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ABSTRACT

Photochemical aerosol production in several SO, + clean air (fil-

tered air), HC + NO and HC + NO + 502 systems has been eiamined using the
smog chamber approach. The reaction vessels used in this study were the
20,800 ft3 Calspan chamber and the 600 ft3 University of Minnesota chamber.
Aerosol formation, growth, and decay mechanisms are described for each of

the systems studied. It has been possible in this investigation to charac-
terize system reactivity in terms of aerosol behavior. The most important
variables are maximum number concentration, equilibrium surface concentration,
and particle volumetric growth rate. Measurements of these variables are

made for several systems and are discussed within the text.

Of the hydrocarbons studied, cyclohexene was the most reactive in
terms of aerosol production and rate of NO oxidation followed by m-xylene,
hexene, and toluene. For the simple HC + NO system, each experiment can be
divided into two phases. During the initial phase, NO is converted to NO2
and some oxidation of hydrocarbon occurs. No appreciable aerosol is formed
during this phase, but ozone starts to appear near the end of this period.
The second phase, accompanied by substantial aerosol formation, begins as
soon as NO is oxidized out of the system and NO2 reaches a maximum; ozone
levels rise rapidly during this phase and approach a maximum. The addition
of SO2 to the HC + NO system leads to some aerosol formation during the first
phase and was generally found to exert a synergistic effect on aerosol forma-
tion in the second phase. The addition of 502 also led to a marked decrease
in the diameter of the particles ultimately formed. This results from the
formation of very high concentrations of nuclei during the initial stages of

the experiment.

For the SO2 + clean air system, photooxidation rates of a few tenths
of a percent per hour are typically observed for a light intensity of 50% noon
day sun. In the presence of hydrocarbons and NO, accelerated rates are gen-

erally observed.

The data show that aerosol formation rates are enhanced at high

relative humidities, probably as a result of the higher water content of the

aerosols.
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Section 1

INTRODUCTION AND SUMMARY

Calspan Corporation, in collaboration with the Particle Technology
Laboratory of the University of Minnesota, has been engaged in a laboratory
study of the formation mechanisms and growth processes of photochemical aero-
sols. The primary objective of the investigation is to improve our under-
standing of photochemical aerosol behavior in urban environments by conducting
studies in carefully controlled environments, simulating those occurring in

the real atmosphere.

During the first year program, emphasis was placed on preparing
the Calspan 20,800 ft3 reaction chamber for photochemical aerosol studies
and in examining aerosol behavior in SO2 and propylene-NOx systems. At the
University of Minnesota, studies in 600 ft3 and 90 ft3 chambers were con-
ducted to help determine the effects of bag size on aerosol production and
also to study the influence of varying relative humidities on aerosol
behavior. Results of the first year program have been presented in an
earlier réport, Kocmond et al. (1973).

During this second year program, greater emphasis was placed on
understanding aerosol behavior in representative HC+N0x+SO2 systems. Two
collaborative workshops were held at Calspan. During the November 1973
workshop, aerosol behavior was studied in SO2 + clean air, toluene + NOZ’
and hexene + NO, + SO, systems. The data and experience gained from these
tests were applied to designing experiments for a second and perhaps more
productive workshop held during March 1974. These experiments involved HC-
NOx-SO2 systems using toluene, hexene, m-xylene, and cyclohexene as repre-
sentative hydrocarbons. For each of the test series performed in Calspan's
20,800 fts chamber, a comparative set of experiments were conducted in the
600 ft3 chamber at the University of Minnesota.



A total of 145 smog chamber experiments were performed. For the
most part, good agreement was found in the experimental data obtained at
Calspan and the University of Minnesota; and a reasonably good understanding
of the kinetics of gas to aerosol conversion in the polluted atmosphere was
achieved. From the data generated in these experiments, the following points

can be made:

(1) 502 photooxidation rates of a few tenths of a percent per hour
are typically observed in clean, filtered air for a light intensity of about
50% noon day sun. In the presence of hydrocarbon contamination, accelerated

rates are generally observed.

(2) Each HC + NO experiment can be divided into two phases. In the

first phase, NO is converted to NO, and some oxidation of hydrocarbon occurs.

2
Ozone starts to appear near the end of this period. The second phase, accom-
panied by substantial aerosol formation, begins as soon as NO is oxidized out

of the system and NO, reaches its maximum; ozone grows rapidly and approaches

2
a maximum.

(3) The addition of 502 to the HC + NO system was generally found
to exert a synergistic effect on aerosol surface and volume production. At
Calspan the effect was greatest for m-xylene, while at the University of
Minnesota the largest effect on aerosol behavior was observed in the hexene +
NO + SO2 system. Possible synergistic effects in the cyclohexene system were
masked by the explosive growth of aerosol with and without the addition of SOZ'

(4) The addition of SO, to the HC + NO system produces a dramatic
decrease in the mean particle diameter. This results from the initial forma-
tion of very high concentrations of H2$O4 nuclei during the initial stages of
the experiment. During the second stage of aerosol growth, condensation pro-
ceeds on the existing particles. In the HC + NO system alone, fewer but larger

particles are produced.

(5) Of the hydrocarbons studied, cyclohexene was the most reactive,

both in terms of aerosol and chemical behavior, followed by m-xylene, hexene,



and toluene. The main difference observed in the duplicate experiments at

the University of Minnesota was that hexene was the least reactive hydrocarbon.

(6) It is possible to characterize system reactivity in terms of
aerosol behavior. The most important variables are maximum number concentra-
tion, equilibrium surface concentration, and volumetric growth rate. These
aerosol measures of reactivity have been found to correlate well with other
conventional parameters, such as time to [N02]max and [03]max'

(7) Increasing relative humidity was found to significantly increase

aerosol surface and volume production.

Because of the large body of experimental data generated during the
program, graphical presentations of both the chemical conversion and the aero-
sol growth data for the individual experiments are given in Appendices A and
B at the end of this report. Data summations and discussions are provided in
Section 4, Results and Discussion. Since detailed descriptions of experimental
facilities were provided previously in the first year report, only brief des-
criptions highlighting some recent facilities improvements are given in Section
2. Detailed discussions of light intensity measurement techniques employed at
Calspan and the University of Minnesota are therefore provided in Section 3.
Chamber characterization tests designed to assess the effects of chamber con-
tamination and to assure validity of experimental data presented in this report

are described in Section 5.



Section 2

EXPERIMENTAL FACILITIES

2.1 CalsEan

The smog chambers used at Calspan and the University of Minnesota
have been discussed elsewhere (Kocmond et al., 1973; Clark, 1972) and will
not be treated in detail here. Briefly, however, the Calspan chamber con-
sists of a cylindrical chamber 30 feet in diameter and 30 feet high, enclosing
a volume of 20,800 ft3. The chamber walls are coated with a specially formu-
lated fluoroepoxy, which has surface adhesion characteristics very similar to
those of FEP teflon. Illumination within the chamber is provided by a combina-
tion of fluorescent daylight and blacklight lamps installed inside 24 lighting
modules and arranged in eight vertical channels attached to the wall of the

chamber. Light intensity has been increased to give k ~0.23 min-l during

this second year by installing two 215-watt fluorescens[ggggight lamps, eight
85-watt high output blacklamps, and two 40-watt sunlamps in each module.
(Further modifications have been made since the end of the program to give
kd[N02]~0‘33 min_l). The lighting modules are covered with 1/4'" Pyrex glass

and are thus sealed from the chamber.

Air purification is provided by a recirculation system which can
continuously filter the air through a series of absolute and activated char-
coal filters. Experiments show that nearly all gaseous contaminants and

particulate matter (<200 nuclei cc_B can be removed from the chamber air in

about four hours of filtration.

2.1.1 Instrumentation

Instrumentation used to monitor aerosol behavior and reactant con-

centrations within the chamber included the following:



(1) Bendix Model 8002 Ozone Analyzer -- The instrument uses photo-
metric detection of chemiluminescence resulting from the reaction of ozone
with ethylene to determine ozone level. The minimum detectable sensitivity
is reported to be 0.001 ppm. Good reliability and reproducibility of data

was achieved using this instrument.

(2) Bendix Model 8101-B Nitrogen Oxides Analyzer -- Detection is
based on chemiluminescent reaction between nitric oxide and ozone. The
detection limit for each of the nitrogen oxides is 0.005 ppm. Periodic
maintenance, as well as frequent calibration of this instrument, was often

necessary.

(3) Bendix Model 8300 Sulfur Analyzer -- Operation of this instru-
ment is based on the photometric detection of sulfur atoms excited in a
hydrogen-rich flame. A set of filters is used for selective monitoring of
sulfur dioxide and hydrogen sulfide. The minimum detectable sensitivity
is 0.005 ppm. This instrument was found to be excessively sensitive to

pressure changes within the smog chamber and required frequent adjustments

to the sample flow.

(4) Hewlett-Packard Model 5750 Gas Chromatograph -- The chromato-
graph is equipped with dual column and dual flame ionization detectors.

Depending on the column in use, either total hydrocarbon or individual com-
ponents can be analyzed.

(5) Bendix Model 820 Reactive Hydrocarbon Analyzer -- This instru-
ment uses flame ionization detection to provide quantitative analysis of
methane [CH4), total hydrocarbons (THC), and reactive hydrocarbons (THC-CH4).
The instrument was received late in the contract period and provided only

limited use during this program.

In addition to the gas analyzers, a number of aerosol measuring

instruments were used on the program. These included the following:



(6) Electrical Aerosol Analyzer (EAA) -- This instrument (described
in the next section) was provided by the University of Minnesota during our
joint workshops held at Calspan in November 1973 and March 1974. The instru-
ment gives size distribution data of the photochemically-produced aerosols.
Calspan obtained a Model 3030 Electrical Aerosol Analyzer of its own during

the summer of 1974.

(7) An MRI integrating nephelometer for aerosol light scattering

and visual range measurements.

(8) A Gardner Associates Small Particle Detector -- This manually
operated instrument is used to measure total particle concentration. It has
a range of sensitivity from 200 to 107 nuclei/cc and can detect particles

as small as 0.002 um.

(9) An Environment-One Model 100 Condensation Nucleus Monitor --
This instrument is reported to measure particle sizes down to 0.0025 um and
have a range of sensitivity from 50 to 107 nuclei/cc . Considerable diffi-
culty was experienced in maintaining continuous operation of this instrument.
There also appeared to be some lack in sensitivity to photochemically-produced
aerosols during the initial homogeneous nucleation stage. An earlier stage
of GE model has been acquired and modified for current usage with more reliable

performance.

2.2 University of Minnesota

The University of Minnesota smog chamber is a cylindrical vessel
fabricated of 0.01 in. DuPont FEP Teflon and encompassing a volume of 625 ft3.
For a complete description of the chamber and supporting facilities, see
Clark (1972). The illumination system consists of 72 GE F40BL fluorescent
lamps mounted in vertical pairs on 36 evenly-spaced supports. Aluminum foil
has been attached behind the lamps to increase the uniformity and intensity
of the light. Light intensity (see next section) is measured to be kd[NOZ]ayg
-0.20 min~! for the U of M chamber.



The air purification system consists of an absolute particle filter,
an activated charcoal scrubber, silica gel dryer, humidifier, and final filter.
Ambient laboratory air is purified by pumping it through the purification sys-
tem at about 15 CFM, Air passing through the purification system is exposed
to only non-reactive metal, glass and Teflon duct surfaces in order to minimize

sources of contamination.
2.2.1 Instrumentation

(1) Electrical Aerosol Analyzer -- Two versions of a portable
electrical aerosol analyzer were used for the experiments. The "laboratory
prototype" analyzer, used for the joint Calspan-University of Minnesota
workshops and the first 45 experiments at the University of Minnesota, has
been described by Liu et al. (1974). A second version, the ''commercial pro-
totype" (Thermo-Systems Model 3030), was used for the remainder of the experi-

ments. A description of this second instrument is in Liu and Pui (1975).

Figure 1 shows a schematic of the commerical instrument. This latter instru-
ment requires 4 1/m of aerosol-laden air as a sample and 46 1/m '"clean'' sheath
air. Usually, the entire 50 1/m air supply was taken from the chamber, and
the sheath air portion was filtered with an absolute filter. The sheath air

then had the same relative humidity and contained the same trace gases as the
sample.

Both analyzers are based on the "diffusion charging-mobility analysis"
principle described by Whitby and Clark (1966). The aerosol-laden air flows
through the charger, a region containing unipolar ions which have been pro-
duced by a corona discharge. The aerosol particles emerge from the charger
carrying a negative charge and are introduced into the mobility analyzer.

In this section, a positive voltage on a collection rod causes all particles
with electrical mobilities greater than a certain critical value to be pre-
cipitated. Those particles with smaller mobilities flow past this section
and are collected by an absolute filter. An electrometer, which is con-
nected to the filter, measures the current carried by the charged particles.

The mobility spectrum, and, therefore, the size distribution can be inferred



MASS-FLOW
TRANSOUCER

NEEDLE
VALVE

AERQSQL —»—

]
%.—,
e e,
R VNI

CHARGER SHEATH AIR
v 1

ROTAMETE{;]

—— e me m e e e h e . R e e e e e A= A v -

AEROSOL

CHARGER

4

SHEATH AIR i’ S_(}

FILTER

Y

\\Q PLASTIC
D

/ METAL

7

VACULUM "‘—-—-a-d"——*‘—‘(

BALL

VALVE

Figure 1

MOBILITY
ANALYZER

ko

AERQSOL |

B

T 595 en -

] v, et aen e —— —

*{ 3.34¢cm > .

. e s, — T ¥

, .
s won. v Vet Ny S, S, s 44 4 1 T, Y
- < .
—-
. ose, S ¢

W Wi, vemign, e, %

<

———
e
W N, . .

5

MOBILI"I'Y ANALYZER '

CLEAN AIR

ELECTROMETERT™ =3

CURRENT
SENSOR

NN

N
Lllz7)

MASS-FLOW
TRANSOLUCER

METER

R

-'E.‘e"air.— - -

|
I
!
I
!
|
1

ELECTRICAL SIGNAL

L~ —<AEROSOL FLOWRATE

H.V.
POWER |
SUPBLY

WIRE

: Esgﬁ:x~\3¥%:+L—-SCREEN

A it 10852.

H.V.
POWER
SUPPLY

77772

1
ELECTRO-

-2 CORONA" VOLTAGE

~—~~CHARGING CURRENT

——=--2SCREEN VOLTAGEL

-~ROD VOLTAGE

ELECTROMETER
CURRENT

@—-————— et e e — e — - TOTAL FLOW

8

Electrical Aerosol Analyzer



from the electrometer current as a function of collecting rod voltage.

A complete set of readings takes about 2 1/2 minutes; each current is

measured at a different time. The aerosol is dynamic, however, and the

size distribution may change substantially during the course of one set of
data. To compensate for the error that this time lag introduces, an inter-
polation program was used to generate corrected currents for a given time

in the experiment. All data were analyzed using the calibration of Liu et al.
(1974). These constants are in error when used with the TSI 3030. However,
the errors associated with their use should not be large. The use of these

constants results in higher measured volume and surface concentrations.

(2) Condensation Nuclei Counter -- A General Electric Condensation
Nuclei Counter (CNC) was used to measure total particle concentrations. All
particles larger than about 0.002 um should be detected. Details of the
instrument have been given by Skala (1963). It has a range of sensitivity
from about 50 to 107 particles/cms. For this study, the instrument was used
primarily on the 100,000 particles/cm3 scale. This scale was calibrated as
described by Liu and Pui (1974). If concentrations greater than 100K were
encountered, diluters were used in the sampling line. They could be used
to give 394,000 or 1.3 x 106 particles/cm3 full scale deflection. The dilu-
ters have been described by Whitby et al. (1972).

{(3) Gas Analysis -- 502
Model SA 160-2 flame photometric total sulfur analyzer. This instrument

concentration was measured with a Meloy

was calibrated with a span gas produced with an 802 permeation tube. A
Bendix Model 8101-B N0+N02+N0x analyzer was used to measure oxides of nitro-
gen. A span gas for calibrating the NO2 scale was again produced using a
permeation tube,while a commercial 205 ppm NO gas was diluted to provide
calibration points for the NO scale. The Bendix instrument was zeroed with
"boil off" gas from liquid nitrogen. The gas analysis equipment included

an REM Model 612B chemiluminescent ozone analyzer. An ozone generator and
wet analysis tests were used for its calibrations. A Cambridge Instrument
Model 880 hygrometer indicated the dew point temperature, while chamber
temperature was measured with a copper-constantan thermocouple. The chamber

air and dew point temperatures were then used to derive relative humidity.



Hydrocarbon concentration was measured with a Hewlett-Packard Model
5700 gas chromatograph. Separation of components was made using a column
packed with SE-30 silicon rubber on chromasorb. The column was maintained
at 80°C for 1-hexene and cyclohexene, while a temperature of 90°C was used
for toluene and m-xylene. The output from the gas chromatograph's flame
ionization detector was recorded, and peak areas were measured with a plani-
meter for quantitative computations. Hydrocarbon span gases were made by
evaporating small, measured volumes of the liquid hydrocarbons into known

volumes of air.

10



Section 3

CHAMBER LIGHT INTENSITY MEASUREMENTS

3.1 Calspan Chamber

Light source improvements made in the Calspan chamber were completed
by September 1973. The modifications involved the installation of six

additional 85-watt blacklights and two 40-watt sunlamps in each of the 24
lighting modules. The two 215-watt fluorescent white lamps in each module
remained u?changed. This mix of lamps increased the measured kd[N02] from
~0.05 min ~ to a new level of ~0.23 min_l. {Since completion of the experi-
ments reported here, all white lamps have been replaced by blacklamps giving
rise to a new kd[NOZ] of ~0.33 min'l.)

Initial light intensity measurements were attempted by measuring
the rate constant, kd’ for NO2 photolysis in nitrogen by irradiating a 15 ft3
nitrogen-filled Teflon bag in the chamber center. The experiments gave
results which suggested that the inner surface of the teflon bag was contami-
nated, since during the experimental period a rise in both the NO and NO, was

2
observed suggesting surface absorption and desorption of NOZ'

An alternate scheme was adopted following a method reported by
Stedman and Niki (1973) which was found to be fairly repeatable and well
suited to a large chamber such as Calspan's. The method gives a measured

value of kl¢ of NO, from the ratio of the initial production rates of 03 or

2
NO by photolysis of NO, in clean chamber air. Before reporting the experi-
mental results, however, it is instructive to recognize a few of the inherent
errors regarding the method. Some effects of normal background contaminants
on the accuracy of the method were studied, as well as the conditions needed

for valid interpretation.

11



A computer model for the Nox+C0+H20-air system was used to assess
possible contaminant effects. This model includes all the reactions consid-
ered by Stedman and Niki, as well as those reactions due to the presence of
CO and H20. Several computer runs have been made for varying N02, NO, CO,

HONO, and k1¢. The results are reported in Table I. The theoretical kl's

in Table I were calculated from the ratio of the 03 production rates (modeled)
and [N02]o at 6, 10, and 15 seconds. Changes in [CO], [HZO]' and [HONO] have

no appreciable effect on the calculated kl's, but the accuracy of the calculated
k1 is very much dependent on the [No]o/[NOZ]o ratio. The accuracy of the

method is also dependent on the response times of the O, and NO analytical

instruments. For example, commercial ozone chemiluminzscent devices have
response times of the order of 1 second; therefore, accurate initial rates
will require at least 5 seconds to be established and probably more realis-
tically 10 to 15 seconds. The error introduced in d[03]/dt (that is, in

terms of its representing O-atom production from NO2 photolysis) is due to

ozone loss reactions.

NO + 0 +NO, +0 (1)

2

NO2 + 03 > NO3 + 02 (2)
A simple calculation is sufficient to illustrate the error involved in the
method due to ozone loss reactions. Assume we are using the method to
measure a k1¢ of .15 min-l, and that the initial concentrations are [NOZ] =
5.0 ppm and [NO] = 0.0. In a five-second photolysis period, the following
will have happened.

First, .0625 ppm NO., will be lost and .0625 ppm of NO and 03 will

2
be formed. Assuming a mean concentration of .0312 ppm for NO and 03 in this

5 sec period, ozone loss due to reactions (1) and (2) is then given by,

.0625 ppm - (.0312 ppm) (5 ppm)(.078 ppm ® min"1) %6 min

(.0312 ppm) (.0312 ppm) (23 ppm—1 min_l) %ﬁ-min

- .00101 - .00187 = -.00288 ppm

12



Table I.

MODELED RESULTS FOR NO., PHOTOLYSIS IN AIR WITH H.O AND CO PRESENT

2 2
k. theoretical Percentage
No,, NO H,0 o HONO k, actual 5sec | 10 sec 15 sec ERROR
ppm ppm ppm ppm ppm min~! min”? min” min~! @ 5 sec
5.0 .01 1.5x10% 0 0 .15 .136 .120 .103 9.3%
5.0 .01 1.5x10% 2.0 0 .15 .136 .120 .103 9.3%
5.0 .01 1.5x10% 10.0 0 .15 .136 .120 .103 9.3%
5.0 .01 1.5x10% 10.0 0.1 .15 .135 .119 .102 10.0%
5.0 .01 1.5x102 10.0 0 .15 .136 .120 .103 9.3%
5.0 .01 1.5x10% 10.0 0.1 .15 .135 .119 .102 10.0%
5.0 0.1 1.5x102 0 0 .15 .123 .103 .086 18.0%
5.0 0.1 1.5x102 10.0 0 .15 .123 .103 .086 18.0%
5.0 .01 1.5x10% 10.0 0 .27 .233 .220 .196 13.7%
5.0 .01 1.5x10% 10.0 0.1 .27 .233 .195 .158 13.7%
2.45 .01 1.5x10% 0 0 .27 245 .220 192 9.3%
2.45 .01 1.5x10% 2.0 0 .27 .245 .220 .192 9.3%
2.45 .01 1.5x10% 10.0 0 .27 245 .220 .192 9.3%
2.45 | 0.1 1.5x10% 0 0 .27 .226 .192 .161 16.3%
2.45 | 0.1 1.5x10% 2.0 0 .27 .226 .192 .161 16.3%
2.45 | 0.1 1.5x10% 10.0 0 .27 .226 192 161 16.3%
2.45 .01 1.5x10* 10.0 0 .15 .141 .131 119 6.0%
2.45 | 0.1 1.5x10% 0 0 .15 .119 112 .098 20.7%
3.00 .01 1.5x10% 0 0 .15 .139 .130 118 8.0%
1.00 .01 1.5x10% 0 0 .15 .146 .139 .132 2.7%
1.00 | 0.1 1.5x10% 0 0 .15 .134 .116 .105 10.7%

¢l




which represents a 5% error. If there were 1% NO initially present, the

error becomes 10%. A similar calculation as above except with a 10 second
interval for initial rate determination gives an inherent error of 20%. For

any given time period at which an initial rate is determined, the inherent
error will therefore be directly related to the k1 X (N02) and the initial NO
present. It should be noted that in all cases the error introduced in calcu-

lating k1 represents a lower value than actually present.

The experimental results for NO2 photolysis in air carried out in
the Calspan chamber are shown in Table II. The samples were taken from a
distance of about 2 meters from the chamber wall so that the data represent
approximate average light intensity levels in the smog chamber. The initial
ozone production rates were determined in the first five seconds of the run
after switching on the lights. The lights were not temperature stabilized
prior to a run. The simple calculation mentioned above would suggest that

the experimental k's are ~7% too low.

Table II. CALSPAN CHAMBER - NO2 PHOTOLYSIS IN AIR

[N02] [NO] d[03]/dt ky ) Fd

ppnm ppm ppm/min min~ min-1
3.70 .04 .528 .143 .220
3.70 .04 .552 .149 .230

Although it has been shown that there are a number of possible errors
inherent in the use of this method, the results obtained are in close agreement
with the calculated kd expected from the number and type of lights that are

now used in the Calspan chamber.
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3.2 University of Minnesota Chamber Light Intensity Measurements

For the University of Minnesota smog chamber, a slightly different
procedure was followed using the Stedman and Niki (1973) method. After
admitting approximately 5 ppm NO, into the chamber, the 72 F40BL blacklights

were turned on, and the NO and O3 concentrations were recorded as a function

of time. Very early (during the first few seconds) in such an experiment,

the only important reactions are:

N02 +hv > NO + 0 @9)]

M+ 0+ 02 -+ 03 + M (2)

where M is any third body. The O quickly achieves a stationary state so that

dNol . 48l . i o,

Hence, the initial rate of production of either NO or 03 may be used along
with [NO2] to determine kl' Later in the experiment, reactions (3) and (4)

“become important in removing 03.

NO + Oy + NO, + 0, (3)

No, + 0, + NO; + 0, (4)

When [03] reaches the maximum
k1[N°z] = RS[NO][OS] + k4[N02][03].
This is called the photostationary state; and under these conditions, kl can

be calculated from measurements of [NOJ, [NOZ]’ and [03], provided k3 and k4

are known.

15



Reactions (3) and (4) are fast enough to cause significant losses
of NO and 03 as they pass from the chamber to the measuring instruments.
Consequently, a correction for losses in the sampling lines had to be made.
The residence times in the sampling lines were 0.108 and 0.159 min for the
ozone and NO instruments, respectively. Corrections for line losses were

made using the following expressions:

[03]chamber B [03]measured * [03]1ine(k3[N0]Iine * k4[No2]line)T03

[NO] kg [NO],. [0

chamber [No]measured * line 3]lineTNO

The average values of [NO] and [03] in the lines are not known and were deter-
mined by an iterative procedure. The NO and 03 data obtained were all corrected

using this method.

Values of k1 were determined using both the initial rate of NO for-
mation and measurements of photostationary state. Measurements of k1 were
made at the beginning and end of our entire experimental program in order
to determine if deterioration of the lights was significant. The results
of these measurements are listed in Table III. It may be seen that the two
methods are in good agreement, and that the light intensity fell by about
20% during the course of this program. In order to make data comparisons with
results reported in a large body of smog chamber experiments which have already
been performed, light intensities are also expressed in terms of kd values,
where kd 1s the first order NO2 photolysis rate which would be observed if
NO2 were photolyzed in N2 under the same lights. Under such conditions, the

reactions

0 + NO, » NO + o2 (5)

O+ NO, + M > NOg + M (6)

are also important and kd becomes:

k, = d(1n[N02])/dt

4 kke/ (kg + ke [M]).
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Inserting the rate constants given by Stedman and Niki gives

kd = k1/0.64

This relationship and the average value of k1 for each experiment has been

used to calculate the kd values given in Table III.

TABLE III. LIGHT INTENSITY MEASUREMENTS
. -1 . -1
Run kl(mln ) kd(m1n ) Comments
Noslope stationary state
A 0.087 0.084 0.13 Before November
B 0.094 0.097 0.15 ~ 77 Workshop
o 0.073 0.074 0.12 ---—-— After March
Workshop

The method used above gives local values of light intensity at the
point of sampling from within the chamber which is on the chamber centerline.
Claxk (1972) measured the variation of light intensity with radial position in
the chamber with a chemical actinometer utilizing the photoisomerization of
o-nitrobenzaldehyde to o-nitrobenzoic acid. He found that the light intensity
increased significantly as the walls were approached. His results have been
used to calculate the ratio of chamber volume average light intensity to cen-
terline intensity. This ratio is 1.04 for the small bag and 1.45 for the large
bag. Volume average values of kd have been calculated by multiplying these
ratios by the measured values on the chamber axis. The results are presented
in Table IV. Note that the average light intensity in the large bag is about
40% greater than in the small bag because the small bag only contains volume
near the chamber centerline where the low light intensity is lowest. From

for the large U of M bag is 0.20 min~L.
avg

these data, kd[NOZ]

17



Table 1V,

VOLUME AVERAGE LIGHT INTENSITIES

. =1
kd(mln )

Egg Centerline
A 0.13

B 0.15

C 0.11

Averages

Large Bag

Small Bag

0.14

0.16
0.12
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Section 4

RESULTS AND DISCUSSION

In this section, results of the Calspan and University of Minnesota
experiments are discussed in the order the experiments were performed. Two
joint workshops were held at Calspan during the project year--one in November
1973 and another in March 1974. The purpose in performing the experiments
cooperatively was to take advantage of the additional aerosol measuring capa-
bility at the University of Minnesota. (Calspan did not acquire its own
electrical aerosol analyzer until the summer of 1974.) In addition to the
joint experiments at Calspan, more tests were matched as closely as possible
at the University of Minnesota in order to allow additional interchamber

comparisons of the aerosol and chemistry data.

. In the discussion which follows, results of the workshop data are
first summarized in tables and then treated individually when it is instruc-
tive to do so. Because of the large number of experiments performed during
the year, graphs of the aerosol and chemical data have been combined and
placed in an appropriate appendix. Wherever possible, data from duplicate
experiments performed at the University of Minnesota are matched with the
corresponding Calspan experiment. Within the text, however, only representa-

tive cases from each of the test systems are compared and discussed in detail.

4.1 November Workshop

During the first joint workshop, the experimental schedule was
divided into three phases: (1) SO2 experiments, (2) toluene, toluene + NO2
and toluene + NO2 + 502 tests, and (3) hexene, hexene + NO2 and hexene + NO2 ¥
502 experiments. The initial SO2 experiments were performed to compare the
effects of light intensity and chamber contamination on aerosol production
and 502 photooxidation rates in the SOz—clean air system. The experiments
1nc1uded irradiations of 502 using the old lighting configuration (k ~0.05

min~ ) in a "dirty" chamber (contamination on the walls due to auto exhaust
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jrradiations performed on another contract was not cleaned prior to the first

test) followed by several experiments after washing the chamber with distilled
water. A summary of all experiments performed during the workshop is given in
Table V. Graphs of the aerosol and chemistry data are shown in Appendix A and

matched with the comparable University of Minnesota test where possible.

As in the past, computations of SO2 oxidation rate were made from
the aerosol volume data generated by the EAA. The procedure is described
by Clark (1972); briefly, however, the rate of production of sulfuric acid
aerosol, corrected for molecular weight change, and water concentration is
assumed to be equal to the rate of photooxidation of 502 which is constant
for the linear growth portion of the experiment. Thus, the slope of the
straight line volume growth curve may be related directly to the rate of
photooxidation of 802. The governing equation is:
d[SO MW
_.Ea.t_Zl - & )P (m';-) (7

where p is the density of the sulfuric acid droplet, P is the weight fraction
of H2504 in the droplet, MW1 is the molecular weight of SOZ’ and MW2 is the
molecular weight of H2804. The quantities p and P can be determined from
data given by Bray (1970) assuming that water vapor in the gas phase is in

equilibrium with water in the aerosol droplets.

o SO2 Experiments

The first six experiments at Calspan were SO2 irradiations under
either partial lighting or full light intensity. After experiment 2, the
chamber walls were cleaned using a triplicate rinsing with distilled water.
The water washing did not appear to have affected the SO2 photooxidation
rate as shown by the data in Table V. Note that an initial and final photo-
oxidation rate has been computed for some cases based on the form of the
volumetric growth curve (i.e., for the first 30 to 60 min, a slower initial

rate was often observed followed by somewhat faster growth, probably due to
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Table V.

SUMMARY OF DATA FROM NOVEMBER 1973 WORKSHOP

dv S0
Run RH HC NOZ 502 Nmax ) :i[: ) dt (502;‘ photox.
No. System % ppm ppm ppm x10-2cc 'mé_.zl ph3 3 -1.-1 P |
by volume pe-c pm”-cc -hr %-hr
soz* - p* ** 0.63 560 470 1.71 .03
nct " 6 ISiK*} 17
.7 . -
2 S0, 30 b 0.70 700 1 reached 13.75£%+ .37}
1.60i } .05
SO, * 0.58
3 2 33 b b 525 >600 3.60f 11
1.20i .04
s0,* 0.55
4 ) 34 b b 570 >600 2 83 } 06
302 31 b b 0.52 960 >1100 7 33 .27
.21
SO 0.55
6 ) 32 b 750 1600 } s
7 toluene 35 0.8 b ---
8 toluene + NO2 37 0.8 5.0 -—- NO AEROSOQL
9 toluene + NO2 34 0.8 3.3 -——-
1000 7.501 .64
10 toluene + NO2 + SO2 45 0.8 1.95 .19 1000 then less 1.90f ‘18 }
700 5.001 1.30 ]
11 toluene + NO2 + SO2 36 0.8 3.55 .07 800 then less 0.41f 0.10
280 0.88i 1.65
12 toluene + NO2 + SO2 33 0.8 1.45 .01 500 then less 0.28f 53 }
13 hexene 38 b -—-- 95 >S50 -—-- ---
14 hexene + NO2 34 3.35 -—-- 46 -—- --- -—-
2.4 1 4,57
15 hexene + NO2 + 802 32 1.64 .01 580 400 0.9 f } 1.71
* -
partial lights used on experiments 1, 3 and 4 to duplicate previous year's light intensity, i.e., kd[NO ]~0.05 min 1
* % 2

i and f refer to initial (usually first 30 min) and final growth rates.

***h = background



contributions from contaminants). It is interesting to note that the average
initial SO2 photooxidation rate for the two lighting configurations reflects

very nearly the measured kd ratio:

kd new lights _ 0.2 _ e SO2 ox. rate (av. new) _0.22
ky old lights 0.05 -~ ° S0, ox. rate (av. old) ~ 0.04

= 5.4

This relation is also true when comparing the average final SO2 oxidation

rates for the two light intensities.

Figures 2 and 3 show typical SO2 aerosol behavior for linear growth
and also for a system in which there is upward curvature in the volumetric
growth rate. Number concentration grows rapidly after the lights are switched
on as a result of homogeneous nucleation processes. As the experiment pro-
gresses, the rate of nucleation drops until the production of particles by
nucleation is balanced by the removal of particles.by coagulation. The sur-
face concentration grows rapidly initially as surface is formed by the
nucleation of new particles and growth of existing particles. The rate of
growth of surface concentration slowly decreases as the nucleation rate
drops and the removal of surface by coagulation becomes more important. The
surface concentration then slowly tends toward a steady-state value where
the rate of production of new surface by nucleation and condensation is
exactly balanced by the rate of removal of surface by coagulation. The
volume concentration frequently grows slowly at first and then grows linearly.
This results from a constant rate of oxidation of SO, which leads to a con-

2
stant rate of production of sulfuric acid mist. On occasion, there is upward

curvature to the volumetric growth rate probably due to trace contaminants
within the chamber air which contribute to aerosol formation. Substantial
contamination (due mainly to inadequate filtration or the previous history
of experiments) manifests itself in the form of a very pronounced increase
in the conversion rate or large upward curvature or both. This behavior can

be seen by comparing the data shown in Figures 2 and 3.
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e HC + NO2 Experiments

Experiments 7-15 were carried out to study the effects of toluene
and hexene on aerosol formation. The irradiation of these hydrocarbons with
background levels of NOx does not lead to appreciable aerosol formation, a
fact that was also observed in the comparable U of M experiments for toluene.

The toluene and hexene systems with added NO, also showed very little aerosol

2
formation; however, the ratios of HC:NO2 were always much less than one, and

complete domination of the chemistry by the excess NO, present has resulted.
The relatively small concentration of toluene present in these runs had only
a minor effect in converting NO to N02. Some additional discussion relative

to the mechanisms at work in the HC+NO2 system during the photolysis period

is given below.

The photolysis of NO2 in clean air proceeds through a rather complex

reaction mechanism, the most important steps of which are given below.

NO2 + hv » NO + 0

0+ O2 + M-~ 03 + M

03 + NO -» 02 + NO2

0, + NO, » N03 + 0

3 2 2

NO3 + NO2 + NO + NO2 + O2

NO, + NO2 AY N20

3 5

N205 + HZO - ZHONO2
It has been observed, both experimentally and theoretically, through modeling
techniques that during NO2 photolysis a gradual formation of NO occurs. The

rate of NO production is a function of light intensity, initial NO, concentra-

2
tion and relative humidity.
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The addition of hydrocarbon to the NO2 system introduces free radi-
cal species formed as a result of the hydrocarbon photooxidation. The major
hydrocarbon photooxidation processes are thought to proceed via attack by one
or more of the following species: O-atom, 03, HO, HOZ’ NOS’ and CH30. The
first three species are thought to contribute most significantly, though
their order of importancewill vary with respect to the structure of the hydro-
carbon being oxidized. Peroxy radicals, a transient species formed in the
hydrocarbon oxidation process, are of major importance in the nitric oxide
oxidation process. Reactivity scales have been formulated based on the rate
at which hydrocarbons catalyze the oxidation of nitric oxide, but unfortunately
these scales can be ambiguous. For instance, in any given light condition,
the rate of nitric oxide oxidation is dependent upon the hydrocarbon to nitric

oxide ratio, the initial NO, concentration, as well as the experimental system

2
itself. Table VI contains reactivities for several hydrocarbons and their

reaction rate constants with O-atom, 03, and HO.

It appears from the toluene-NO2 experiments, runs 8 through 12, that
the toluene-NO2 ratios chosen were such that the rate of NO oxidation, due to
the oxidation of toluene, was too slow to compensate for the NO formation
rate resulting from the NO, photolysis mechanism mentioned earlier. There-
fore, in all of the toluene studies, NO was never oxidized out of the system.
Also, any observable loss of toluene was within the experimental error of the

analytical system.

In the hexene-NO2 studies, run 14 (see Appendix A) shows an effect
similar to that observed in the toluene system, while run 15 with a higher
HC/NOx ratio shows oxidation of virtually all the hexene-1 and conversion of
all the NO formed in the system to N02. For the comparable toluene experiment,
oxidation of the HC was very slow and incomplete. These results suggest a
greater difference in reactivity between toluene and hexene-1 than Table VI
would indicate. One possible explanation is that aromatics may vary in
reactivity with respect to the HC/NO ratio much differently than the olefins.

For example, toluene's reactivity is mostly dependent on the HO-toluene
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reaction, while hexene-1 reactivity receives comparable contributions from
O-atom, 03, and HO reactions. Under the N02-toluene conditions in these
experiments, the HO—NO2 reaction dominates, virtually eliminating a HO-toluene

chain mechanism and thus exhibiting the very low reactivity observed.

In the cases of the hexene—NO2 studies, the results suggest that
the conditions for short and long chain length reactions involving HO were

achieved respectively in Runs 14 and 15,

Table VI. HYDROCARBON REACTIVITY

- - ) 4
Compound k in ppm 1 min ! Reactlv;Ey( )
- 1(*)
ethylene 7.7 x 10° 3.8 x 100° | 2.5 x 10° 1.7
3 -2 4
propylene 4.4 x 10 1.6 x 10 2.5 x 10 3.5
_ *k
hexene- 1 5.0 x 10° 1.5 x 1072 | 6.0 x 10°C°") 1.7
2 -5 ©) 4(***3
toluene 1.7 x 10 ( 1.8 x 10 2.0 x 10 | 1.3
6) _5(6) (6)
NO2 8.1 x 103 7.8 x 10 2 1.5 x 104 l .

1Cvetanovic, R.J., Adv. in Photochemistry 1, 115 (1963).

2Wei, Y.K. and Cvetanovic, R.J., Can. J. Chem. 41, 913 (1963).

*Morris, E.D., Jr. and Niki, H., J. Phys. Chem. 75, 3640 (1971).
4Glasson, W.A. and Tuesday, C.S., Environ. Sci. Technol. 4, 916 (1970).
5Stedman, D.H. and Niki, H., Environ. Letters, 4, 303 (1973).

6Demerjian, K.L., Kerr, J.A. and Calvert, J.G., Adv. in Environ. Sci. Technol.
Vol. 3, Wiley-Interscience, New York (1973).

* -
Based on the average rate of NO photooxidation (ppb/min); kd = 0.29 min"! and
HC to NO ratio of 2.5.

*%
Rate constant based on reaction of HO with pentene-1.

xk%
Upper limit based on rate constant of HO-xylene reaction.

26



e HC + NO, + 502 Experiments

2
The addition of SO, to the HC-NO, systems had a profound effect on

2 2
aerosol formation. In reviewing the data in Table V, the toluene + NO, + SO,

2
systems (runs 10, 11, and 12) and the hexene + NO2 + SO2 experiment (run 15),
show rapid initial aerosol growth followed by somewhat slower volume production.
Similar characteristics were found in the U of M experiments. The apparent

SO2 oxidation rates for these systems were quite high, initially up to several
percent per hour, followed by a slower final rate that 1s very similar to that

of 502 alone. Matched aerosol and chemistry data from a representative Calspan
and U of M experiment for the toluene + NO2 + 802 system can be seen in Figures

4 and 5.

In view of the chemical profiles for these experiments, we believe
the following processes can account for the observed aerosol behavior. In

the early stages of the HC+N02+SO runs, there are two major sources of

aerosol formation, that resultinngrom 802 oxidation and the other from the
reaction of 03 with the hydrocarbon. Rapid volumetric growth occurs and,
therefore, the apparent initial 502 photooxidation rate is quite high. As
irradiation continues, ozone levels quickly decline (see Figure 4) resulting
in the loss of one important source of aerosol. This, in turn, causes a
change in the observed volumetric aerosol growth rate of the system. In the
absence of 502, the HC+NO2 system shows only one growth mode which is con-
sistent with the above explanation of aerosol behavior.

4,2 Duplicate Experiments to the November Workshop - University of

Minnesota

After completing the joint workshop at Calspan during November,
a similar set of experiments was performed at the U of M. Some additional

SO2 irradiations were performed after HC-NO, experiments in order to observe

2

the effect of possible chamber contamination on the 502 oxidation rate. The

results of the Minnesota experiments are summarized in Tables VII and VIII.

Three systems were investigated: SOZ’ toluene + N02, and toluene + NO2 + SO
27
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TABLE VII.

UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO NOVEMBER WORKSHOP:

SUMMARY OF SO2 EXPERIMENTS

& 1w
Run . RH | Ygax , | SB it S0, 50, dt S0
No, Concentration ppm % #-cc umz-cé ums-iél-hr'l um3_eé;hr'1_ . Eh‘:,t?,lc
ppm s-hr
1 .51 13 | 90x | L420" 2.3 L.5 .12
2 .53 9 150 K | 420" 2.6 L.9 .13
3 .64 6L 320 K | 660 3.1 L.8 .057
L .59 3 | 10x | 340 .98 1.7 .030
5 .55 33 | 160K | 380 .93 1.7 .032
6 .55 29 | 110k | 210 19 .89 .018
11 .55 30 | 600x | 1300 12,0 22 L2
12 47 L9 330 K 1400 9.8 21 .35
17 .54 27 | 220 x| k2o 1.1 2.0 .ol1
18 .012 17 | sux | 72" .12 10 .23
19 .012 36 35 K o5” - - —
20 .54 29 | 280K | 620" 2,2 L1 .079

*
Equilibrium surface not reached.




have been responsible for the observation because number concentration con-
tinued to decay normally, and also a second phase of growth was not apparent

in the comparable Calspan experiment. For Run 14, the EAA data proved to
be unreliable and only number against time data were obtained. Following

EAA repair,a complete set of aerosol data was obtained for the remainder of
the experiments in the series. Runs 14 and 16 were made with the toluene +
NO2 + 802 system. The aerosol growth behavior of these systems is different
from the SOz-pure air system in that two distinct growth phases are evident:
rapid initial volume production for about the first hour, as observed in the
Calspan experiments, followed by a slower but essentially linear increase
with time. The volume production rates during the linear rate periods are
tabulated in Table VII, as well as the corresponding apparent SO2 photooxi -
dation rates. Comparison of these results with Calspan's for the same chemi-
cal system reveals very similar behavior. The shapes of the plots of N, S,
and V against time, shown in Figures 4 and 5 and also Appendix A, are the
same except that the surface concentration obtained in the Calspan experiments
is not as constant as in the Minnesota tests. The Calspan and Minnesota
experiments were performed at different 802 concentrations and, consequently,
the resulting aerosol concentrations were different. However, when the volu-
metric production rates during the linear growth phase are normalized by
converting them into apparent SO2 photooxidation rates, good qualitative
agreement is obtained between the two sets of experiments. Thus, on the
average, Calspan 502 oxidation rates with full light intensity are about
0.2%/hr, while in the U of M chamber, values less than 0.1%/hr are usually

noted.

The last group of experiments in these series, 17-20, were all SO2
experiments. The usual SO, photooxidation behavior is evident. Apparent
photooxidation rates in these experiments are nearly a factor of two higher
than before the toluene experiments were performed. This suggests that some

chamber contamination was produced in the toluene experiments.
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4.3 Conclusions from the November Workshop

From a complete review of the Calspan and University of Minnesota
duplicate experiments involving SO2 + clean air, HC + N02, and HC + NO2 + SO2

system, the following points emerge:

(1) 502 photooxidation rates of ~0.2%/hr are typically observed in

the Calspan chamber and rates generally less than ~0.1%/hr and occasionally a

few hundreths of a percent hr_1 are found in the U of M chamber.

{2) A conditioning effect in which each subsequent SO2 irradiation
produces slightly less aerosol is normal in both chambers. The effect is
more pronounced in University of Minnesota tests. Generally, the history of
previous experiments does not appcar to have as large an effect on the SO2
oxidation rates in the Calspan chamber as it does in the U of M chamber.

Thas could be due to the very large size of the Calspan chamber and also
to the method of air purification (i.e., recirculation through charcoal fil-

ters until the desired level of cleanliness is achieved).

(3) Ilrradiations of toluene or hexene + clean air produce no
aerosol in either the Calspan or U of M chambers. The addition of excess
NO, does not cause appreciable additional aerosol formation in either

chamber.

(4) The addition of cven small amounts of 502 (~0.01 ppm) to the
HC + NO2 systems had a profound effect on aerosol production. Rapid initial
aerosol formation appears to be due to a combination of 502 oxidation (and
subsequent formation of H,30, particles) and ozone reaction with HC. As
the ozone levels decline, only the 502 photooxidation mechanism remains

which lecads to final volume production rates similar to that for SO, alone.
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4.4 March 1974 Workshop

A second joint workshop was held for a three-week period in March
1974. The test series was designed to investigate chemical conversion and
aerosol behavior of various HC+NO and HC+N0+302 systems using realistic con-
centrations of reactants. The hydrocarbons chosen for study were toluene,
hexene-1, m-xylene, and cyclohexene. NO was used in place of NO2 in order
to more closely simulate photochemical processes responsible for aerosol for-
mation in an urban environment. The normal concentrations of reactants used
in the experiments were ~0.35 ppm HC, 0.15 ppm NO, and 0.05 ppm SOZ' As in
the November workshop, a number of SO2 + clean air experiments were performed
as part of normal chamber characterization and contaminant monitoring proce-

dures.

Two series of experiments are reported in this section. The first
represents data obtained during the joint Calspan/University of Minnesota
workshop held at Calspan in March 1974, and the other consists of duplicate
experiments performed at the U of M following the workshop. Since Calspan
did not yet have its own aerosol analyzer at the time of the March workshop,
there was no opportunity to repeat any of the experiments once the workshop
was over. In several instances, it would have been instructive to do so.

In spite of this limitation, there is generally very good agreement of the
data in both a qualitative and quantitative sense.

A total of 31 experiments were performed during the workshop using
various HC, HC+SOZ, HC+NO, and HC+NO+SO2 mixtures. Following the workshop,

additional experiments were performed at the U of M. Many extra SO, experi-

ments were performed to study the effects of chamber contamination zn S0,
oxidation rate. All chemical and aerosol conversion data for these experi-
ments are presented in Appendix B, together with the duplicate U of M experi-
ments. Several specific examples are discussed within the text. In order to
preserve continuity, the experiments are discussed in the following sequence:

S0, experiments, HC+NO tests, HC + SO,, and HC+NO+S0,, experiments. Four

2,
experiments were also performed at Calspan using various concentrations of
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NaCl particles. The aerosol and chemistry data are shown in Appendix B but
not discussed in the text, since the NaCl aerosol generally masked the impor-

tant features of the aerosol surface and volume behavior.
4.4.1 SO2 Experiments and Influence of Bag Size on Aerosol Production

In order to allow direct comparison of the pertinent chemical and
aerosol data, summary tables from both the Calspan workshop and U of M
experiments are shown in Tables IX through XIII. At the beginning of the joint
workshop, four 502 experiments were performed using concentrations of either
0.50 ppm or 0.05 ppm 502. The data are consistent in that each experiment
shows an initial 802 photooxidation rate of approximately 0.2% hr-l, followed
by a somewhat accelerated rate. As previously discussed, the accelerated
or 'final' rate is thought to be the result of contributions to aerosol growth
by background contamination in the chamber air. Note that the final photooxida-
tion rate for the lower concentration runs (numbers 2 and 3) is somewhat ele-
vated compared to the high concentration experiments. It appears that when
the 802 concentration is fairly high, i.e., 0.50 ppm the contributions to
aerosol growth from trace contaminants,is quite small. Thus, for a slightly
contaminated chamber, the higher the SO2 concentration the more nearly the
data represent SO2 photooxidation alone. From the large number of SO2
irradiations performed in the Calspan chamber over the past two years,
it appears that the normal oxidation rate of SO, in filtered air is approxi-
mately 0.2% hrl,

A substantial number of additional experiments were performed by
the U of M to test the effects of bag size and condition. The dimensions of the

smog chamber bags used in these experiments are as follows:

Dimensions of Smog Chamber Bags

Large Bags Small Bags
Diameter 3.05 m 1.16 m
Height 2.44 m 2.16 m
Volume 17.8 md 2.28 m3
Surface/Volume 2.13 m 1 4.38 m b
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The results of the experiments are presented in plots of aerosol number, sur-
face and volume concentrations in Appendix B and summarized in Table XIII.

The first experiments, numbers 45, 46, and 49, were performed in large bag #3.
This bag was fabricated shortly after the November workshop was completed and
had been used for a number of SO2 oxidation and NO photolysis experiments.

It proved to be impossible to eliminate dark reactions in this bag, and con-

sequently, it was only used for system characterization studies.

The 802 photooxidation rates calculated from the aeroscl volume
production rates are 0.07, 0.06, and 0.10 per hour for runs 45, 46, and 49,

respectively. The latter rate is believed to be higher because chamber
contamination was produced by runs 47 and 48, which were NO photolysis experi-

ments. These rates of S0, photooxidation do not relate directly to that
expected in a clean SOZ—air system but rather give a measure of the contami-

nation present in a particular experiment.

The next group of SO2 experiments 52, 53, 54, 57, and 66 were per-
formed in the small bag. Data showing the influence of bag size on aerosol
production are shown in Table XIV. Only seven experiments were performed in
the small bag because its volume was inadequate to allow a complete set of
data to be obtained during long experiments. The SO2 photooxidation rates with
pure SO, and in the early phases of the S0, + NO + HC experiments were found to
be about a factor of two lower in the small bag compared to the large bag. This

is believed to be due to three factors:

(a) The average light intensity in the U of M small bag is lower
because it is located at the center of the chamber and contains none of the

high intensity regions near the walls,
(b) The chamber itself is less contaminated, and

(c) The walls of the small bag may act as a sink for photochemically-

produced species.
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TABLE IX.

SUMMARY OF AEROSOL DATA FROM MARCH WORKSHOP

dv dv 50,
Run RH N SE dt dt [max] | Photox
max (SO2)
No. System % #oce ] umz-cc'l m3-ce Lohr ums-cc'l-hr'l*-hr-l Comments
6 toluene + NO 30 3.1x103 640 -- 2.2 -- no vol. first 4 hrs
30 toluene + NO 20 1.3x10s 750 -- 2.6 -- no vol. first 4 hrs
29 toluene + NO + SO, 30 1.6x105 >750 0.78 1.5 0.32 1st 4 hrs*
7 toluene + SO, 20| 2.1x10 800 1.17 3.2 0.45 1st 50 min*
5 hexene + NO 40 1.4x10§ 610 -- 2.1 -- no vol. first S5 hrs
21 hexene + NO 37 1-ZXI05 215 -- 0.5 - no vol. first 6 hrs
18 hexene + NO + SO2 37 1.4x105 >1500 0.61 5.8 0.16 1st 6 hrs*
20 hexene + SO2 35 3.6x10 950 0.75 3.2 0.25 1st 60 min*
15 m-xylene + NO 38| 8.4x107 | 1150 - 14.1 -- no vol. first 60 min.
14 m-xylene + NO + SO2 29 2.6x10 2700 0.92 25.0 0.32 1st 60 min*
17 m-xylene + SO2 35 2.8x10 384 0.84 1.6 0.23 1st 60 min*
10 cyclohexene + NO 38| 3.6x10; | 3500 - 110 - no vol. first 90 min
12 cyclohexene + NO 30 4.2x105 2450 -- 75 -- no vol. first 3 hrs
9 cyclohexene + NO + 502 30 1.7x10s 4200 0.74 105 0.28 first 2 hrs
13 cyclohexene + SO2 35| 2.7x10 1300 1.20 10 0.49 first 30 min
1 0.52 ppm SO, 25 | s5.5x10° | >1450 5.61 - 0.21 1st 30 min*
10.60 0.39 1st 2 hrs

4 0.55 ppm SO2 30 3 9x105 4400 4.49 -- 0.16 1st 30 min*
13.60 0.48 1st 2 hrs

2 0.05 S0, 37| 2.3x10° | >575 0.65 -- 0.23 | 1st 30 min*
2.35 0.79 1st 2 hrs

3 0.05 502 40 2.9x105 >675 1.04 -- 0.36 1st 40 min*
2.31 0.79 1st 2 hrs

*
Time over which aerosol growth rate was used in computing SO2 photooxidation.
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Table X .

UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO THE MARCH WORKSHOP:

SUMMARY OF AEROSOL DATA FOR HYDROCARBON EXPERIMENTS

dv dv
Run RH N SE Fr 53 v S0
No. System % ' 1::.1_:1 umz ce-1 3dt _Sio2h - SQZ dt L 1 t [max] ph?,to
- - um“-cc “-hr “t_hr - 3 - i i
T -ppm ums-cc 1l Odeftlon
%-hr

65 toluene + NO + SO2 28 185 K 330* 1.23 11.3 same .23
76 toluene + NO 47 4.2 K 550* -- -- 24.5 -
77 toluene + NO + 502 57 170 K 1850 1.17 29.9 27.4 .39
87 toluene + NO 30 10 K 340 -- -- 8.6 ---
88 toluene + NO + SO2 24 160 K 1600* 1.22 30.5 16.6 .67
60 hexene + NO + SO2 28 74 K 1200* .40 5.7 21.2 .12
78 hexene + NO + SO2 55 230 K 1530 .53 13.9 19.1 .18
92 hexene + NO 33 8.8 K 31 -- -- .09 -——-
93 hexene + NO + SO2 32 150 K 1300 .29 8.5 18.0 .16
81 m-xylene + NO 75 23 K 1600 -- -- 73 ---
82 m-xylene + NO + SO2 54 230 K 2800 .49 10.4 67 .14
89 m-xylene + NO 26 21 K 1000* -- -- 38 ---
91 m-xylene + NO + SO2 26 230 K 1600 .46 10.0 31 .21
83 cyclohexene + NO 51 .9 K 320 -- -- 50 ---
94 cyclohexene + NO 31 2.7 K 510 -- -- 65 ---
95 cyclohexene + NO 29 1.9 K 620 -- -- 190 -—--
96 cyclohexene + NO + SO 28 280 K 5400 .43 9.7 250 .20

2

*
Equilibrium surface not reached.
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TABLE XI.

SUMMARY OF CHEMISTRY DATA FROM MARCH WORKSHOP

Run RH HC S04 NO, t(NOR) o o 03max
No. System % ppm ppm ppm min ppm
6 toluene + NO 30 0.35 -- 0.170 400 0.285
30 toluene + NO 20 1.17 -- 0.530 480 0.380
29 toluene + NO + SO, 30 0.35 0.05 0.146 330 0.225
7 toluene + SO2 20 0.35 0.05 b b 0.047
5 hexene + NO 40 0.33 -- 0.150 420 0.200
21 hexene + NO 37 0.33 -- 0.180 420 0.275
18 hexene + NO + 802 37 0.33 0.07 0.178 430 -
20 hexene + SO2 35 0.33 0.055 b b 0.052
15 m-xXylene + NO 38 0.34 -- 0.150 100 0.222
14 m-xylene + NO + 502 29 0.34 0.055 0.150 105 0.305
17 m-xylene + SO2 35 0.34 0.07 b b 0.030
10 cyclohexene + NO 38 0.33 -~ 0.138 120 0.190
12 cyclohexene + NO 30 0.33 -- 0.140 190 0.192
9 cyclohexene + NO + SO2 30 0.33 0.05 0.220 180 0.325
13 cyclohexene + SO 35 0.33 0.06 b b 0.011

2
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Table XII. UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO THE MARCH WORKSHOP:

SUMMARY OF CHEMICAL DATA FOR HYDROCARBON EXPERIMENTS

Run RH HC S0, NO; [Noz]max t[NOZ]max [03]max
No. System % ppm ppm Ppm ppm min Ppm
65 toluene + NO + SO2 28 .35 .108 .30 . 145* 460 .2*
76 toluene + NO 47 .35 -- .152 .095 210 .30
77 toluene + NO + SO2 57 .38 .039 .155 .115 160 .362
87 toluene + NO 30 .35 -- .155 .140 130 .402
88 toluene + NO + 502 24 .35 .040 .17 .122 155 .315*
60 hexene + NO + 502 28 .35 .07 .16 .123 395 .162*
78 hexene + NO + SO2 55 .35 .038 .165 .130 255 .438
92 hexene + NO 33 .35 -- .12 .104 280 .290
93 hexene + NO + 802 32 .35 .034 .122 .125 350 .302*
81 m-xylene + NO 75 .35 -- .155 .144 80 .343
82 m-xylene + NO + 502 54 .35 .047 .151 .130 94 .361
89 m-xylene + NO 26 .35 -- .132 .142 68 .379
91 m-xylene + NO + SO2 26 .35 .046 .117 .115 70 .262
83 cyclohexene + NO 51 .35 -- .13 .101 90 .32%
94 cyclohexene + NO 31 .35 -- .103 .108 60 .20
95 cyclohexene + NO 29 .35 -- .124 .128 103 .254
96 cyclohexene + NO + SO2 28 .35 .045 .133 .130 85 .241

*
max not reached by end of irradiation period.
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TABLE XIII.  UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO THE MARCH WORKSHOP:
SUMMARY OF SO, EXPERIMENTS
v 1 av
Run _ RH Npax SE at 80, 50, dt 50,,
No. Concentration ppm % #oce ! | um?-ccl um3_ce™1-pr~l m3-ce-Lohr ppm'l Ph§t°ﬁ_1
-nTr

45 .59 28 260 K | L70 1.9 3.2 .07
L6 .59 Lo 340 X 570 2.2 3.8 .065
L9 .59 67 590 X 800 5.6 9.4 .10
52 .56 36 90 K 190 .46 .83 .015
53 .56 30 670 X 2100 20 3.7 .07
5h .56 25 100 K | 190 .28 .50 .01
57 .56 12 39 K 210 .78 1.4 .04
66 .61 27 | 100K | 680" 2.7 4.5 .10
68 .62 39 9L K 310 1.1 1.8 .03
69 .053 Lo 280k | 270 .84 16 .27
70 .54 57 210 X | Loo" 1.2 2.2 .03
71 .048 g 95 X 200" .32 6.6 .09
72 .50 5, | 220k | 8L 4.2 8.5 .12
79 .038 70 |68%x | 110" .21 5.6 .06
80 .40 78 250 K | 550 2.2 5.5 .05
85 .38 3k 245 K | 6LO 2.5 6.6 .13
86 .051 27 82 x 190 .35 6.8 .14
97 .035 27 | 100k | 270" 1.1 30 .63

*Fou.librium surface not reached, maximum surface.




If (¢) is indeed an important factor, it may help to explain the slightly
higher (~0.2%) SO2

conditions and similar lighting intensities. No clear trend is apparent when

oxidation rates noted in the Calspan chamber under clean

the maximum volumetric aerosol production rates observed with S0, + NO + HC

in large and small bags are compared. In the systems studied, the growth
phase corresponding to the most rapid rate of aerosol production came so late
in the experiment that the bag was nearly collapsed, and so it is difficult

to point to any clear-cut effects. Additional experiments should be performed

with more reactive hydrocarbons in order that the times to NO and 0

2[max] 3[max]
are achieved earlier in the experiment.
TABLE XIV. INFLUENCE OF BAG SIZE ON AEROSOL PRODUCTION
Small Bag Large Bags
dv dv
- Apparent SO - Apparent SO
Run 3dt {ﬁ?x]_l Photooxidation| Run 3dt }Fale Photooxidation
System No. pm -cc -hr Rate %-hr 1 No. um~-cc " hr Rate %-hr-1l
SOz+c1ean air (52,53, -- 0.05 il 0.10
54,57, runs
60)
SOZ+NO+Hexene (69) 21.2 0.12 78 19.1 0.18
SOZ+NO+t01uene {65) 1.4 0.23 77, 22,0 0.53
88

In reviewing the data in Table XIII, U of M experiments 52 and 54
show low apparent 802 photooxidation rates of 0.015 and 0.01% hr-l, respectively.
Experiment 57 was performed after two NO photolysis experiments and shows only
slight contamination in its higher 802 photooxidation rate of 0.04%/hr. Experi-
ment 66 shows more evidence of contamination with an apparent 802 photooxidation

rate of 0.1% hr L.

Since run 65 was a toluene + NO + SO2 experiment, the higher
rate of photooxidation in run 66 is possibly a result of contaminants remaining

on the bag surface after the previous run.
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The remaining SO2 experiments in this series were performed in a
new large bag (LB-4). Run 68 was the first 802 experiment in the large bag;
no dark growth was observed, and the apparent rate of SO2 photooxidation was
0.03%/hr. Runs 69-72 were all SO2 experiments and showed a considerable
variation in the apparent SO2 photooxidation rate. This type of variation
has been observed previously with new bags and is believed to be related to
a conditioning process in the chamber. (The 502 oxidation rate tends toward
lower values but will vary in both directions depending on the purity of the
chamber air.) After run 72, a series of hydrocarbon experiments were started.
The next SO2 experiments were runs 79 and 80 which immediately followed a
l-hexene + NO + 802 experiment. The apparent SO2 photooxidation rates in
these experiments are fairly low, 0.06 and 0.05%/hr, respectively, but higher
than the lowest levels attained in the first large bag (0.02%/hr in run 6)
used after the November workshop. It is of interest to note that the apparent
photooxidation rates in runs 79 and 80 are nearly equal, despite the fact that
the SO2 concentration in run 79 is 0.038 ppm, whereas in run 80 it is 0.40 ppm.
This suggests that either all or a constant fraction of the aerosol formed in

these experiments results from SO2 photooxidation.

Runs 85 and 86 are another pair of 502 photooxidation experiments
at high and low SO2 levels. These runs followed another series of experiments
involving hydrocarbons and NO. The presence of contamination is indicated
by the rather high apparent photooxidation rates, 0.13 and 0.14%/hr for these
runs. The last SO2 experiment in this series, run 97, shows even more con-

tamination with an apparent photooxidation rate of 0.63%/hr.

It is evident from these results that the apparent SO2 photooxida-
tion rate, based on measurements of aerosol formation in the SO2 pure air
system, is quite dependent upon the experiments performed prior to making a
run. This is especially true in the U of M system. Previous exposure of

the bag to hydrocarbons and NO leads to enhanced aerosol formation. Apparently,
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reactive materials are either adsorbed or absorbed by the Teflon bag and

only slowly desorb when the bag is flushed with clean air.

In the Calspan chamber, there is somewhat less of a conditioning
effect on SO2 oxidation and also less influence from the history of previous
experiments. It is possible that this is due to the very low surface-to-
volume ratio of the Calspan chamber and the fact that the walls are less of

an influence on the behavior of aerosol and gaseous species.
4.4.2 Hydrocarbon Experiments

Several types of hydrocarbon experiments were performed at the work-
shop and later at the University of Minnesota. At Calspan the three main sys-
, and HC + NO + SO

tems studied were: HC + NO, HC + SO Two basic types of

2 2°
experiments were performed at the U of M: HC + NO and HC + NO + 802. Initial
reactant concentrations in each case were set as closely as possible to 0.35

ppm (volume) HC, 0.15 ppm NO, and 0.05 ppm S0,. Again, the main experimental

conditions and results are listed in Tables IX through XII.

Plots of aerosol number, surface and volume concentrations against
time and NO, N02, 03, and hydrocarbon concentrations against time are given
in Appendix B. The plots are grouped together according to hydrocarbon type
and are in the same order as the runs listed in Tables IX through XI. The
chemical reactivity of these systems is characterized by listing the time to
the NO2 peak and the maximum ozone concentration produced. In the U of M
tests, considerable lack of reproducibility existed in the ozone measurements,
apparently as a result of day-to-day variations in the sensitivity of the
ozone instrument. Some run-to-run variation is also evident in the NO-NO2
results; however, this variation is believed to be real because both NO-NO2
analyzers were stable and readily calibrated. Consequently, the main measure
of chemical reactivity of both the hydrocarbon + NO and the hydrocarbon + NO +

502 will be taken as the time to maximum NO2 concentration, t[NOz] A

max’
shorter time implies a more reactive system.
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In addition to these conventional measures, HC reactivity can also
be described in terms of aerosol behavior. The parameters used are: maximum
number concentration, maximum surface concentration, and two rates of volume

production. These parameters were chosen for the following reasons:

(1) Some description of number concentration was considered necessary
because CNC data are easily obtained and other investigators have presented

such data for various photochemical systems.

(2) Maximum surface concentration, SM’ is listed because many photo-
chemical systems tend to establish an equilibrium surface concentration (Clark

& Whitby, 1975) which is related to the rate of aerosol volume (or mass) production.

(3) The volume of aerosol formed multiplied by its density gives
the mass of aerosol formed. The density of these particles should not be
very different from unity. (Most organic acids and sto4 lie in the range of
0.8 to 1.2 gm/cms.) Consequently, the aerosol volume is nearly proportional
to aerosol mass. Since mass is a conserved quantity, the rate of mass forma-
tion in the aerosol phase must equal the rate of mass removal from the gas
phase. The rate of volume production is, therefore, directly proportional to
the rate of condensation of slightly volatile species formed by photochemical
reactions. Volume against time plots for these experiments have a rather com-
plex shape. Consequently, two volumetric production rates are defined and tabu-
lated in Tables IX and X, namely (dv/dt)SOz, the slope of the essentially linear
volume against time curve which is established early in HC + NO + SO, or HC +

2

SO2 experiments and (dv/dt)ma the maximum rate of volume production.

x!
4.4.3 Hydrocarbon + NO Experiments

The HC + NO systems were found to behave quite differently from the
simple 502 + clean air experiments. Each hydrocarbon + NO experiment can be

divided into two phases. In the first phase, NO is converted to NOZ’ and

some oxidation of the hydrocarbon occurs. 03 starts to appear near the end
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of this phase as NO concentrations become very low. The second phase begins
as soon as the initial NO has been oxidized out of the system and NO2 reaches
its maximum concentration. During this phase [NO] remains low, and [N02]
gradually decreases as N02 is converted to higher oxides, acids, peroxyacyl
nitrates, and other nitrogen compounds; ozone grows rapidly and approaches

a maximum; and aerosol formation takes place.

Typical examples of this two-phase behavior is shown in Figures 6
and 7 in which Calspan and U of M hexene-1 + NO experiments are compared.
It may be seen from the data that the NO disappears and NO, maximizes in
about 420 minutes in the Calspan experiment and about 280 minutes in the
Uof M test. These times are considered as the duration of the first phase
for each case. The plots also show that by the end of this phase some ozone
has started to appear and the hydrocarbon concentration has started to decrease
rapidly. The aerosol data show no measurable aerosol production during this
phase in the U of M experiment, but some particles in the Calspan experiment
can be noted. The particles are so small, however, that the EAA does not

. *
detect their presence.

Early in the second phase, growth proceeds rapidly. The same physi-
cal mechanisms control aerosol formation in this system as in the 802 + clean
air system, i.e., nucleation, condensation, and coagulation. In the Calspan
experiment, note the sharp inflection at this point as the concentration
increases and in the corresponding U of M test the sudden appearance of aero-
sol. In both experiments, there is a corresponding increase in the surface
and volume concentration of aerosol. For all of the hydrocarbon + NO systems
studied, the number of particles formed was less then in the S0, + clean air

case, but in every case (except for hexene + NO) the volume was always

This is a particularly useful illustration in that it shows the various
detection limits of CN counters used in these tests. For this experiment
the Environment-One CN counter did not detect particles early in the first
phase of the Calspan test, even though the more sensitive Gardner small
particle detector measured the concentrations shown. This situation was
found to occur frequently in other experiments.
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larger, implying the production of fewer but larger particles. Another
important difference between the aerosol behavior of the hydrocarbon + NO
systems studied and that of the SO2 + clean air systems is the shape of the
volume against time curves. They are no longer linear. Volume grows rapidly
early in the second phase; later the rate decreases and eventually volume
becomes essentially constant or even drops as the largest particles are lost
from sedimentation and fall out. In these cases, the species driving aerosol

growth becomes depleted and, consequently, new aerosol volume production stops.

The chemical behavior of the system in the second growth phase is
also shown in Figures 6 and 7. Production of ozone proceeds rapidly and
ozone concentration maximizes at about the same time that the aerosol volume
curve reaches its plateau; NO2 decreases continuously while hexene is oxidized
out of the system more rapidly as the ozone concentration increases. In the
Calspan experiment, the ozone monitor was set for 0.2 ppm full scale so that
the ozone max was not observed. Another nearly identical case, however,

(run no. 21) produced an ozone max of 0.275 ppm.

The aerosol and chemical behavior shown in Figures 6 and 7 is quite
typical of all HC + NO experiments performed. The most pronounced difference
between the four hydrocarbons studied was in the rates of NO oxidation and
the rates of aerosol formation. Each of the systems are individually charac-

terized below.

In terms of NO oxidation and aerosol formation rates, toluene was
found to be the least reactive hydrocarbon in the Calspan chamber, followed
closely by hexene. This is, perhaps, the most significant difference between
the sets of data generated by Calspan and the U of M. In the Minnesota
studies, l-hexene proved to be less reactive than toluene. For example,
in the 1-hexene + NO experiment shown in Figure 7, the maximum aerosol volu-

metric production rate (dv/dt)maxwas only 0.09 um3/<:c“.1.hr-1

and the maximum
aerosol surface area SM was 3 um2/ cc , both lower than any other hydrocarbon

system investigated. By contrast, in the toluene + NO case (run #76), a
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volumetric rate of (dv/dt)pax= 24.5 um3/cc-hf4was measured with a maximum
surface area of 550 pmz/ cc. The effect of relative humidity on aerosol
behavior in the toluene + NO system can be seen by comparing runs 76 and 87
in Table X. In run 87, the relative humidity was lower and aerosol was
formed less rapidly with (dv/dt)max= 8.6 ums/cc-hf'and SMAx = 340 umz/ cc.
The change in retative humidity produces no change in the observed chemical
behavior of the system, however. The large difference in aerosol production
would then seem to be due solely to the formation of particles having a
higher water content. Evidently, rather hygroscopic products were being
formed even in the toluene + NO case, since the relative humidity was only
50%.

The m-xylene + NO data generated by Calspan and the U of M compare
very favorably. Both aerosol and chemical measurements showed the m-xylene
+ NO systems to be considerably more reactive than either 1-hexene + NO or
toluene + NO. Times for Nozmax were only 80 and 68 minutes for the U of M
experiments and 100 minutes for the Calspan experiment (see Tables XI and XII).
Aerosol and chemistry data for these experiments are shown in Figures 8 and 9.
The data show similar results: No aerosol is produced until approximately
the time of NO disappearance and rapid formation of ozone. The U of M data
show a slight (10 min) lag between disappearance of NO and the onset of
aerosol formation. The volume and surface concentration for these tests is
substantially higher than for the toluene + NO and hexene + NO cases. An
expected humidity effect was noted in the U of M experiments; run 81 @ 75%

RH produced about twice as much aerosol volume as run 89 performed at 26%

RH.

Three cyclohexene + NO runs were performed at the U of M and two
at Calspan during the March workshop. The data compare very well showing
cyclohexene to have about the same reactivity as m-xylene in terms of NO
oxidation rate but much greater reactivity than any of the other hydrocarbons
tested in terms of aerosol production. In the cyclohexene cases, the aerosol

growth was almost explosive once oxidation of NO was complete. Both the
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surface and volume concentrations of aerosol were much higher than any other
system, even though the number of particles was actually less. This implies
the presence of extremely large particles and, indeed, this is the case, as
in the Calspan experiments where nephelometer measurements were made, and
substantial visibility losses were noted after only 2.5 hours of irradiation.
Aerosol and chemistry plots from a Calspan and U of M experiment are shown
in Figures 10 and 11. The volume production rates (dv/dt)maxof 75 to 110
pm;/cc-hr-l for the Calspan chamber and between 50 and 190 ums/ cc-hr_1

for the U of M are the highest we have measured and substantially higher
than that observed in typical urban polluted atmospheres. As well as oxi-
dizing NO quickly and leading to rapid aerosol formation, the cyclohexene
itself was quickly oxidized out of the system, as the data in Figures 10

and 11 show.

From the chemistry data for all the hydrocarbon experiments, a
family effect is apparent. Cyclohexene and hexene, both olefins, have
curves of basically the same shape: a gradual decrease with time until
after the NO is oxidized out of the system, followed by rapid decay as
ozone builds and aerosol forms. Toluene and m-xylene, both aromatics,
have a different shape. In both cases, hydrocarbon concentration decays
gradually and at a more or less constant rate. No change is evident in

the decay curve once ozone appears and aerosol formation begins.
4.4.4 Hydrocarbon + S0, Experiments

During the March workshop, four hydrocarbon + 502 experiments were
performed at Calspan. The purpose of these experiments was to examine SO2
oxidation and subsequent aerosol behavior in the presence of hydrocarbons,
but without the addition of any NO beyond that normally found in clean coun-
try air (i.e., NO <0.01 ppm). As in the other experiments from the March
workshop, the chemistry and aerosol data for these tests are summarized in

Tables IX and X. Time histories of the data are shown in Appendix B.
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By-and-large the data show that the 802 oxidation rate for the first
hour or so is similar to that for SO2 alone, followed by a period of acceler-
ated growth. The accelerated growth portion of the experiment is listed as
(dv/dt)max
experiments, an initial and final volumetric growth rate was observed; how-

in Table IX. Note from the table that, even in the SO2 + clean air

ever, the difference in rates was not nearly as large as in the hydrocarbon-
polluted SO2 systems. For example, the average initial rate of 502 oxidation

for the two Calspan experiments using a 0.05 ppm SO. + clean air (runs 2

2
and 3) was about 0.29% hr! with a final rate of approximately 0.79% el
For the four hydrocarbon-polluted systems, the average initial SO2 oxidation
rate was ~0.35% hr ) with a final rate, based on (dv/dt) . of about 1.6% hrl.

Since the shape of the aerosol curves for the HC + SO, systems is So similar

to the SO2 + clean air systems, specific data plots aie not presented here.
Very little chemical changes occurred since only background levels of N0x
were present and only modest levels of ozone were produced. The main differ-
ences were in the amount of aerosol produced by the hydrocarbon contaminant,

and this can be seen from the data in Table IX.

Toluene and hexene were found to have about the same effect on
accelerating apparent SO2 oxidation rate, while cyclohexene was observed
to have a much greater impact on aerosol behavior. In the cyclohexene +

SO2 experiment, run 13, volume production (dv/dt)so2 was 1,20 |Jm3/cc-hr'1

3/ ce-hr ! for

for the first 30 min, followed by an increased rate of 10 um
the remainder of the experiment (an additional two hours). In the toluene
and hexene + 502 runs, the final volumetric production rates were three to
four times greater than the initial rate. M-xylene, on the other hand, was
found to have the smallest effect with a final rate only about twice as
great as the initial growth stage. Since only one experiment of each type
could be run during the workshop, the magnitude of the increase cannot be
considered conclusive yet. It seems apparent, however, that the presence

of hydrocarbon contamination during SO, irradiations, even in the absence

2
of appreciable NO, substantially increases the overall production of

aerosol.
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4.4.5 Hydrocarbon + NO + SO2 Experiments

An additional degree of complexity is introduced when SO2 is added
to the HC + NOx system. In terms of the chemical species which we monitor,
NO, N02, 03, and hydrocarbon, the experiments with and without SO2 are vir-
tually identical. The aerosol behavior, however, is quite different when
SO

occurs in a manner very similar to that of a simple SO2 + clean air experiment;

2 is added. During the first phase of the experiment, aerosol growth

i.e., an essentially linear curve of volume against time. As the second phase
of the experiment begins, the rate of volume production increases markedly.
During this phase the growth curves are more like the hydrocarbon + NO experi-
ments, except that the aerosol number concentrations are higher. In terms

of qualitative behavior, a hydrocarbon + NO + SO2 experiment behaves almost

as though it resulted from a linear combination of the hydrocarbon + NO sys-
tem and the 502 + clean air system. Quantitatively, however, this is not the
case. In both growth phases, more aerosol is usually formed than would be
predicted by a simple linear combination of the hydrocarbon + NO system and
the SO, + clean air system. The details of these interactions are discussed

2
more fully below as each hydrocarbon system is treated individually.

As previously stated, the greatest differences between the Calspan
and U of M data were found in the toluene systems. At the U of M, toluene
was observed to be substantially more reactive (in terms of aerosol behavior)
than hexene but less than m-xylene or cyclohexene. At Calspan toluene was the

least reactive, followed by hexene, m-xylene and cyclohexene.

For the toluene + NO + SO2 system, Calspan experiment #29, very
little effect was observed over that produced by toluene + NO alone. There
was, of course, initial aerosol growth soon after the start of irradiation
due to 502 oxidation and the formation of H2804 particles. However, once
oxidation of NO was complete, more than six hours later, only a slight
increase in aerosol production was detected. Chemical and aerosol data for
this experiment are shown in Appendix B and compared with the U of M experi-

ments.
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At the U of M the initial phase of aerosol growth in the toluene +
NO + SO2 system was very similar to Calspan's; i.e., before the oxidation of
NO was complete, aerosol growth was like that of a SO2 + clean air system,
but higher. Apparent SO2 oxidation rates for the first 70-100 minutes
ranged from 0.23 to 0.67% hr_1 at the U of M, compared to a rate of 0.32%
hr'1 for the first 240 minutes of the Calspan experiment. Compared to all
of the other computed SO2 oxidation rates for the U of M tests the toluene
+ NO + 502 system was the highest. This is rather surprising because toluene

is not normally believed to be a highly reactive hydrocarbon.

During the second stage of aerosol growth, appreciably greater volu-

metric production rates, (dv/dt) were observed in the U of M tests, compared

max
to the corresponding Calspan experiment. The values of (dv/dt)maxin Uof M
runs 77 and 88 were 27.4 and 16.6 ums/ CC-hr-l, respectively, compared to
about 1.5 ums/cc .hr'1 in the Calspan experiment. The rates in both cases

are similar to those observed in the corresponding hexene + NO + SO, experi-

2
ments.

In comparing the toluene + NO + 802 experiments with toluene + NO,
it can be seen that the nature of aerosol growth is quite different in the
second phase. Especially in the U of M cases (e.g., runs 76 and 77 and 87
and 88), the experiments reveal that, although aerosol volume production in
the second growth phase is similar with and without the addition of SOZ’

much larger surface and number concentrations are produced when SO, is present.

Thus, the particle diameters must be much smaller. (This effect ig discussed
in more detail in the next section.) Similarly in the Calspan experiment,
the number concentration in the 502 case is more than an order of magnitude
greater than in the toluene + NO case. The surface, however, is not any
greater, but this is deceiving since the surface concentration was still

increasing at the end of the experiment (No. 29).

Run 65, the only toluene experiment performed in the small bag at

the U of M, shows much slower aerosol and chemistry progress than the other
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toluene + NO + 802 experiments. This probably results from two factors:
lower mean light intensity in the small bag and the inadvertent high NO
concentration (0.30 ppm) used in this experiment. Bag loss effects could
also be involved, but it is impossible to separate the factors leading to
the observed behavior, and the two reasons given above are believed to be

the most likely explanations for the decreased reactivity of the system.

Three hexene + NO + SO, experiments were run at the U of M (runs

2
60, 78, and 93) and one at Calspan during the March workshop (run 18). The

addition of SO, was found to appreciably increase aerosol formation in both

the Calspan and U of M tests but, as expected, had little effect on the chemi-
cal changes. Aerosol and chemistry data for the two sets of data are compared

in Figures 12 and 13. Two distinct aerosol growth phases are apparent.

During the initial phase, while NO is being converted to NO,, there is a

2’

rise in number concentration due to SO2 oxidation and HZSO4 aerosol formation,

but the surface and volume production is quite low and proceeds almost as
if only 802
ent SO, oxidation rates during this period were 0.16 and 0.18% hr_l, respec-

2
tively. This is higher than that typically observed in the U of M tests for

were present. For the Calspan and U of M experiments, the appar-

SO2 alone, but about the same as the initial rate of 802 oxidation in other
Calspan experiments with SO2 + filtered air. The slightly increased rate
of aerosol volume production in the U of M case possibly results from an
acceleration of the SO2 photooxidation process by reactive intermediates

formed by the NO to NO., conversion and l-hexene photooxidation. However, in

2
the absence of data on aerosol chemical composition, the mechanisms for

increased aerosol production cannot be verified.

During the second phase of growth, at about the same time that
ozone begins to appear, the rate of aerosol production again increases.
Number concentration begins to grow and the rates of surface and volume
production are greatly enhanced. The shapes of the surface and volume con-
centration curves in this growth phase are quite similar to those obtained
in the pure 1-hexene + NO system, but the actual concentrations are higher

(see Tables IX and X for comparisons). The increases, especially in the
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U of M data, are larger than would be expected from a simple linear com-
bination of the aerosol formed by the SO2 pure air system (for comparable
802 concentrations) and that from the hexene + NO system. Synergistic inter-
actions must take place which lead to enhanced aerosol formation in the com-
bined system. Again, chemical composition data would be particularly useful
in helping to explain these results. In the absence of thesedata, some

possible explanation may be:

1. The sulfuric acid aerosol formed during the first growth phase
might act to catalyze the formation of aerosol from l-hexene + NO reaction

products.

2. Gas phase products of 802 photooxidation might act to accelerate

the formation of aerosol from l-hexene + NO reaction products.

3. Gas phase 1-hexene + NO products might act to greatly increase

the rate of 802 oxidation and thus aerosol formation.

Schemes 1 and 2 both depend upon the interaction of 502 photooxida-
tion products with the l-hexene + NO system. The interaction could lead to
an acceleration of the rate of formation of whatever hydrocarbon-related
species condensed in the second growth phase or to an alteration of the gas
phase reaction paths leading to the formation of a nonvolatile, more readily

condensible species. A combination of these two effects could also occur.
Only a tiny fraction of the 1l-hexene which is oxidized would have to be con-

verted to nonvolatile species to produce a significant aerosol yield. In the
first 500 min of U of M experiment 92, about .24 ppm or 890 ug/m3 of 1-hexene
disappeared from the gas phase, during the same period about 0.18 um3/ cc, or
assuming an aerosol density of unity, 0.18 ug/m3 of aerosol is formed. This

represents only about 0.02% of the mass of l-hexene removed.

61



x 104

NUMBER (cm™3)

—

N
(3]

x

-

Q
N

SURFACE (sm2/cm 3)

NO5, NO, O3 ppm

N
o

-l
(3]

-
o

IGU 2
CALSPAN FIGURE 1

RUNNO.18 MARCH 6,1974 HEXENE-1-50,-NO SYSTEM
HEXENE-1 = 0.33 ppm; NO = 0.178 ppm; NO5 = 0.008 ppm; $05 = 0.07 ppm
RH = 37%

T L ] T T T T T 1

AEROSOL CONCENTRATION

O AEROSOL VOLUME m3/ce
A AEROSOL SURFACE m2/cc
0O AEROSOL NUMBER

TIME (min)

HEXENE-1-S05-NO-FILTERED AIR SYSTEM

600

T T T T T T T T 1

CHEMISTRY DATA O [NOp} ppm
A [NO] ppm

O (03] ppm

V [HEXENE-1] ppm

403

TIME (min)

62

600

VOLUME pm3/cm 3

HEXENE (ppm)



—
—

AMm=zZC

FIGURE 13

RUN 93 ORTE: 8-SEPT-74 SYSTEM-  HEXENE-1,502,NO U. of M.
0 NUM.CPART./ML) A SURF.CUME/ML) © UOL.CPM3/ML)
HEXENE-1 = 8.35 PPM
19 n1g*t3 $02 = 0.034 PPM N0 = 0.122 PPM w10+l
3:2lITllTlrlllll_T[llerllll|llll_3
- -
- S <1 V
U -4 0
-F =
- A o
_C 1 E
-E —
ird —_
- .
. =
.
" 3
[ B - ]
8= by 1 2 3 n ; 6 0
TIME (1@%*2 MINUTE) -
xigl 34,18‘1 VR,
4 |lll[li||]1|ri[lrll|111t]1ll|_4
N Eo =l
r E§ ER
5 b 33
E O NO CPPM) 8
A NOp CPPM) B
2 © 03 (PPM) 0
éa 2 O HC <(PPM) 2
E
S
1 1
-s B

63



In run 93 with SO2 present, the aerosol yield is raised to about
3.6% of the mass of 1-hexene removed. Such a change could.easily occur as
a result of either scheme 1 or 2. If scheme 3 is important, it shouid be
easy to verify experimentally, because in order to explain the observed
aerosol formation, a significant f?action, i.e., more than 20% of thé SO2
initially present would have to be removed from the gas phase. This quantity
could be detected by gas phase sulfur monitoring. Analysis of aerosol sulfate

content would provide more definitive results.

Before concluding the discussion of the l-hexene system, two other
experimental variables must be mentioned: humidity and bag size. The effect
of humidity may be seen by comparing U of M experiments 78 and 93. Both of

these experimenté were for the l-hexene + NO + S0, system; however, 78 was

at 55% relative humidity and 93 at 32%. As in_ch case of the SO2 + clean
air system, aerosol format1on is enhanced by increased hum1d1ty In ihe :
first phase of growth the volume production rates are .53 and .29 um / cc-
hrlfor the high and low humidity cases, respectively. In thie second growth
phase, the effect is less apparent but still present with volume production
rates of 19.1 and 18 ums/ cc-h;;for the high and low humidity cases, respec-
tively. - The difference between the two cases during.the second growth phase
is more apparent Qhén.tbe maximum_aeroeol surface areas of 1530 and i300 um?/

cc for the high and low humidity cases are considered.

Run 60 was a l-hexene + NO + 802 experiment done in the small bag.
The qualitdtive behavior of the system is exactly like the large bag with
two-phase growth observed. Quantitatively, however, evertyhing seems to "take
place more slowly in the smell bag; the times to NO2 peak, to' the onset of
ozone formation, and to the onset of rapid aerosol 'growth are longer. As
previously suggested the slowing effect on the chemlstry in thlS and other
systems in the small bag may be due to- lower .average light 1nten51ty, since
the bag is mounted in the center of the cxlindrical illumination housing
where the light intensity is lowest. it is not yet clear whether wall effects

also play a role in the observed results.
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The m-xylene + NO + SO2 systems investigated at Calspan and the
U of M were very reactive in terms of chemical and aerosol behavior.

The times to reach [NO were shorter in every case than the analogous

2]max
toluene or hexene experiments. As is the case of the other hydrocarbons,
two phases of aerosol growth are evident. Comparisons between a Calspan

and U of M test are shown in Figures1l4 and 15. For the U of M test,

the 502 photooxidation rates during the initial growth phase were 0.14 and
0.21% hr_l. The Calspan experiment produced a slightly higher rate of 0.32%
hr_l. These rates are about the same as for the other hydrocarbons and also
for a slightly contaminated SO2 + clean air system but lower than the U of M
toluene + NO + SO2 cases. In both the Calspan and U of M tests, m-xylene

appeared to interact only weakly during the initial phase of aerosol growth.

By contrast, during the second growth phase, very rapid aerosol
production was observed as the data in Figures 14 and 15 show. The syner-
gistic interaction of the hydrocarbon + NO and SO2 + clean air system is
more obvious in the Calspan experiments. Here the addition of SO2 to the
m-xylene + NO produces a great deal more aerosol surface and substantial
additional volume. For the corresponding U of M experiment, the large
increase in surface area takes place at essentially the same volume concen-
tration. The excess surface area produced for the measured volume increase
implies the presence of many small particles (compared to m-xylene + NO)
and, indeed, this is the case as the data in other HC + NO vs. HC + NO + 802
systems show. Smaller particles are present with the added SOZ’ since the
502 generates a large concentration of tiny nuclei early in the experiment.
These particles then serve as sites for subsequent condensation in the
second growth phase.

A final feature of the m-xylene + NO and m-xylene + NO + SO, experi-

2
ments investigated is the relative humidity effect. U of M runs 81 and 82
were run at high humidity and runs 89 and 91 at low humidity. As usual, the
change in humidity leads to no change in the chemical data but produces

significant changes in the aerosol data. Both surface and volume concentration
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markedly increase with relative humidity, implying deliquescence of the
hygroscopic fraction of the aerosol.

One cyclohexene + NO + SO., system was investigated at Calspan (run

2
9) and one at the U of M (run 96}. The Calspan and U of M data for this system
are very similar and are shown in Figures16 and 17 . The addition of SO2

to the cyclohexene + NO system produced effects qualitatively similar to

those produced by addition of SO, to the other hydrocarbon + NO systems

2
studied. Thus, the NO, N02, 03, and hydrocarbon profiles were essentially
unchanged by SO2 addition. At the same time, aerosol behavior was markedly

changed, with two-phase aerosol growth resulting.

The changes in aerosol behavior produced by SO2 addition to this
system were dramatic and informative. During the first phase of growth,
aerosol production occurred as though a slightly contaminated SO2 + clean
air system was being irradiated. The apparent 502 photooxidation rate was
0.20%/hr in the U of M case and 0.28%/hr in the Calspan experiment, about
the same as that observed for other hydrocarbon + NO + SO2 systems. With
this system, evidence of the second phase of aerosol growth appears before
NO has been completely oxidized out of the system. Especially in the U of
M case, the volume against time data becomes nonlinear with marked upward
curvature appearing as early as 50 minutes after lights on. However, in
both cases, rapid aerosol volume production does not occur until about the

time of complete NO oxidation and rapid formation of ozone.

In terms of volume production, the second phase growth is quite
similar to the cyclohexene + NO system in the absence of SOZ' The differences
that are observed are not considered significant because of the difficulties
associated in measuring (dv/dt)maxfor the cyclohexene + NO system, i.e.,
rapid growth beyond the upper particle size limit of the EAA. The change
in surface and number concentrations associated with the addition of 802,
however, are very significant. Both number and maximum surface concentration

are much larger. However, since the total aerosol volumes produced in all
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cyclohexene cases are about the same, the addition of SO2 must lead to a

dramatic decrease in particle size.

The effect of SOZ on particle size can be seen in Figure 18, in
which mean surface diameter has been plotted as a function of time for
several HC + NO and HC + NO + SO2 systems studied at the U of M. Data for
a typical SO2 irradiation are also shown in the figure. The almost explosive
growth in the cyclohexene + NO case occurs at about the time of complete oxi-
dation of NO and appearance of appreciable ozone. In the case shown, particle
diameters of nearly 0.5 um were produced in less than an hour from the time
of initial nucleation. With SO2 in the system, the particle sizes are much
smaller. Under these conditions, initial nuclei formation results from SO2
oxidation followed by additional condensation on existing particles during
the second phase of growth. Although the particles are smaller, the number

concentration is higher.

m-Xylene + NO behaves like the cyclohexene + NO system but to a
lesser extent. The addition of SO2 results in the same effect; initial
particle formation and growth at a rate similar to that for 502 alone,

followed by accelerated growth during the second phase.

By comparison, the much less reactive hexene + NO + SO2 system
was observed to essentially follow the SO2 particle growth curve for the

duration of the experiment.

The implications of these data relative to the production of light
scattering aerosol can be seen in Figure 19. In the figure the light scat-
tering function b(SCAT) is plotted as a function of time for several HC + NO,
HC + NO + 302 systems in the Calspan chamber. The production of very large
particles in the cyclohexene + NO case results in the rapid formation of
light scattering aerosol. Although the particle diameters are much larger

than in the comparable cyclohexene + NO + SO, experiment, b(SCAT) is nearly

2
the same because fewer particles are produced. The addition of SO2 results
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in smaller but more numerous particles whose effect on light scattering is

about the same.

The addition of 502

to produce substantial light scattering aerosol during the second phase of

to the m-xylene + NO case can also be seen

aerosol growth. For several hours there is no effect, but once NO oxidation
is complete and second stage growth begins, large visibility losses are
observed. The fact that the concentration of particles is much smaller in
the m-xylene + NO case (compared to m-xylene + NO + SOZ) accounts for the

lack of appreciable light scattering aerosol.

By contrast, the hexene system, even in the presence of SOZ’ did
not produce significant light scattering aerosol or visibility losses. The
same result was obtained in the Calspan tests for the toluene + NO + 802
system. The somewhat accelerated particle growth observed in the U of M
tests may have resulted in light scattering aerosol; however, there was no
opportunity to make this measurement in their chamber. Finally, the 802
alone, while producing very large concentrations of particles, did not pro-

duce significant light scattering aerosol over the duration of these tests.

4.5 Conclusions from the March Workshop

From the data generated during the March workshop and the duplicate
experiments performed at the University of Minnesota, the following points

can be made:

(1) Each HC + NO experiment can be divided into two phases. In

the first phase, NO is converted to NO, and some oxidation of hydrocarbon

2
occurs. Ozone starts to appear near the end of this period. The second
phase, accompanied by substantial aerosol formation, begins as soon as NO
is completely oxidized and NO2 reaches its maximum; ozone increases rapidly

and approaches a maximum.
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(2) Qualitatively the HC + 502 system behaves in a manner similar
to 502 alone. Quantitatively, the presence of hydrocarbon contamination, even
in the absence of appreciable NO, substantially increases the overall produc-
tion of aerosol. Average apparent SO2 oxidation rates exceeding 1.6% hr'1
were observed for the final stage of growth in the HC-enriched atmospheres in

the Calspan experiments.

(3) The addition of SO2

to exert a synergistic effect on aerosol surface and volume formation. At

to the HC + NO system was generally found

Calspan the effect on aerosol behavior was greatest for m-xylene, while at
the U of M the largest effect was observed in the hexene + NO + 502 system.
Possible synergistic effects in the cyclohexene system were masked by the

explosive growth of aerosol with and without the addition of 302.

(4) The addition of SO2 to the HC + NO system broduces a dramatic
decrease in the mean particle diameter. This results from the initial forma-
tion of very high concentrations of nuclei in the presence of SOZ' During
the second stage of aerosol growth, condensation proceeds on the existing
particles rather than forming fewer but larger particles typical of the

HC + NO systenm.

(5) Of the hydrocarbons studied, cyclohexene was the most reactive,
both in terms of aerosol and chemlcal behavior, followed by m-xylene, hexene,
and toluene. The main difference observed in the duplicate experiments at

the U of M was that hexene was the least reactive hydrocarbon.

(6) It has been possible from these tests to characterize system
reactivity in terms of aerosol behavior. The most important variables are

maximum number concentration, equilibrium surface concentration, and volumetric
growth rate. These aerosol measures of reactivity have been found to corre-

late well with other conventional parameters, such as time to [N02]max and
(O

3]max.
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(7) Aerosol formation rates were enhanced at high relative humidi-

ties, probably as a result of the higher water content in the aerosols.

(8) The data generated in these experiments in chambers of widely
different physical dimensions show a high degree of correlation. The main
difference in the results is indicated in the significantly greater aerosol
and chemical reactivity of toluene found in the U of M chamber. The reasons

for this difference have not been resolved.
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Section 5

CHAMBER CHARACTERIZATION TESTS

During the November and March workshops, a number of experiments
were performed to characterize chamber performance and test for contamination.

The photooxidation of SO, in clean air was one common test of chamber condi-

tion that has already bein described. In addition to these experiments, how-
ever, were a number of dark reaction tests at the University of Minnesota

and also NO photolysis experiments and aerosol coagulation tests performed
both at Calspan and the U of M. Although the importance of chamber testing
is recognized, there has not yet been an established format for intercomparing
chamber performance. In retrospect, it may well be that the similarity in
test results at Calspan and the U of M during the past year provides the

best indicator of comparable chamber performance.

5.1 Dark Reaction Tests -- University of Minnesota

After the November workshop, a number of aerosol experiments were
performed to determine the degree of chamber contamination in the U of M
chamber. The experiments are summarized in Table XV. Runs 21-24 were SO2
photooxidation and decay experiments. Note that the peak CNC is lower for
run 22 than for run 21 and lower for run 24 than for run 23. This suggests
that gradual conditioning of the smog chamber is occurring as a result of
performing 502 photooxidation experiments. The same type of conditioning
effect was observed in the November workshop after several SO2 photooxidation

experiments were performed in a given bag.

Conditioning effects show up in another way in runs 21-24. Figures 20
and 21 show plots of CNC and 1/CNC against time for these four experiments. It

is assumed that nucleation of new particles ceases after the lights are turned
off, plots of 1/CNC against time during this decay period should be essentially

straight lines with a slope equal to the coagulation coefficient. Upward
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TABLE XV.

AEROSOL REACTIVITY EXPERIMENTS

50, Relative Time Time N Coagulation
Run Conc. Humidity Dark max dark Light max light Rate Constant
No. (ppm) % (min) (part/ml) (min) (part/ml) (x 1010 ml/sec) Comments
21 0.49 25 180* --- 30 241K 21
22 0.53 29 180* - 30 112K 27
23 0.54 29 180* -—- 15 90K 26
24 0.54 25 180* -—- 15 66K 21
27 0.54 52 97** Not measured -- -- --
28 0.54 55 42%* Not measured -- -- -- New charcoal
30 0.59 55 300 52K -- -- -- New bag (LB-3)
31 0.59 50 240 53K 120 280K --
32 0.59 52 180 30K 70 330K --
33 0.59 55 11 -—- 960 240K -- {Iights on before
34 0.59 55 45 48K 945 220K -- Nmax dark obtained
35 0.59 48 100 30K 18 -- -- Very high peak CNC
36 b 41 -—— -—- 820 8.1K -
37 b 52 --- -—-- 250 b --
38 b 50 -—-- --- 265 b --
39 0.59 37 120 14K -——- - --
40 b 45 --- --- 328 b --
43 0.59 16 --- 6.2K --- -- --

*
Dark decay time after lights turned off.

* %
Time to onset of aerosol growth.
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curvature of this line suggests wall losses; downward curvature suggests
particle generation. The plot of 1/CNC against time presented in Figure 20a
is not a simple straight line but rather two straight line segments. The
slope of the line during the first 60 minutes after lights off is 2.1 x 10-g
cm3/sec, only slightly greater than the 1.5 x 10-9 cm3/sec predicted by

theory for a monodisperse system having the same mean particle size. The
theoretical monodisperse coagulation rate would be expected to be lower

than the observed coefficient for two reasons: (1) Polydisperse aerosols

should have higher coagulation rates than monodisperse aerosols of the

same mean size, and (2) losses to the wall of the chamber can only act to
increase the rate of particle disappearance and thus raise the apparent
coagulation coefficient. The difference between theory and experiment is

thus in the correct direction. For the second portion of the curve, however,

this is not true. Here the slope is about 0.7 x 10"9 cm3/sec which is sig-
nificantly less than predicted by theory. The only reasonable explanation

for such a low slope is the generation of new particles through a dark reac-

tion mechanism. Secondary particle production is, therefore, taken as evi-

dence of contamination. Run 22 also shows this type of behavior; however,

in this case the difference in slope between the apparently uncontaminated

and the contaminated decay period is less pronounced. In runs 23 and 24, Figure 21,
evidence of contamination has disappeared altogether, and only simple second
order aerosol decay is evident. The series of SO2 experiments has, therefore,
led to a conditioning of the chamber and the disappearance of effects which

could only be attributed to contamination.

The coagulation coefficients measured in runs 21 through 24 varied
from 2.1 to 2.7 x 107° cms/sec with an average value of 2.4 + 0.3 x 1072 cmS/

sec.

Dark reaction experiments were also performed in order to measure
chamber contamination. In these experiments the bag was filled with clean
air and humidified to 50%. About 0.5 ppm of SO2 was then added to the system.

The bag was left in the dark and the CNC was monitored. In experiments 27
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and 28 the time to onset of aerosol growth in the dark was measured to be

97 and 42 minutes, respectively. Dark growth in the SO2 system is considered
an indication of chamber contamination. The short time to the onset of dark
growth in run 28 possibly indicates more chamber contamination. This seems
rather surprising because as is noted in Table XV, the charcoal in the air

purification scrubbers was changed before run 28.

The persistence of dark reactions, even after the charcoal was
changed, was taken as evidence of chamber contamination. A new large bag
(LB-3) was, therefore, constructed. Run 30 was the first dark reactivity
test performed in this bag. Aerosol growth began almost immediately after
SO2 was introduced, and eventually a peak CNC of 52,000 particles/cm3 was
attained. This significant dark growth was not unexpected, because past
experience has indicated that new Teflon bags require a conditioning period

to remove or deactivate contaminants on the bag surface.

Consequently, several experiments to condition the bag were per-
formed. In these experiments the normal procedure used in dark reactivity
tests were followed, and the aerosol was allowed to grow in the dark until
a maximum CNC, (Nmax) was obtained. The lights were then turned on and the
chamber was irradiated for up to 16 hours to condition the chamber. Runs
31-35 were of this type. Table XV shows the light and dark times and values

of Nma obtained. The steady reduction of Nmax achieved both in the dark and

duringxirradiation suggests a conditioning effect. However, even after 5
runs, dark reactions were still very important. Several clean air irradia-
tions, runs 36-38, were then performed to further condition the bag. Run 36
showed slight aerosol growth with N reaching 8100 particles/cms, whereas
runs 37 and 38 resulted in no aerosol formation. The aerosol produced in
run 36 probably resulted from residual SO2 which remained attached to the

walls of the smog chamber after the previous SO2 experiments.



When SO2 was again added in run 39, dark reaction occurred, although
Nmax was only 14K. Run 40 was another clean air irradiation and showed no
aerosol formation. The last simple dark growth experiment was run 43; here

Nmax was only 6200 particles/cm™, but this run was performed at a low

relative humidity of 16% due to a failure of the humidification system.
This fairly low value of Nmax is at least partly due to the decrease in

relative humidity.

5.2 Coagulation Experiments -- Calspan

A good opportunity for studying Calspan chamber performance was
provided by data generated from a series of auto exhaust irradiations com-
pleted on another EPA-sponsored program.* Coagulation data were analyzed
from the tests to try to establish information about wall losses in the
large chamber. As previously stated, if wall losses are not important,

a plot of %-(where N is the particle concentration) vs time should give a
straight line of slope k. On the other hand, as wall losses begin to dominate,

the apparent value of k will increase as the particle concentration decreases.

Plots of particle decay for seven exhaust emissions tests are shown
in Figure 22, The data show a break in the 1/N vs time plot at 13 hours
in each case. The average k for the seven experiments was 2.65 x 1()‘9 cm3/
sec which is in good agreement with theory for a polydisperse aerosol in the
size range of 0.0075 um to 0.133 pm. After 13 hours, there is upward curva-
ture in each of the auto exhaust coagulation tests, indicating that wall
losses or settling or both are beginning to influence the results. These

data suggest that working times of at least 13 hours are possible in the

large Calspan Chamber.

Longer working times are likely with photochemical aerosols
of smaller size since sedimentation is less of a factor. These tests,

however, have not yet been performed.

®
Contract No. 68-02-1231
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5.3 NO Photolysis Experiments -- Calspan and University of Minnesota

The measurement of NO photolysis rates has been suggested as a
means of measuring smog chamber contamination (Bufalini, 1972). Consequently,
a number of NO photolysis experiments were performed at Calspan and the

University of Minnesota in order to compare chamber performance.

The thermal oxidation of NO in clean air occurs by the overall

reaction
NO + NO + 02 - 2N02 . (7

The rate of this reaction is proportional to [NO]Z. If contaminants
are present, irradiation of the NO + air system will result in the formation
of addition species which react with NO and produce much more rapid removal
of NO than predicted by reaction (7). Comparison of the NO removal rate,
calculated from kinetic data available for reaction (7) and the experimentally

determined removal rate, gives a measure of chamber contamination.

Table XVI summarizes the NO photolysis experiments performed in

the Calspan and Minnesota chambers. Here, initial NO and NO2 concentrations,

theoretical and experimental NO disappearance rates, ratio of experimental

to theoretical NO removal rates, and the percent NO loss per hour are pre-
sented. Before further discussion of these results, it should be noted that

NO photolysis experiments are more sensitive to contamination if the initial

NO concentration is low. This is because at high NO concentrations the rate

of reaction (7), which is second order in NO, is large enough to mask any
contamination effects. Another important factor lies in the fact that any
hydrocarbon contamination effect would be more pronounced at higher HC/NO ratios.

It is probable that reactions between nitrogen oxide and contaminants
present in the chamber are first order in NO. The apparent first order dissoci-
ation rate, expressed in terms of percent NO removal per hour, provides a

useful measure for intercomparing experiments and is also shown in Table XVI,
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TABLE XVI, NO OXIDATION EXPERIMENTS

CALSPAN
NO NO THEORY A) EXPERIMENTAL
COMMENT ) S PPI\% I PPM/HR PPM/HR RATIO  ZNO/HR
(LARGE CHAMBER)
Dec, 15, 1973 1 0610 0.08 63105 1,502 2.4 9.3
Fes, 28, 1974 11 0471  0.07 3.7x0°  1.4x1072 3.7 6.1
Mg, 6,197 19 0.5 0.0l 3.810% 1902 50 12,6
M. 15,197 7 0047 001 3610 12402 0 3 8.2
M. 16,1974 28 045 0.0 3.6d00 202 75 18,6
Ma. 21, 1974 31 0498  0.08 41070  1.1x1072 2.6 2.2
UNIVERSITY OF MINNESOTA

Laree Bac #2 %5 05 001 54070  5.2x1072 9.6 9,3
" X 0.5% — 54075 3,u4x1072 6.3 6.1
Laree Bas #3 7 0305 0.2 1.6d0° 1L&102 10 5.3
" 8067 002 7.5d0°  1.7x1072 2.2 2.5
SvaLL Bag #1 S5 001 0.01  2.0x0% 4.1a0° 21 3.7
" %5 036  0.04 2.XI0° 5602 25 15.6
" 5% 055 0.012 5.6x0°  9.6x1073 1.7 1.7
w 58 051  0.01 440 7.6x1073 1.7 1.5

(A) BuraLINI, J.J. AND STEPHENS, E.R., 1965: “THE THermAL OxIpATION oF NITRIC OXIDE IN
THE PReseNcE oF ULTRAavIOLET LieHT”, INTL. J. AIR WAT. PoLL., VoL. 9, ep, 123-128.
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The initial Calspan NO photolysis experiment was conducted after
the November workshop using an initial NO concentration of 0.61 ppm. As
shown, the observed oxidation rate is only 2.4 times greater than theory,
suggesting that at higher concentrations of NO the presence of wall contami-
nants in the large chamber do not greatly affect the NO photolysis rate.

The experiments performed during the March workshop showed greater variation
depending on the NO concentration used. Generally the lower the concentra-
tion the larger the effect of contamination on test results. The very high
rate for run no. 28 is largely due to the initial conditions of the experi-
ment. In this run, a substantial amount of NO2 was inadvertently introduced
into the chamber along with the NO resulting in accelerated disappearance of
the nitrogen oxide. At the completion of the March test series, another NO
photolysis experiment was performed using a higher concentration of NO
(0.498 ppm). As before, the presence of wall contamination (based on the
history of previous experiments without cleaning of the chamber walls) did
not appreciably affect the oxidation rate at these higher concentrations of
NO.

In the U of M tests, the first two NO photolysis experiments, runs
25 and 29, were performed in LB-2 after a long series of photochemical aero-
sol experiments. The main difference is in the 30-40% lower oxidation rate
in run 29 compared to run 25. The reduced rate probably resulted from a
reduction of background contamination when the charcoal in the scrubbers
was changed between runs 28 and 29. As was noted above, however, this new

charcoal actually led to more rapid formation of an aerosol by dark reactions.

Runs 47 and 48 were done in large bag 3 after it had been subjected
to a long series of conditioning experiments, including two 502 photooxidation
experiments performed as part of the duplicate March workshop. Both of these
experiments showed dark growth and, thus, contamination was indicated. Run
47 showed NO oxidation rates well above theoretical, but run 48 was only
2.2 times as great. Thus, the larger concentration of NO used in the latter

experiment helped mask the effects of contamination.
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Runs 54b, 55, 56, and 58 were all done in the small bag. Prior to
these runs, the small bag had only been used for SO2 photooxidation experi-
ments. Only one of these experiments, run 53, showed any dark growth and
that resulted primarily from the extremely high (5.6 ppm) 502 concentration
used. The low reactivity of the small bag as indicated by lack of dark
growth was partly supported by the low NO photolysis rates observed in runs
54b, 56, and 58. Run 55, however, exhibited greater NO photolysis. The
reason for anomalous behavior in run 55 is not clear; however, it is possible
that a contaminant may have been present for this experiment only, since the

other rates of NO disappearance for the small bag were much lower.

Chamber contamination can thus be monitored using either dark reac-
tivity tests or NO photolysis experiments. The results discussed above
indicate a qualitative correlation exists between the two methods. Thus,
dark growth and high NO photolysis rates, in general, occur together. It
would appear, however, that in order to provide a sensitive measure of
chamber contamination using the NO photolysis method that relatively low
initial concentrations of NO must be used. While such experiments may be
used to give an indication of chamber contamination, they are neither the
only nor necessarily the best experiments for this purpose. More work on

this problem area is necessary.
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APPENDIX A

AEROSOL AND CHEMISTRY DATA FROM NOVEMBER 1973 WORKSHOP
WITH DUPLICATE UNIVERSITY OF MINNESOTA EXPERIMENTS

ORDER OF PRESENTATION:

(1) SO2 Experiments
(2) Toluene, Toluene + N02, Toluene + NO2 + SO

2
(3) Hexene, Hexene + NOZ’ Hexene + NO2 + SO

2

A-1



Table V.

SUMMARY OF DATA FROM NOVEMBER 1973 WORKSHOP

dv S02
Run RH HC N02 502 gx Sg dt (302) photox.
No. System % ppm ppm ppm x10-3cm3 | u2/cc/hr | wmd/cc/hr %hr-1
1 502* -- b* b 0.63 560 470 1.71 .03
not 6.15i** .17 ]
2 S0, 30 b 0.70 700 | reached 13. 75f**} .37
* 1.60i } .05
3 502 33 b b 0.58 525 >600 3.60f 11
» 1.20i .04
4 S0, 34 b b 0.55 570 >600 > Bat } 09
502 31 b b 0.52 960 >1100 7. .27
6. .21
6 s0, 32 b 0.55 750 1600 o9 } ‘e
7 toluene 35 0.8 b ---
toluene + NO2 37 0.8 5.0 -—-- NO AEROSOL
toluene + NO 34 0.8 3.3 ---
1000 7.50i .64
10 toluene + NO2 + 502 45 0.8 1.95 .19 1000 then less 1.90f 18 }
700 5.00i 1.30
11 toluene + NO2 + 502 36 0.8 3.55 .07 800 then less 0.41fF 0.10 }
280 0.881 1.65
12 toluene + NO2 + SO2 33 0.8 1.45 .01 500 then less 0.28f 53 }
13 hexene 38 b -——- 95 >50 -—- -—-
14 hexene + NO2 34 3.35 --- 46 -—- - -—-
2.4 1 4.57
15 hexene + NO2 + SO2 32 1.64 .01 580 400 0.9 £ ] 1.71

*
partial lights used on experiments 1,

* %

3 and 4 to duplicate previous year's light intensity, i.e., kd[N02]~0.05

i and f refer to initial (usually first 30 min) and final growth rates.
= background

min



£=v

TABLE VII. UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TQ NOVEMBER WORKSHOP:

SUMMARY OF 502 EXPERIMENTS

Run RH Npax SE %% SO %b %% S02
No. Concentration ppm 9% #<ccd |poec'| um —coA-hi n 23 e '—hf'—ppxi photox
% hr '
1 .51 13 | 90x | 420" 2.3 L.5 12
2 .53 9 150 k| 420" 2.6 k.9 13
3 .64 6l 320 K | 660 3.1 L.8 .057
L .59 36 170 K | 340 .98 1.7 .030
5 .55 3% | 160& | 380" .93 1.7 .032
6 .55 29 110 K | 210 149 .89 .018
11 .55 30 600 K 1300 12.0 22 42
12 .47 L9 330 K | 1400 9.8 21 .35
17 .54 27 220 K | L2o 1.1 2.0 .04l
18 .012 17 | sux |72 .12 10 .23
19 .012 3% | 33 |25 —— —- -
20 .54 29 280 Kk | 620 2.2 L.1 .079

*
Equilibrium surface not reached.




v-v

TABLE VIII .

UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO NOVEMBER WORKSHOP:

SUMMARY OF CHEMICAL AND AEROSOL DATA FOR TOLUENE EXPERIMENTS

dv 507
Run RH HC NO2 802 Nmax Sg 3dt S0, photox
No. System % ppm ppif pph foce ! | um-cest|mP-cel-hr | %-nrl
7 Toluene 24 2.0 b --- - - - -
8 Toluene 24 2.0 b ——— - - - -
NO AEROSOL
9 Toluene + NO, 33 1.5 3.90 - 2.2 K --- --- ---
10 Toluene + NO2 32 1.0 3.34 --- . 25K --- - -—-
13 Toluene + NO2 802 27 1.0 .26 .01 250 K 1200* - -——-
14 Toluene + NO2 SO2 36 1.0 4.19 .01 50 K --- -—- -—-
15 Toluene + NO2 SO2 25 1.0 1.23 .54 660 K 1200 4.7 .35
16 Toluene + NO2 502 26 1.0 1.95 .54 740 K 1300 3.6 .28

*
Equilibrium surface not reached.
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x 105

NUMBER (cm™3)

12

10

500 —

400 —

300 —

NUMBER (em3)

200 —

100 —

r x 103

— 1250

-
[=]
[=]
o

750

500

SURFACE { um2/cmd)

— 250

SURFACE ( um2/cm3)

CALSPAN

RUN NO.1 NOV. 11,1973
§05 = 0.63 ppm

STIRRING

4V o 171 um3fem3hr
dt

T T T T T T TY
[}
600 O AEROSOL VOLUME CONC. gm3/em3 :
A AEROSOL SURFACE CONC. pumZ/cm3 !
O AEROSOL NUMBER :
500 ; 15
a a
H -~
(]
400 | S . i 14 §
: o
: E
! 1
300 - | 13
[}
(8] ) =
[w]
A A ° ' 3
200 |- : {2 8
a |
1
1
100 | ! 44
LIGHTS OFF AT 137 min __ |
]
0 1 1 1 1 1 1 iy 0
0 20 40 60 80 100 120 140 160

TIME {(min)

T T ¥ T T T T T

RUN NO.2 NOV. 12, 1973
802 = 0.72 ppm
STIRRING

dV _ 6.15i 3,..3
—_— m>/ecm®-hr
3 1375¢ ¥

LIGHTS OFF AT 190 min—.

i L 1 L 1 1 1 1

20 40 60 80 100 120 140 160 180
TIME {min)
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x 107
30

25

N
o

a2 o
VOLUME { am3/cm3)

200



RUN 1 DATE. 12-DEC-73 SYSTEM:  S02
O NUM.CPART./ML) A SURF.CUM2MLY @ VOL.<PM3IML)
S02 = 8.51 PPN

'1ﬁ+4 10+2 xxg‘fa
f\ﬂ g{lllllllffl][llll:lll[lllIIIII 316
9 LTS OFF 3o
NgEsS4 = sy
. Ed N
B7EF =
23 L
6FC3 s
5 s
3
4F 2 4
3 =z
2 1 gz
1 S -1
. -
1. lLll:llllllllllllllllllI3e
TIME (10%2 MINUTE)
RUN 2 DRTE 14-DEC-73 SYSTEM. s02
O NUM.CPART #MLY A SURF (UMEZML) © vaL. (pM3aL)
S02 = 0.53 PPM
ugts N1gte 410%9
SCPET T T T [ T T T T 7T T T T T T T35
| LTS. OFF 3
N = 4V
Il b 1]
M =
E = U
E 9 n
R 4 E
o 2
=1
1 1 =
> 0

1
TIME <18%2 MINUTE)
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RUN NO. 3 NOV. 13, 1973 CALSPAN
S0, = 0.58 ppm O AEROSOL VOLUME CONC. pm3/cm3
STIRRING A AEROSOL SURFACE CONC. um?/cm®
dv _160i , 3, 3 O AEROSOL NUMBER
re 3.60{‘““ /em®-hr
6— 12 T T T T T T 6
x 10° x 102 x 100
51— 10 15
al- ¢ 8 THERE WERE SEVERAL 14 %
L ] POWER FAILURES DURING g
g “t THIS EXPERIMENT N
2 E
=3
E 3 _ s 13 2
w
2 T w
b=} < s
z i S
2f— 4 12 o
2 >
1 2 41
0 — 0 [w} L i o
0 20 a0 60 80 100 120
TIME (min)
6 r 6 6
x 108 x 102 x 100
5 5 15
N o5
-~ 4 e af 14 ¢
& & g
H £ "
1
L3 -3t {13 =
o w w
s (3]
2| & >
2 & 5 : RUN NO.4 NoOv.13,1973]{, 3
@ $O, = 0.55 ppm >
STIRRING
1 1 4V =270 ymslcms-hr 1
dt
0— 0 0-¢& 1 1 1 1 0
0 20 40 60 80 100 120 140
TIME (min)
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RUN 3 DATE. 18-DEC-74 SYSTEM:  S02
O NUM.CPART./ML) A SURF.CUMEAML) O VOL.(PMIML)
S02 = 8.64 PPM

amm=cC=

x1gtS x10*2 190
4l "2(_llrl|||l||!|ll|llll|llll|llll-10
s —> =
- =5
6~ =
S = .-_: BU
3 g - 3
5 3
A =K
3 3
E4E- -E 6
2 - s
3T E
. 4
2 - g 3
1 1 p
r: _: 2
L 3
=1
8 684 llljllllllllllllllzllllllllllzg
TIME ¢10%2 MINUTE)
RUN 4 DRTE: 18-DEC-T3 SYSTEM:  S02
O NUM CPART./ML) A SURF.(MM2MLY  © UOL.CPM3/ML)
c02 = 0. p
s N1t 02 = 0.5 PP »19%0
cf ol S S R S [ (R S H IR N NN H S BN SN I BN B M N 3
—-'j“ :
r—Ré ~
F -t
—~ A m 2
. .
|_E .
1— 2 -
" 3
— 3
[~ L1 ]
8- o 2 0

1
TIME (18%2 MINUTE)
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x 10°

NUMBER (cm™3)

12—

®
|

RUN NO.5 NOV. 13, 1973 CALSPAN
SO, = 0.52 ppm O AEROSOL VOLUME CONC. pm3/em’
STIRRING A AEROSOL SURFACE CONC. pumé/cm3
AV _ 733 ym3femShr 0O AEROSOL NUMBER
dt
12
x 102 x 107
10 {20
L
£ 8 {1 -
o ]
e &
-5 ™
- 6 412 E
w b N
(&) —~—
ud
& S
S a 48 3
@ o
>
2 1a
' LIGHTS
| OFF
0 O=<= 1 1 | 1 1 1 1 0
0 20 40 60 80 100 120 140 160
TIME (min)
$0, = 0.55
- || STIRRING - 30
aV _ 60i o ~3/em3h
—0 " 1eaf B lemT
0~ _ 2 5 -
3 !
- & o5
Q ~N E
E 8 |— g - ya 7o) - 20 ”
. £
[+ 4 ~ 21
w w
E L ¢ :
2 °f £ 1 %
S 3
@ @]
>
4l 410
STIRRING OFF
2|
0 L O 0
0 40 80 120 160 200 240

TIME (min)
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RUH 5 DATE:

19-DEC-73 SYSTEM:  S02
O NUM.CPART ~ML> A SURF.CLMZ/ML)
S0z = 0 S5 PPM

O VoL PM3ML)

(ES 110t %190
T V1 l | ] rlTl T l: 1 ] T 1T 11 ] LRI l T 1 7 T: S

- LTS, OFF 3
N Fsa O H av
U —U " 4T A 'S : 0
M _g A L
e L& a I A 3 n
R ..C3 A O —_ 3E

E —

" A . N =

i — A . '-—.:

- A . S 3
= 2 5 e [ ] -5 2

» e : 3

= 'y . -::

- & = 3
- 1 a 0 =1

[ A oV E

o > . =

. .

gle pELL 1L (o UEN I U ISR N GO HR 0 VA N 0 U AU TN (0 O 6 OO0 OO O £ o

2 1 i 2 3

TIME (18%¢ MINUTE)
RUN & DATE 19-DEC-73 SYSTEM S0z
O NUM.CPART ~ML) A SURF CpUM3/ML) © voL g ML
S02 =B 55 PPM

X189 Nigte vie7l
ol ot X SN U N U DN M RN U N SN TR A BN EN B RN R <% B 10

S —3 =
-+ ‘LTS OFF s

. L _ E
UL F EN:
M [R [ 3 L
B F.L[ = 7u
EL2°F = R
[E F e
- 3s
.k % 4
L F g,

- F =
e :-_ ? 2
R E g

- B Ly L S
6 — 9, > 0

1
TIME (18%2 MINUTE)
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RUN 11 DATE: 22-DEC-73 SYSTEM:  S02
O NUM.CPART./MLY A SURF.C(UME/ML)  © UOL (PM3/MLD
s02 = 8.55 PPM
xS x10*3 K16+
‘CefrTrrrrr T rr1r LTI T r T T o3
- | LTS~ OFF .
6 F : —
N s | -~ U
L T el
B'5 T F v
E A A m
R FC I d €
£ | -
o -1
T -
3 ]
- : 1
2 - B -
) ; P
- f 5 .
6T o TR W T NN N S B B 1l S Y WS U A N S B | iy
TIME (10%2 MINUTE)
RUN 12 DATE 26-DEC-73 SYSTEM.  S02
O NUM CPART./MLY A SURF C(PMEML)  © UOL.CPM3ML)
S02 = 0.45 PPM
s1@S n1gt? - %10+
E 2 _1 LI [ L ] LI fr LI | UL ] UL = 4
E - LTS. OFF 3
H Fs J v
U-,- :..U : 70
M R -4 L
E FF 4 U
E Ew 4 n
I - E
- E =
2E 1 ; 2
- =
1| =R
C : =
ot o) lnllllllllllll 1‘138
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RUN 1T DATE 3-JAN-74 SYSTEM:  S02
O NUM CPART./ML) A SURF CUM3ML)  © UOL.CPM3ML)
502 = 0.54 PPM

N1@S N1et2 w10+0
CSET T T T T T T T T T T T T T 713
C E ‘LTS~ OFF ]

. F 1 in
H FSaF 4 v
u FuU E 4 0o
8 FF E 3 L
E2 [ H E . 2H
R LS. - E
- E - -

- E .
F2E .
iE E 3!
L E a
P ; pra—

- : -

. I SR W N NS N W U NN SR NN GO N DO S SN SO e
8= By 1 2 @
TIME ¢16%2 MIMUTE)

RUN 18 DATE' 3-JAN=-74 SYSTEM s02
O NUM (PART./ML) A SURF (UM2/MLY  © UOL.C(UM3ML)
S02 = 8.615 PPM
i@t x1gtl #1971
B SCTT T T T 1 rrrrr vt r 1| v T 1 2
LTS. OFF - -
3 i ;
' Es :
ms ERS L
B F U
E 4] M
R c3 E
4E -
4 -1 1
E ]
K] -
2 .
2
1 1 :
L
5} Be 1 2 s}

TIME (18%2 MINUTE)
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RUN 18 DATE 4-JnN-T¢ SYSTEM:  sQ2

O NUM (PRRT.~MLY A SURF (UM3MLY  ©.uOL (pM3ML)
€02 = §.012 PPM
x1g nigtl 41072
S X (N I N D D (D END H RN B SN SIS S A SN NN SRS NN HEN R S
C —_— =
R LTS COFF =
- =
SE3 34
n ER | =
B Fol =
LENE E:
Ee [ 5 3¢
e - ~f 2
e E
1 - el
= iah =
8™ By 1 2 @
TIME ¢ 10%2 MIMUTE)
RUN 20 DATE S-JAN-74 SYSTEM:  S02
O NUM (PART. ML) A SURF.CPME/ML) © VoL.CpPM3ML)
S02 = 8.54 PPM
;165 n10*2 %16%0
*-’:"CllllllllilIlIl[f:lIl]lllllllll_?
-k 7 ]
p— 6_ —
H ré L - Uy
(TR BT . E
n FrRes- s
E.CF-F ] °u
ESCR [ Jn
R Lc [ m I
A ]
C LF 3,
s -
1 .
C 2 -2
. .
C a1
e - -y
ol ; TR T O U TN O T N AT U U W U O T OO O O O S B

1
TIME <¢18%2 MINUTE)
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(2) TOLUENE, TOLUENE + N02, TOLUENE + NO2 + 802 EXPERIMENTS
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CALSPAN
RUN NO.7 14 NOVEMBER 1973 | TOLUENE + BACKGROUND NO, SYSTEM|R.H. = 35%;

TOLUENE = 0.8 ppm; NO5 = 0.00 ppm; NO = 0.004 ppm

2 T T
CHEMISTRY DATA

A [NO] ppb
O [04] ppb

—_—t e ———

E

a

a

S

o

o

=} |

= |
|
ILIGHTS OFF
150 min

0 1 1
0 50 . 100 150

TIME (min}
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CALSPAN

RUN NO.8 14 NOVEMBER 1973 ITOLUENE + NO, SYSTEM| R.H. = 37%; TOLUENE = 0.98 ppm;

NOz = 5.0 ppm; NO = 0.03 ppb

x 100

— x 101

10

T T

CHEMISTRY DATA

A [NOI ppb
O [04] ppb

%
8

—s ——————al

—
| LIGHTS OFF

| 740 min.
L

200

300 400
TIME {(min)

A-17

500

700

800



Noz ppm

CALSPAN
RUN NO.9 15 NOVEMBER 1973 [TOLUENE + NO, SYSTEMJ R.H. = 34%;

TOLUENE = 0.8 ppm; NO, = 3.30 ppm; NO = 0.03 ppm

LI T

CHEMISTRY DATA

O [NO,] ppm
A INO] ppm
(w] [03] ppm

0/

L

LIGHTS OFF 190 min

-

50 100
TIME (min)
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RUN 9 DRTE: 21-BEC-73 SYSTEM:  TOLUENE,NO2 U. of M,
O NUMBER CONC.(FRRT.~/ML)
TOLUENE = 1.5 PPM

g3 NO2 = 3.9 PPM x1g+3
é_llllr1l|1|l|rr[r11|1|llrpTll]|||r1:n|l_13
N [ 5 .
v E LTS. UFF: .
M - . —
B‘ =
E -
R I .
C2 — 2
UE- 3
M 4.
c L 3

~ -

- -

~ -
1= -1t

~ ]

- : .q
E’lmllllllllllIlllJIlLLllllllllLJlll'l!l 0
g 1 2_ 3 3

TIME (1@%c MINUTE)
%108 . x10%0

S (LI I O O ELALERL P
lI* . LTS. OFF: _Z.:
T O NO <PPM) A NGp CPPMD : =
R o
03 I
€ -

N p

-

0 -

¥ -
12 2

D -

5 3
1 =4
lllllllllllllllll'lllllll’llllllllll:lll:a

4

93 , 1 2 3
. TIME ¢10%2 MINUTE)
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RUN 18 DRTE: 22-DEC-73 - | SYSTEM:  TOLUEME,HO2 . U. of M.
0O NUMBER COMC.(PART.~MLD

o TOLUENE = { .04 PPM
Np@e NO2 = 3.24 PPM x1@t2
@ l]lf'l 0 U1 [l | LI ITITI ] r]?llllllr_3
N[ ‘LTS OFF _
Wor : =
B -
E | 1.
R a
c2r - 2
o [ .
H | ]
c - -
- L -1
1 — 1
r _
il U W N N T O TN T T N U N T WA N O TN O O O T O N
b 1 vz 2 3 0
TIME (149 MIMUTE
x1@ ®10%9
4_|llrrﬁr|l||lll|lfll||r1||ll||_4
? - ‘LTS. OFF e
T ‘ O N0 CPPMD A N0 (PPMD -
Oz : 3
E [ ]
"M = ;f
0 E =
62: —:2
E E -
S - —
1 - 1
AR RN RN NN 1111:
%g 1 Z 3 @

TIME ¢10%2 MINUTE)
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CALSPAN

RUN NO. 10 15 NOVEMBER 1973

INOZ + 80, + TOLUENE SYSTEM IR.H. = 46%; TOLUENE = 0.8 ppm;

NOz = 1.95 ppm; NO = 0.022 ppm; 802 = 0,19 ppm
STIRRING
- 10 T T T T T T X 100
AEROSOL CONCENTRATION
5 2 O NUMBER
x 10 x 10
A SURFACE
- 8 O VOLUME 18 &
o §
o £ ™
'E L NU 6 . 6 E
2 13 X
ta - 2
g - W4 14 3
2 3 g
«
2
] 12
L 0 éﬁ L " 1 1 1 L 1 1 X
0 50 100 150 200 300 400 500 600 700 800
TIME (min)
2 r 10 T T L] T T T T T T
CHEMIST
x10°] x 10! RY DATA O [NO,] ppm
st A [NO] ppm
2 6
& 2 -
Q 1= ™
ON o
2 o
z 4 -
2 J
oL 04 1 1 1 1 1 L L 0 2 1
0 100 200 300 400 500 600 700 800 200 1000
TIME (min)
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RUN 13 DTATE: 2F-DEC-V3 SYESTEM: TOLUEHE, HOZ, SQ& U. of M,

-

(98 1

AMMmMICZ

(KX
lllll|llllllllllllrllllll[llll'q

-
—

on

MO MADC.

O NUM.CPART./ML) A SURF.CEMEML) O VOL.CPM3ML)

’ < TOLUENE = 1.84 PFM +
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CALSPAN [NO,+ SO, + TOLUENE SYSTEM]
RUN NO. 11 16 NOVEMBER 1973 R.H. = 37%; TOLUENE = 0.8 ppm;
NO, = 3.6 ppm; NO = 0.025; SO, = 0.07 ppm
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RUN 14 DRTE: &7-DEC-V3 SYSTEM:  TOLUEME.HNO2,S02 U. of M.
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) TOLUENE = 1.684 FPH -5
\_1@"4 . s02 = 8. 6812 PPM NOog2 = 4.19 PPH H1eT
EfT T T T[T T T T[T T T[T T T rrrrprrrr3ie

" LTS OFF =
| - . 3
5 — : -
: E
- 7
T 3
| : — €
il o s
- __E 3
- =
- =¥
1= =
o =
AT IN RR S TN T N U N N O TN NN TN U N W TS U0 T U O O OO
g7 1 R 3 °
TIME <ie%e MIHUTE)
X1 x1g*
LIRS T | L L l V l 1 I 1 l L r IR ] | L =
— 3
i LTS, OFF =
T : =
R4 O NO CFPMD A NOp CPPM) = ¢
G N b
E =
N =
-
33 = 3
1 3
D =
3.
1 31
By oo bv v by by v b by oS
% t 2 30

TIME ¢18+2 MINUTE)

A-24.



CALSPAN
RUN NO. 12 17 NOVEMBER 1973 ‘?02 + TOLUENE SYSTEM |R.H. = 33%; TOLUENE = 0.8 ppm;

NO, = 1.45; NO = 0.01 ppm1 502 = 0.01 ppml
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RUN 1§ DATE: 28-DEC-73 SYSTEM:  TOLUENE,S02.HQ2 U. of M.
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RUN 168 DRTE:
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(3) HEXENE, HEXENE + NO,, HEXENE + NO2 +302 EXPERIMENTS
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A-29



CALSPAN

RUN NO. 14 19 NOVEMBER 1973 IFEXENEJ + NO, SYSTEM

NOZ = 3.35 ppm; NO = 0.012 ppm

R.H. = 34%; HEXENE-1 = 0.6 ppm;
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CALSPAN
RUN NO. 13 19 NOVEMBER 1973 | HEXENE-1 = 0.6 ppm]R.H. = 38%; NO, = 0.006 ppm; NO = 0.011 ppm
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HEXENE-1 + SO, + NO, SYSTEM

CALSPAN
RUN NO. 15 20 NOVEMBER 1973
N02 = 1.64 ppm; NO = 0.018 ppm; 802 = 0.01 ppm

R.H. = 32%; HEXENE-1 = 0.6 ppm;
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APPENDIX B

AEROSOL AND CHEMISTRY DATA FROM MARCH 1974 WORKSHOP
WITH DUPLICATE UNIVERSITY OF MINNESOTA EXPERIMENTS

ORDER OF PRESENTATION:

(D
(2)
(3)
(4)
(5)
(6)

802 Experiments
Toluene Experiments
Hexene Experiments
M-xylene Experiments

Cyclohexene Experiments

NaCl Experiments

B-1



TABLE IX. SUMMARY OF AEROSOL DATA FROM MARCH WORKSHOP

i-q

dv dv S02
Run RH N SE dt(so dt (HC) Photox
No. System % #heed | ym2-cc! um3-c61hrg) pm3-ccth|  %-hr Comments

6 toluene + NO 30 3.1x10: 640 -- 2.2 -- no vol. first 4 hrs
30 toluene + NO 20 1.3x10S 750 -- 2.6 -- no vol. first 4 hrs
29 toluene + NO + SO2 30 1.6x105 >750 0.78 1.5 0.32 1st 4 hrs*

7 toluene + SO2 20 2.1x10 800 1.17 3.2 0.45 1st 50 min*

5 hexene + NO 40| 1.4x107 610 - 2.1 - no vol. first 5 hrs
21 hexene + NO 37 1.2x105 215 -- 0.5 -- no vol. first 6 hrs
18 hexene + NO + SO2 37 1.4x105 >1500 0.61 5.8 0.16 1st 6 hrs*

20 hexene + SO2 35 3.6x10 950 0.75 3.2 0.25 1st 60 min*

15 m-xylene + NO 38 8.4x10§ 1150 -- 14.1 -- no vol. first 60 min.
14 m-xylene + NO + SO, 29| 2.6x10, 2700 0.92 25.0 0.32 Ist 60 min*

17 m-xylene + SO2 35 2.8x10 384 0.84 1.6 0.23 1st 60 min*

10 cyclohexene + NO 38 3.6x103 3500 -- 110 -- no vol. first 90 min
12 cyclohexene + NO 30 4.2x10S 2450 -- 75 -- no vol. first 3 hrs

9 cyclohexene + NO + 502 30 1.7x10s 4200 0.74 105 0.28 first 2 hrs
13 cyclohexene + 802 35| 2.7x10 1300 1.20 10 0.49 first 30 min

1 0.52 ppm SO2 25 5.5x105 >1450 5.61 -- 0.21 1st 30 min*

10.60 0.39 1st 2 hrs
4- 0.55 ppm 802 30 3.9x105 4400 4.49 - 0.16 1st 30 min*
13.60 0.48 1st 2 hrs

2 0.05 S0, 37| 2.3x10° | >575 0.65 - 0.23 1st 30 min*
2.35 0.79 l1st 2 hrs

3 0.05 SO, a0 | 2.9x10° | >675 1.04 -- 0.36 1st 40 min*
2.31 0.79 1st 2 hrs

*
Time over which aerosol growth rate was used in computing 502 photooxidation.
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Table X .

UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO THE MARCH WORKSHOP:

SUMMARY OF AEROSOL DATA FOR HYDROCARBON EXPERIMENTS

dv 1l dv
Run RH N SE T Sn 3T av )
No. System % e mos e300 SRA g phato
um3-cc hrlppd'  umd-céhr” oxidation
% -hr'
65 toluene + NO + SO2 28 185 K 330* 1.23 11.3 same .23
76 toluene + NO 47 4.2 K 550* -- -- 24.5 ---
77 toluene + NO + SO2 57 170 K 1850 1.17 29.9 27.4 .39
87 toluene + NO 30 10 K 340 -- -- 8.6 ---
88 toluene + NO + SO2 24 160 K 1600* 1.22 30.5 16.6 .67
60 hexene + NO + 502 28 74 K 1200* .40 5.7 21.2 .12
78 hexene + NO + SO2 55 230 K 1530 .53 13.9 19.1 .18
92 hexene + NO 33 8.8 K 31 -- -- .09 ---
93 hexene + NO + SO2 32 150 K 1300 .29 8.5 18.0 .16
81 m-xylene + NO 75 23 K 1600 -- -- 73 ---
82 m-xylene + NO + SO2 54 230 K 2800 .49 10.4 67 .14
89 m-xylene + NO 26 21 K 1000* -- -- 38 ---
91 m-xylene + NO + SOZ 26 230 K 1600 .46 10.0 31 .21
83 cyclohexene + NO 51 9 K 320 -- -- S0 ---
94 cyclohexene + NO 31 2.7 K 510 -- -- 65 ---
95 cyclohexene + NO 29 1.9 K 620 -- -- 190 -—--
96 cyclohexene + NO + SO 28 280 K 5400 .43 9.7 250 .20

2

*
Equilibrium surface not reached.




TABLE XI. SUMMARY OF CHEMISTRY DATA FROM MARCH WORKSHOP

Run

RH HC S0, NO; t (NO,) 0
2 2 3m

No. System % ppm ppm1 ppﬁ min"on ppm

6 toluene + NO 30 0.35 -- 0.170 400 0.285
30 toluene + NO 20 1.17 -- 0.530 480 0.380
29 toluene + NO + SO2 30 0.35 0.05 0.146 330 0.225
7 toluene + SO2 20 0.35 0.05 b b 0.047
5 hexene + NO 40 0.33 - 0.150 420 0.200
21 hexene + NO 37 0.33 -- 0.180 420 0.275
18 hexene + NO + 802 37 0.33 0.07 0.178 430 --

20 hexene + 802 35 0.33 0.055 b b 0.052
15 m-xylene + NO 38 0.34 -- 0.150 100 0.222
14 m-xylene + NO + SO2 29 0.34 0.055 0.150 105 0.305
17 m-xylene + SO2 35 0.34 0.07 b b 0.030
10 cyclohexene + NO 38 0.33 -- 0.138 120 0.190
12 cyclohexene + NO 30 0.33 - 0.140 190 0.192
9 cyclohexene + NO + SO2 30 0.33 0.05 0.220 180 0.325
13 cyclohexene + SO2 35 0.33 0.06 b b 0.011
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Table XII

UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO THE MARCH WORKSHOP:

SUMMARY OF CHEMICAL DATA FOR HYDROCARBON EXPERIMENTS

zun RH HC S0, NO4 [NOZ]max t[NOz]max [Oslmax
o. System % ppm ppnm ppm ppm min Ppm
65 toluene + NO + SO2 28 .35 .108 .30 .145* 460 2%
76 toluene + NO 47 .35 -- .152 .095 210 .30
77 toluene + NO + 502 57 .38 .039 .155 .115 160 .362
87 toluene + NO 30 .35 -- .155 .140 130 .402
88 toluene + NO + 802 24 .35 .040 .17 .122 155 .315*
60 hexene + NO + SO2 28 .35 .07 .16 .123 395 .162*
78 hexene + NO + SO2 55 .35 .038 .165 .130 255 .438
92 hexene + NO 33 .35 -- .12 .104 280 .290
93 hexene + NO + SO2 32 .35 .034 .122 .125 350 .302*
81 m-xylene + NO 75 .35 -- .155 .144 80 .343
82 m-xylene + NO + SO2 54 .35 .047 .151 .130 94 .361
89 m-xylene + NO 26 .35 -- .132 .142 68 .379
91 m-xylene + NO + SO2 26 .35 .046 117 .115 70 .262
83 cyclohexene + NO 51 .35 -- .13 .101 90 .32*
94 cyclohexene + NO 31 .35 -- .103 .108 60 .20
95 cyclohexene + NO 29 .35 -- .124 .128 103 .254
96 cyclohexene + NO + SO 28 .35 .045 .133 .130 85 . 241

*

max not reached by

end of irradiation period.
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TABLE XIII.  UNIVERSITY OF MINNESOTA DUPLICATE TESTS SUBSEQUENT TO THE MARCH WORKSHOP:
SUMMARY OF SO, EXPERIMENTS
av 1 av
?:.l Concentration ppm ;ZH ?f-—m?é" ?fn -ec! ?1:!3 - 323_ et SO%_ di:‘.c - - 502
pm4 co-hxr ppm | photox

LS .59 28 260 K L70 1.9 3.2 .07
Lé .59 Lo 30 K | ST0 2.2 3.8 .065
L9 .59 67 890 K 8oo 5.6 9.4 .10
52 .56 36 90 K 190 .46 .83 .015
53 .56 30 670 X | 2100 20 3.7 .07
Sk .56 25 100 K | 190 .28 .50 .01
57 .56 12 39K 210 .78 1.4 .04
66 .61 27 100 K | 680" 2.7 4.5 .10
68 .62 39 9L X 310 1.1 1.8 .03
69 -053 4o 280 K | 270 .84 16 .27
70 .54 57 210 ¥ | Loo 1.2 2.2 .03
7 .048 55 |95k | 200" .32 6.6 .09
72 .50 5, | 220x | 840" 4.2 8.5 .12
79 .038 70 |68k | 110" .21 5.6 .06
80 .40 78 250 K | 550 2.2 5.5 .05
85 .38 3L 245 K | 6L0 2.5 6.6 .13
86 .051 27 82 K 190 .35 6.8 .14
97 .035 27 | 100k | 270" 1.1 30 .63

¥Bqu.librium surface not reached, maximum surface.




(1) SO, EXPERIMENTS
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CALSPAN
RUN NO.1 20 FEBRUARY 1974 [802 FILTERED AIR SYSTEM| R.H. = 26%; SO, = 0.52 ppm

x 10° [ x 102 y T T T T T T T y 30
AEROSOL CONCENTRATION ! o o
)
. ]
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TIME (min)
CALSPAN

RUN NO.4 21 FEBRUARY 1974 [soz FILTERED AIR SYSTEMI R.H. = 35%; SO, = 0.565 ppm;
NO = 0.010 ppm; N02 = 0.004 ppm
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x1osr x102 T - T T T T T T T : 30
]
50 ¢ -
i i O NUMBER o | 25
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o J d
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Q 3 | OFF S
= w 1
= © i
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1+ © 10} t 45
|
i
ol 0 N 0

0 100 200 300 400 500 600 700 800 900
TIME (min)
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CALSPAN
RUN NO. 2 20 FEBRUARY 1974 SO, FILTERED AIR SYSTEM; R.H. = 37%; SO, = 0.05 ppm

. . ' 12
O NUMBER |
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20 40 60 80 00 120 140 160
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RUN NO.3 21 FEBRUARY 1974 50, FILTERED AIR SYSTEM; R.H. = 40%; SO, = 0.05 ppm
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e o
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RUN 45 DATE: 1S5-AFR-74 SYSTEM: co2
O NUM.CPART./ML) A SURF.CIME/ML) o VoL cPmI ML
- S02 = G.59 FPM
X109 x1a*te _ W1eY9
i SE = B A A A A e T T ¢
- E —
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- E 4z
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C E 3!
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L i
6= By , 1 > @
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RUN 4& DATE: 16-APR-74 SYSTEM: s02
O NUM.CPART./MLY A SURF.CPM3ML) O VoL. Pl
S02 = @8.59 PP '
x1@s y1gte %1018
L ¥ el B L L L L O LA L OL SRLARLBL LA LR =
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[ . O - 7
N S - g
I U o]
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R c [ 7 SE
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2 1 A 4
= | 3
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0 By 7 0

1
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RUN 48 DATE: 28-AFR-74 SYSTEM:  S02
O NUM.CPART.#ML)> A SURF.CPMELY & WOL.CUMIMLD
- $02 = ©.59 FPM
MES xpete x10+!
r :' -q...j 1T 1T I LI LI} r 1 T 1 1 l 1 LR 2
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e .
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RUN 52 DRTE: 308-AFR-74 SYSTEM:  S02
O NUM.CPART./ML) A SURF.(UMEMLY  © voL.CIM3mL>
. s02 = @.56 FPM
8@ x1ets - #10-1
ﬁ[:- -“ﬁ]]T]TTIIl]II]IflI]I]TI]IIlI||V1|]Trl_I]Ilil[llli:l"-‘
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; o 1 2 3 4 5 3 7 8 3 10

J &
TIME ¢1@tl MINUTE)
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RUN 53 DATE: 1-MAv-74 SYSTEM: 502
O NUM.CPRRT./MLY A SURF.CUMEMLY o UOL.<pM3mL>
€02 = 5.6 PPN

1S M1gh3 w10+l
g éEllrrrlrnlrur[lnrlrﬁlrnn]n.jl]nn[rﬁqi|n_3
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RUN S7

DATE: B-MAY-74 SYSTEM:  S02
O NUM.CPART./MLY © A SURF.(HMEMLY O voL.(PM3ML>
S02 = @.56 PPM
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SE LT T T 7 T T T T T 7T 712

- = ———> -
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RUN &8 DATE: 25~MAY-74 EYSTEM: 802

gt wpgte %1019
1 T D I S U A Y S Y I S T N I I R O
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TIME ¢ 19% MIMUTE)
RUN &% DRTE: 3-JUN-¥4 SYSTEM: S0z
O NUM.CPART.AMLY A SURF.C(UMZMLY  © VOL.CPM3/ML)
. S02 = ©.853 FPM
X1de njgte : %1010
4 3llrr|r||r|vlllflI!I[IHI[IFIIIIHIUIH_4
o  ALTS. OFF -
- F A : -
f-l s | 3 g
Lt = u - J
¢ EEE - Bb
E Fa2l 3 M
F c L - E
e |- 3
2 -2
s 3
1 - — 1
. 3
-
- —
o s =
C : ]
5 o 1 l[llllllllllllllllllllllll[lJ_tllll[l"a
- Y t 2 3 4

O NUM CPART./MLY> A SURF .C j.”'12/f‘1L J ¢ VoL .UM 3ML>
802 = B8.62 PPN

TIME ¢ 18*2 MINUTE)
B-14



RUN 78 DATE: 7-JUN-74 SYSTEM: 502
O NUM.CPART.ML) A SURF.CGUMEMLY @ voL.Cum3mu)

N1gS  w1ate %1g*9
SCSFTrT T T T T Frrr v 11T [ T T 1 3
- E —> .

L E ‘LTS, OFF .

u =0 F -1 O
LR E J 5
B, - - -
E<_n E <H
R gcg: J e
;E - E 3
- E ? ]

: 2:- . -
1= E : 11
- 15 ]

— : "

- ‘ .

- : -

- .
ol o : 1 S S N U O T O 1
TIME ¢18%¢ MINUTE)

RUN F1 DRTE: 294=JUN-74 SYSTEM: 802

O NUM.CPART.AMLD A SURF.CUMEMLY  © VoL.¢pM3mLo
S02 = B0.848 PPM .

wigt wigte %10%9

18 & N rrrriv r LA ] rrrr ] | L l I I Pr 11 l | L 2
s -

9 . i
Hg 5 - - Y
U U r ] "G
m_ERrR [ L
BTEF_LC. 41U
fEE [ ]

5 F} 1

_ -1

4 _ B

1— -

3 — .
2 :__ -
[ -

1 = . -
| - 1!4111[11|:LI4111111||-

8 39 2 3 8

S02 = @.54 PPM

B-15
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TIME ¢10%2 MINUTE)



-
-

RUN 72 OATE: 25-JUN-P4  SYSTEM:  SO2
O NUM.CPERT./ML> A SURF.CUMEML> O VoL CUMSML)

Moz Z

AmmIx

S02 = 9.50 PPM
K189 w1t w1ptl
3:‘19_llTl]llrr1rlrl]llr|]l|11]1l11'-
I = f .
L sE LTS. OFF -
. F : 7
S8 1
33 .
LE?E 7
2a ke -~
-o F
CESE i
— 5 —1
C 4: -
1: - :
- " E -
= -
- 2 T
. T
: 1"E" (s 7
P iy = [ T T T T T T O T T
g 1 ) 2 3
TIME <1@%e MIMUTES
RUN 79 DATE: 2-JUL-74 SYSTEM: S02
O NUM.CPART.~MLY A SURF.CUMEML) © VOL. M3 mLy
. S02 = @.638 PPN :
x1g x1gte : n1e71
SE‘ ) L DL L L L L L L R L e e
JE O LTS OFF =
s ' ;
& U 3°
- é N =
C o | 3
e L e
FE | é"J
4 1 =
- L 3
sE L EE
- [ -
- =
E T ER
E oL 3
EJE- L‘1_l e R B i
A 2 ©

1
TIME <¢1et< MINUTE)
B-16
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RUN S0 DATE: 2-JUL-74 SYSTEM:  SG@
O NUM.CPART./MLY A SURFICEMZMLY  © UOL. (M3l
S02 = @.4 PPM

s1Es 1t 5199
'JE r 1 T T 0 [ 1 I I | I { i 1 1 [ 1 1 &
= = . -

- [ LTS, OFF .

Y v : —'s
M Fs F i

i iJ - -

TE'} EF'r:l:_ b b
FoL _
ESs | 3
R Lo [ J E
tE4:- -
2 ER
1 - 2
- 2 -~
- “

- 1 alk
}— e
E -4

-
8- By ! 5 @
TIME <18t MINUTE)
RUN 85 OQATE: 22-AUG-74 SYSTEM: sQz
0 NP CPART.AMLY A SURF.CPMEMLY O VoL (N3N0
. S02 = @.33 PPN
{1a2 N1a*e : :10%9
3:"‘3,_Iﬁf[Illlllllﬁlll[l[llll]Tlll-lg
C _F [LT8 OFF =
R : 3
H Fs F - sv
TR T ol 3o
m FrR=R I L
B.CF [ = 7U
ECCu_E - g
R LS =
— 4 =
- _F = 4
- ._‘;_ :
. -
- r;__ :
- - 2
- E 3,
- B e e b by v e b e byag g3
6= 9 1 2 70

TIME ¢10+2 MIHUTE )
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RUN 8¢ DARTE: 23-AUG-74 SYSTEM: g02
O NUM.CPART. ~ML > A SURF.CUM EoMLy
€02 = B.6851 FFM

© VOL.<PM3MLD

xigt Nigte 11910
10 w“_lllI‘llIf]llll[lflllflll[IIll2
a _ LTS, OFF -
iEd |
| 1 -
3] F
i Ef
E Fna¢
5 -
N 3
4 - :
1+ :
3 8 :
:E z
1 - f
g5 S 1111111411l|||aal¢|11111113‘:1
TIME (16%2 MINUTE)
RUN 97 DARTE: 12-SEPT-v74 SYSTEI"F soz
0O NUMBER CONC.C(FARRT./ML> A 1/HUMBER CONC.(ML/PART.D
S02 = ©.935 FPM c
K 41675
180T LI L 5L O O AL e
NgE - n
Ug:-f-_— TS.OFF _:6/
8 —
ECE 4
R_F - <
Il g 7 Sg
c E 5 R
0-C
N BTN
c E :40
.S E J W
o 4 c
- - 3.
4 ]
3&— 3,
s B .
- -
= -1
o .
B~lll!lillllllll‘llllJlll!’tlLLlLlL1l|lll-n'
@ 1 2 2 ¢ -

TIME <¢19%2 MINUTED
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(2) TOLUENE EXPERIMENTS
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x 104

NUMBER (cm™)

CALSPAN

RUN NO. 6 24 FEBRUARY 1974 |[TOLUENE-NO-FILTERED AIR SYSTEM| R.H. = 30%;

TOLUENE = 0.35 ppm; NO = 0.170 ppm; Noz = 0.01 ppm

L] L L] L] L§ T L) T

O NUMBER AEROSOL CONCENTRATION
A SURFACE o
O VOLUME

SURFACE ( u mZ/em J)

240

1200

360 480 600 720 840 960 1080
TIME (min)
0.3 | L L] T L) L] L L LJ
CHEMISTRY DATA
O INO,] ppm
A [NO] ppm
(m] [03] ppm

¥V [TOLUENE] ppm

A

0.4

600 720
TIME (min)

480

B-20

1
1080

1200

TOLUENE (ppm)

VOLUME { u3/emd)



RUN TE

Nigs w

5 &

Mg F-s g
1 Nl

E o
L

2
1

1

g= v
xigl
4
-

N Eo

1 2

T O

5oE!
G3F
E E
N
o F
X E
12
0 E
E -
s £
1
g -

DATE: 28-JUN-74 SYSTEM: TOLUEME, MO U. of M,

O HUM . (FART. #ML> A SURF . ¢ !JME/'NL b ¢ UOL .¢ }JN 3MLD
- TOLUENE = 0.35 FPM
dete NG = 8. 152 PPN >118+1
AR RI AR AR RARREREEREQRRERRERE N
: ,‘F :
b A -
n 1 3y
- b 0
- .
n —1 “n
n 4 E
N — 3
- :42
- 11
- -
— -
- L/ X -
AN ERENENEE| Clogadd e e by 5
g 1 2 7 4 5
TIME c¢1ete MINUTED
w1g-1 ) ‘ wi@~!
4 nu[uuTrﬂlprn]un[llu]un”nl>|rn[nu_ 4
, 'LTS. OFF 3
0O NO (PPM) A NO» CPPM) o 03 (FPPM> 5
3 | 3 | = 3
-z
-
=R
=
58

e

2 3
TIME ¢18+2 MINUTE)

B-21




CALSPAN

RUN NO. 30; MARCH 18, 1974; TOLUENE = 1.17 ppm; NC = 0.53 ppm; NO7 = 0.044 ppm; RH = 29%

x 104

NUMBER (cm-3)

0.6

04

0.2

—

x 102

16

12

SURFACE (um2/em3)

NO2, O3, NO ppm

| TOLUENE-NO-FILTERED AIR SYSTEM |

L{

T

1 ¥

AEROSOL CONCENTRATION

T T 1 T

O AEROSOL VOLUME um3/cc
A AEROSOL SURFACE um?/cc
0O AEROSOL NUMBER

L

480

720

960 1200

TIME (min)

1440

T T

CHEMISTRY DATA

QO [NOs] ppm
A [NO) ppm
O [03] ppm

720

960 1200
TIME (min)

B-22
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VOLUME ( zem3/cm3)

P



AMMZ T

RUN 87 DATE: 26-AUG-74 SYSTEM:  TOLUEME, MO U. of M.

O NUM.CPART./ML) A SURF.¢UMEMLY  © voL.cpnmdmLd

- TOLUENE = B.35 FFM
16 Jere NO = 8.155 PPM xm;g
< P..lll]rllllllllllllll]lllllllll'll:ll:'
R agar
n - " ETS—ORP— o g
T =l -
TREE =
F E = ‘U
SR =P
£ F EN
= 3
1 2 - S
- 3
= = 4
- F 43
— 1 =
~ - =2
- F B
[__ TRENA N Lo ra tysar by by by v 1S
G 1 z T 4 5 3 7 ©
TIME <¢1@%s MIMUTE) -1
w1l wigt! %10
3 5llll[Tlll]llll[llll]llllllll1]llll:5
N Eo LTS. OFF: = H
I z ' : = Y
r L EN 0—0 : :42
L G : -
ot EE’ n - =
G ¢y . . :g
E .
N Q0 ;. 3 R
03 3 A o ; -530
X A : _5 N
1 O
D .
S2F 2 O N0 CPPIMD SR =
> A NOp CPPMD -
© 03 (PPM) =
HC C(PPM> 3
1 1 4 jE 1
[+ 1] [ ] ~ . -E
EA llIlllllllllllllllllll"ll:8
4= By 1 2 5 3 7

3 4
C TIME (<1012 MINUTE)
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NUMBER (cm™3)

CALSPAN

RUN NO. 8 26 FEBRUARY 1974 | TOLUENE-NO-SO.

e

x 102

SURFACE ( pmZ/em 3)

-FILTERED AIR SYSTEM; |R.H. = 26%;

TOLUENE = 0.35 ppm; NO = 0.138 ppm; 2= ppm; S0, ppm
Y Y T Y T T T Y T O—‘§1
AEROSOL CONCENTRATION o :
« 4120
)
25 100
\ o
E
20 O NUMBER 80 m&
A SURFACE [
O VOLUME 3
15 60 w
W 5
. -
(o]
10 lao 5
I
5 20
00 1 1 1 1 1 0
(1] 120 240 360 480 600 720 840 960 1080 1200
TIME {min)
03 CHEMISTRY DATA
A [NO] ppm
_D l03] ppm
04
E
38
w
<
w
23
o
et
40.1

A

120

240

360 480 600 720
TIME (min)

B-24
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980 1080



NUMBER (cm3)

20

16

12

NO5, NO, O3 ppm

CALSPAN
RUN NO. 29 MARCH 17, 1974

TOLUENE = 0.35 ppm; NO = 0.146 ppm; NO5 = 0.009 ppm; S0, = 0.05 ppm; RH = 30%

TOLUENE-NO-SO2-FILTERED AIR SYSTEM

10 T L | T L] T T T L] 10
102 AEROSOL CONCENTRATION

8 48
&
E
S
¢ 6 6
w
‘<-’ 4 H - 4
«
2 O AEROSOL VOLUME um3/cc

2 A AEROSOL SURFACE um2/cc - 2

O AEROSOL NUMBER
0 1 1 1
120 240 360 480 600 720
TIME {min)

TOLUENE-NO-SO5 IN FILTERED AIR

O [NO3] ppm
A [NO] ppm
O [03] ppm

e
)

e
-

T

CHEMISTRY DATA

1 T T

0 120

TIME (min)

B-25
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480

VOLUME { um3/cm3)



RUN 77 DATE: 29-JUN-74 SYSTEM:  TOLUEME, S02.NO U. of M.
O NUM.CPART./ML> A SURF.CUIME/MLY  © VOL.CHM3/ML) |

- - TOLUENE = .35 PPM
x1gS xiat?  eo2 = 8.939 PPM = 0.155 PPM x10t!
SN llll]fll1]llll[[llllflllllllllllll]lllllllll LILILLS 3

- @IS, OFF %g ,
- S 4 v
] =
R -
B =
L C - Se
1t — 4
" 3,
I~ -
L .
N =
= 3
L -~
5 o Illl[lLLl[lllllllllllllllllllilllllllll:B
5] 1 3 . 4 G
TIME <1a+d MINUTE >
xigl wet X107}
- H{ITTTUT VT I Ty VI v o U T T Uy yrrIrT ]l_

SR LR LR AR RN RARE AR RRARR] LR LARRN ) ;;r 3
M C0 [ . oFF I
I B2 O No¢PPMD : -

P ERE A hog <P 3
83 —Ez~ © 03z ¢(PPMD -_-: 3
EE E -
N e B -

- - -
o b - —
X E [~ 3
leb 2 -2
o F F m I
E - b -
s = -

p— and -y

1 1F 1

gl T

- A i

N v O ter o lread e biraadeg

8= By z 4 50

3
TIME (10+2 MIMUTE)
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AMmm=cCT

RUN 85 DATE: 22-MRY-74 SYSTEM: TOLUENE,SO02,NO

U. of M,

O NUM.CPART./MLY A SURF.CUMEMLY  © VOL.CPM3ML)

s . TOLUENE = 8.35 PPM ,

@S x1at? 02 = §.188 PPM NO 0.36 PPM x16+0

Er—4_'[[T]llll‘lfllllfllllllfrllllllr]lllllTlflll'llll__3
R LTS. OFF:
L i~

_S - 4 v

- -4 0o

[R7E 1L

Lo F ] @

 C 1 €
E ]
r. ——
1 2 ]
- n

§ -1
— 1 .
- F .
I -
= E' -

g[_g—nllluullulllnnlunlnnllulluullllllnu‘e
g 1 2 3 4 5

N 1 C TIME ¢10%2 MINUTED -y
gl xio X10

'Tl'lllll][l'll'lllllllll]lllllllllllllllllllTlll_‘4
-
N EO LTS. OFF:
1 Fz L
T ko -
g FH .

OzpEs3 0O NO CPRMD A NOp (PPM) O 0z (PPMY 3
E ‘ © ]
N -1
=
-—
D -
¥ -

12 2 s
£ -
s 3
-

11 1

g egllwlllllllllllll y il d -58

2 3
TIME (18+2 MINUTE)
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RUN 88 DRTE: 28-RUG-74  SYSTEM:  TOLUEME,S0Z,HO U. of M,
O NUM.CPART./MLY A SURF.CIMEMLY  © VOL.CPM3ML)

- TOLUENE = @.35 PPM
$1@S N1 S02 = B.040 PPM NO = .17 PPN >:19*i
c <fTTTrporTd .

| 1 'llllllfll[lllll[llll]llll]llll[llllllll:
- S q g;
L1 -1
R 3t
~F J u
- -1 M
- ¢ - E
i 3
1_1 :12,
N .
- — 1
B 3
= -
- llllIJJIllll|lllllllllllllllllllllLlllllll"
9T Ay 1 3 4 5
TIME (102 MINUTED T
x19°1 4\13'1 %1654
4:. rTll'rrlljllllllflfl!lll]]ll1lllll]lllllrlll]llll_‘.
N EO ‘LTS, OFF 4 H
r E6 N =
R EN :‘g
0-[FE e
c3F 3 3¢
E E S
N = g
o F 3 o
2 E Y
12~ 2 — 2
D [ -
E F : =
s E O NOCPPMY
E A NOs CPPM) 3
B © Oz ¢PR T

C O HC (FRMY S

L O L L L 3

ol TN T e M Tl INTTE RN R RN A A N

2 3
TIME <¢18*2 MINUTED
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X 104
20

NUMBER (em3)
—

CALSPAN

RUN NO.7 25 FEBRUARY 1974 rTOLUENESOz-FILTERED AiR SYSTEMI R.H. = 33%;

TOLUENE = 0.35 ppm; 802 = 0.54 ppm

SURFACE ( & mZ/em 3)

T ) T L] T T
1000 H AEROSOL CONCENTRATION <150
800
600
400
O NUMBER
A SURFACE
200 O VOLUME
05 1 1 1 - 1 1 1 1 1 0
0 120 240 360 480 600 720 840 960 1080 1200
TIME (min)

B-29

VOLUME ( u m3/cm 3)
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(3) HEXENE EXPERIMENTS
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CALSPAN
RUN NO.5 22 FEBRUARY 1974 lHEXENE-‘I - NO-FILTERED AIR SYSTEMJ R.H. = 41%; HEXENE-1 = 0.33 ppm;

NO = 0.152 ppm; NO, = 0.014 ppm

12" N B T p T T T T T T

4 2
10%| x 10
x X o NUMBER AEROSOL CONCENTRATION
1ok | o voLume 100
& SURFACE
-
o 8 8 E
:
e E
y o 8o 2
= NE w
2 X s
af >a 2
w (o]
Q >
b}
[T
2} €2
(7]
ot 0 )
0 120 240 360 480 600 720 840 960 1080 1200
TIME (min)
0.3 T T T — v ) | T L |
CHEMISTRY DATA
c [NO,l ppm
& [NO] ppm

o [03] ppm
v [HEXENE-1] ppm

HEXENE-1 (ppm)

A— L I i S
0 120 240 360 480 600 720 840 960 1080 1200

TIME (min)

B-32



RUN @2 DNTE ~-SEPT-74 SYSTEM HENENE=1, 10 U of M.
O NUM (PART.-ML) A SURF (PUME-ML) © VOL.CpM3ML)
HENENE-1 = @ 35 PPM
x93 wigtl NO = 0 12 PPM %10~1
14 .V 1 1 1 ]'1 T vy [ LB I TrTrTrIrrtT 1—l 1L S l_[ 1L T__ 3
s E .
= —
NgEs F 4 v
U EU-F 4 o
™M | S I L
TEF E q.u
E Fr | 1 2n
Fe E - E
- -~
- -~
sE 2z —
E -
) all .
B F 3!
1 |- .
2 - E
ol -
NN ENEN . TEEEE N J4JENENEE NN NN
e By 1 2 3 3 5 g9
TIME (10+2 MINUTE) _
wya! r‘m“ %161
4 1T 1T F 1 ] | L L I rv 11 ] T T 71 l | LR I | LR L= 4
H 0 3 H
1 F2 s
T o B
3! R
p3ffs =3
E ~ A
H O N0 CPPMD 3 8
0 A NOp CFPMD 4 o
T26 2 © 03 ¢PPM) 4."
E O HC (PRMD 3
g —
: -
-
I =1
[ ] [ |
. il g el sl sraa
8 by 1 3 50

' 3
TIME . ¢10%2 MINUTE)
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NO2, NO, O3 ppm

(=]
-

SURFACE (um2/cm 3)

CALSPAN
RUN NO.21 MARCH 8, 1974 [HEXENE-1-NO-FILTERED AIR SYSTEM |

HEXENE-1 = 0.33 ppm; NO = 0.180 ppm; NO5 =0.010 ppm

N
Y

-l
T

0«
0

RH = 37%
L] T T T T N T T L4 L] T 3
AEROSOL CONCENTRATION
™
3 &
(3]
N
A E
2
w
s
2
o
- 1 >
O AEROSOL VOLUME u m3/cc
A AEROSOL SURFACE um2/cc
i tl L 1 ot 1 i i o
120 240 360 480 600 720 840 960 1080 1200 1320 1440

TIME (min)

HEXENE-1-NO IN FILTERED AIR

0.3

o
N

T T ¥ T T

O [NO5] ppm
A [NO] ppm
O [03] ppm

L] L 1)
CHEMISTRY DATA

~ A A

A

,
L z L 1 L '

120 240 360 480 600 720 840 960 1080 1200
TIME {min)
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x

b

Q
N

NUMBER (cm™3)

25
x 102
& 20
E
9
N
E 15
w
-
u 10
o«
=]
7]
5
0
g 02
a
a
™
(o]
(]
2
&
o]
2 041

CALSPAN

RUNNO.18 MARCH 6, 1974 HEXENE-1-802-NO SYSTEM
HEXENE-1 = 0.33 ppm; NO = 0.178 ppm; NO5 = 0.008 ppm; S04 = 0.07 ppm

RH = 37%
L] L | T 1 T v L] 1
AEROSOL CONCENTRATION
412
O AEROSOL VOLUME m3/cc 18
A AEROSOL SURFACE m2/cc
O AEROSOL NUMBER {4
N 1 N 0
120 240 360 480 600
TIME (min)
HEXENE-1-50,-NO-FILTERED AIR SYSTEM
L} Li | ) § T L] L L)
CHEMISTRY DATA O [NOZ} ppm
A [NO] ppm
O (03] ppm
v [HEXENE-1] ppm 4 0.3
] 0.2
401
600

TIME (min}

B-36

VOLUME m3/em 3

HEXENE (ppm)



RUN 93 DATE ©-SEPT-T4 SYSTEM HE}EHE-1.502. HO U of M.
0 MUM CPART -HML) A SURF ¢pMEMLY  © VoL ¢(pM3MLd
HENEME-1 = O 35 FPM
NIFS et s02 = 0 034 PPH___NO = @.122 PPM x10*1
- = LIS [ L L L l LI [ rrrit I T 1T 11 I LI 1 - 3
L ]
- S qd v
1l - 0
R J 4
N T
L C J E
. E -—
1i— 1 -]
5 -
r— —
i =
B -
- N
8= By z 0
wig! e-l
1) 4
H EO H
1 2 Y
T Fo 0
g FH g
Q= E
G 32
€ NO ¢PPM) A
NOp CPPHM) B
0 0
12 HC CPPM, 2
0
E
5
1 1
| | ] :
-2 | lal 1 | LiaA 1 1M ]
6~ 4 5 g o

{

2 3
TIME <10%2 MINUTE)
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|

o
=
o

AMDz=ZCo
()

rllllllllllIllllﬁl]]lTTT]-rllT

-
N

MOOA A
N

-
=
(7]

o

OMO—KLGS

MmO Cw

RUN 78 DATE: 1-JUL-74 SVSTEM:  HEXEME-1.502,NO ~ U of M.
O NUM.CPART./MLY A SURF.CPMEML)  © VOL.CHM3ML).

.  HENENE-1 = @.35 PPM . - o
N1t 502 = 9.838 NO = @.165 PPM X10
-‘:-llfrlllflllI[l]llll[!llllllll:s

. LTS, OFF 3
4 qu
=
= Y
=
A ;E
32
3
=
=R
i1
2 0
et X ‘%1071
_llTT'Tlfllll_lll‘lllll!llllllll:'s
0 E ‘LTS, OFF =
g = _ 3
N4 O NO CPPM) = 4
EE A N0 CPPHD 3
3 O 03 (PPM) 3
3 33
2E -2
3 E
B ER
| AR A
6

TIME (102 MINUTE)

'B-38
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RUN &8 DATE: 13-MAY-74 SYSTEM: HEMEME-1.S02.NO U. of M.
O NUM.CPART./HLD A SURF.CUMEML)  © UOL.CPM3ML)
HENENE-1 = @.35 PFH
xight xpatd S02 = 6.97 PFM NO = 8.16 PPM x10%1
H nlCY B B I N N I O S I R R B IO
) - LTS OFF
3k 4 v
.U 4 0
N*FR 4 L
e Fa | - 4
A
R3IfC L Jq €
E [ J
4 1= — 3
- .
- —
3 | -
_ — 2
£k :
= ‘j 4
1 _i] .
K= IR AT AT cv bl
R 1 2 3 4 5 6 @
TIME (1o%e MINUTE) {
xigd gl %18~
ol B B N A B S S I N N L IR
N -g - O NO CPRMD :LTS. OFF o
T o A NOo CPPMO : 7
o LF © Oz (PPM) 7]
G
£+ -
N -
o [ i
b
11— 1 11
Dn—- —
E L
s F
[~ y
gr_gllljllllllllll]ll [111L|||||-E1
9 )\ 3 4 ] 6

2
TIME ¢ 18+2 MINUTE)
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CALSPAN
RUN NO.20 MARCH 7,1974 | HEXENE-1-SO, SYSTEM| HEXENE-1 =0.33 ppm; SO = 0.055 ppm RH = 40%

105 [~ T L T L T T Y T T
x
AEROSOL CONCENTRATION O AEROSOL VOLUME m3/ec H
: A AEROSOL SURFACE m2/c1o
0 AEROSOL NUMBER
al
-~ )
) ;
3t § 5
@ o E
g E Y
s |3 <
e 2F w S
g [ ¢ :
2 w >
o [+ o
2 W+ 32
ol

TIME (min)
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(4) M-XYLENE EXPERIMENTS
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10
x 104

NUMBER (cm™3)

»

-

(=]
N

|

-d
N

SURFACE (um2/em 3)
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0.2

e
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CALSPAN

RUN NO. 15 MARCH 4, 1974 | XYLENE-NO-FILTERED AIR SYSTEM

m-XYLENE = 0.34 ppm; NO = 0.150 ppm; NO5 = 0.014 ppm; RH = 38%

N " AEROSOL CONCENTRATION %
- 420
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| 1 L 1 A 1 0
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T v 1 L L] 1 T
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A [NOJ} ppm
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4 0.1
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TIME (min)
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RUN 81

DATE: 3-JUL-74  SYSTEM:  M-XYLEME,HO U. of M.
O NUM.CFART./ML) A SURF.(UMEMLY  © UOL.CPM3ML)

: M-XYLENE = ©.35 PPM
x1@4 x1e%? N = §.155 PPN »10%1
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RUN 83 DATE 29-RUG-T4 SYSTEM-  M=RYLENE.NO U. of M
O NUM CPART./ML) A SURF.(EME-ML)  © UOL <PM3mLd

M=-NYLENE = 0.35 PPM
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AEROSOL HUMBER (x 107 o™

Calspan - XYLENE + NO + S0 SYSTEM
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RUN 82 DRTE: 4-JUL-74 SYSTEM:  M-NYLEME,SOZ,MO U. of M,
O NUM.CPART.#MLY A SURF.(PM3MLY @ voL.cpndmLy

- 2 M=KYLENE = 8.35 FPH 2
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CALSPAN
RUN NO. 17 MARCHJ5, 1974 l)iYLENE-SOz SYSTEM] XYLENE = 0.34 ppm; SO = 0.07 ppm; RH = 41%

30r. 2 T T T T T T T T T
x 10 o
AEROSOL CONCENTRATION
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(5) CYCLOHEXENE EXPERIMENTS
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CYCLOHEXENE + NO SYSTEM
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RUN 5 DATE 18-SEPT-T4  SYSTEM CYCLOHESEME . Hi
O NUM CPART /ML) A SURF (LM ML) © VoL «pmM3ML)
. CYCLOHEXENE = 0 35 PPM
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CALSPAN
RUN NO. 10 28 FEBRUARY 1974 [ CYCLOHEXENE-NO-FILTERED AiR SYSTEM1R H. = 38%;
CYCLOHEXENE = 0.33 ppm; NO = 0.138 ppm; NO, = 0.026 ppm

NO STIRRING
5 T T T 7 200
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TIME (min)
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RUN 94 DATE: 9-SEPT-74 SYSTEM:  CYCLOHEREME, HD U. of M.
0 NUM.CPRRT.MLY A SURF.CUMEMLY O UOL.CHM3/MLY

- - CYCLOHENENE = 0.35 FPM
N1 x1g*s ND = 6.103 FPM »18%1
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RUN 83 DATE: &-JUL-74 SYSTEM: FCYCLOHEXENE; NO ‘ U. of M.

- CYCLOHEXENE = 6.35 PPM
x1gs 4\'13’@ NO = 0.13 PPM : %10+1
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CALSPAN

x 105
2

NUMBER (cm™3)’

RUN NO.9 27 FEBRUARY 1974 CYCLOHEXENE-NO-SO,-FILTERED AIR SYSTEM|p y - 36%;
CYCLOHEXENE = 0.33 ppm; NO = 0.220 ppm; NO, = 0.020 ppm; SO, = 0.05 ppm
™ x 103 v T 14 T = T T L T x 102
B 4 AEROSOL CONCENTRATION 2
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RUN 96 DATE 11-SEPT-7  SYSTEM 4  CYCLOHENWEHE ,502.NO U of M.
O MUM (PART ~ML> A SURF (LME/ML) O VoL (PM3/MLY
@ 35 FPM
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CALSPAN
RUN NO. 13; MARCH 2, 1974 [CYCLOHEXENE-SO,-FILTERED AIR SYSTEM| RH = 36%

CYCLOHEXENE = 0.33 ppm; NO = 0.012; NO3 = 0.003 ppm; $§05 = 0.06 ppm
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NaCl EXPERIMENTS
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CALSPAN

S()Z-NaCl NUCLEI-FILTERED AIR SYSTEM
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CALSPAN

XYLENE-NO-S0.,-NaCl NUCLEI-FILTERED AIR SYSTEM
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XYIENE-NO-SOZ-NICI NUCLEI IN FILTERED AIR.
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CALSPAN

CVCLOHEXENE-NO-SOZ-NICI NUCLEI-FILTERED AIR SYSTEM
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