exhaust

was injected for only ten seconds because the diesel exhaust was expected to have a PM concentrations

5-10 times higher than spark ignition vehicles. The gas-phase results are shown on figure 16, the DMA

data are shown on Figure 17, and the particle data are summarized on Table 1. The added exhaust did not

have a large effect on O3 formation, with the data looking similar to the propene - NOx control runs. The

cold start side formed somewhat more ozone, though this was also the side that had the higher ozone

levels in control run that preceded it (see Figure 9), though by a lesser amount.

As shown on Figure 17, the particle mass concentrations were relatively high at the start at the

experiment, and either decreased slightly or stayed constant during the course of the experiment. This is

unlike the other propene + exhaust or the propene control experiments. The final and maximum DMA

mass concentration were not significantly different from those observed in the CNG or the control

experiments, indicating relatively little growth in particle mass due to photochemical reactions. As with

the other experiments, significant nucleation forming very small particles was observed when ozone

formation began. The filter results were inconsistent, with the filter from the hot side showing almost no

PM mass, while the other showing PM mass comparable to the runs with gasoline. The latter result

appears to be anomalous.
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Figure 16. Experimental concentration - time plots for selected species for the 
propylene + diesel exhaust experiments.
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Figure 17. DMA particulate measurements during the propene + diesel exhaust 
experiment.
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CONCLUSIONS

We have shown that a large indoor Teflon environmental chamber system has the potential for

providing useful information about particle formation from motor vehicles and other emissions sources,

though improvements are needed before quantitative data can be obtained. The larger volume chamber was

found to have generally lower background effects which affect gas-phase reactions, and the gas-phase

results were generally consistent with data obtained from other chambers, and with model predictions. In

terms of particle measurements, problems were observed in our chamber due to background small particle

loadings in the chamber after the pure air fill, and nucleation processes caused by apparent reactions with

ozone with unknown background reactants in the chamber. This prevented use of DMA data to estimate

particle formation corrected for wall losses. In future work, steps must be taken to assure that chamber

fill air is free of small particles and does not contain species that cause nucleation when reacting with

ozone. In addition, DMA data should not be relied upon as the only means to correct for particle loss on

the chamber walls; separate particle loss experiments should be not be omitted from the experimental

protocol. Nevertheless, the use of the DMA is preferred to filter sampling because it yields a large number

of data points as a function of time as opposed to a single point at the end of the experiment, and because

it gives information about particle number and size distribution as well as mass. Furthermore, problems

were encountered with the filter sampling due to formation of holes when sampling at the large flow rates

necessary to empty the large chamber. Nevertheless, given exploratory nature of this project and its

relatively limited scope, we feel this program has been successful in demonstrating the potential for use

of a large indoor chamber system for assessing PM formation from vehicle emissions. It has been

particularly useful in demonstrating areas where improvements are most needed for future work.

Although quantitative information was not obtained, this program successful in showing that at

least one CNG powered vehicle has low direct PM emissions rate, and does not cause significant

secondary aerosol formation in the atmosphere. In particular, the particle mass formed from the CNG

vehicle was not significantly different from control experiments not containing vehicle exhaust. On the

other hand, the particle mass formed in experiments with exhausts from a gasoline powered vehicle was

significantly higher than that formed in the control runs. Although a diesel vehicle was also studied, the

results were inconclusive because of an insufficient amount of exhaust added to the chamber. Additional

experiments would be necessary to determine whether these results can be generalized to other vehicles,

and to obtain quantitative information concerning differences in PM forming potentials in vehicle

emissions.
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