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ABSTRACT

The envirommental chamber facility established at the Statewide
Air Pollution Research Center, University of California, Riverside, under
a joint Air Resources Board--University of California (Project Clean
Air) program has been employed in investigations:

To establish correlations between ozone formation and hydroxyl
radical rate constants and hydrocarbon reactivity scales;

To determine rate constants for the reactions of hydroxyl radicals
with selected organic compounds including alkanes, alkenes and alkene
oxides;

To obtain data coﬁcerning the rates of conversion of sulfur dioxide
to sulfate aerosol under simulated atmospheric conditions;

To extend the previous oxidant-HC-NO, data base obtained at SAPRC by
generating data for 12 hour irradiation experiments employing both constant
light intensity and quasi-diurnal light intensity;

To apply both computer kinetic modeling and an empirical mathemat-

ical approach to assessments of oxidant-precursor relationships.

This report was submitted in fulfillment of Contract No. A6-172-30
by the Statewide Air Pollution Research Center, University of California,
Riverside, under the partial sponsorship of the California Air Resources
Board. Work was completed as of September 30, 1978.






The statements and conclusions in this report are
those of the contractor and not necessarily those
of the California Air Resources Board. The mention
of commercial products, their source or their use
in connection with material reported herein is not
to be construed as either an actual or implied
endorsement of such products.






TABLE OF CONTENTS

Abstract

List of Figures

List of Tables

Acknowledgments
I. Executive Summary
ITI. Facilities and Methods
A. Chamber Facility and Analytical Methods
B. Experimental Procedures
I1T. A Smog Chamber Study of the Correlation of Hydroxyl Radical
Rate Constants with Ozone Formation
IV. Comparison of Reactivity Scales Based on Ozone Forma-
tion with the Hydroxyl Reactivity Scale
V. Rate Constants for the Reactions of Hydroxyl Radicals with
Selected Organics
VI. Investigation of Rates of Conversion of Sulfur Dioxide
to Sulfate Under Simulated Atmospheric Conditions
VII. Monitoring of Nitrate Aerosol Precursors
VITII. Assessment of Oxidant-Precursor Relationships Utilizing
a Computer Kinetic Model
IX. Long~Term and Multiple Day Smog Chamber Irradiations
X. Assessment of Oxidant-Precursor Relationships Utilizing
an Empirical Mathematical Approach
XI. Computer Archiving of SAPRC/ARB Surrogate Hydrocarbon-NOy-
Air Data Base
XII. References
XII1. List of Publicatiomns from SAPRC-ARB Chamber Program

10

11

35
35
39

42

48

56

71

89

93

114

133

147

153

161






LIST OF FIGURES

Figure No. Title Page
1 Relationship Between Peak Chamber Oxidant : 19

Observed at Four Laboratories and Experi-
mentally Determined Rate Constants for
Reaction with the Hydroxyl Radical

2 Root Mean Square Ozone Concentrations at 32
Various Precursor Ratios as Functions of
Initial NMHC Concentrations

3 "~ Schematic Drawing of All-Glass Chamber 36
Facility

4 Air Purification System 40

5 : Relationship Between Peak Chamber Oxidant 51

Observed at Four Laboratories and Experi-
mentally Determined Rate Constants for
Reaction with the Hydroxyl Radical

6 Ozone Reactivity versus Relative OH Rate 53
Constant at Initial Precursor Ratios of
2:1 and 10:1

7 Ozone Data of Joshi and Dimitriades 55
as a Function of Hydroxyl Rate Constant

8 Plots of 2n([Ag]¢/[A}]¢) Against Irra- 60
diation Time for Ay = 2-Methyl-2-Butene
and 2,3-Dimethyl-2-Butene and A} = cis-
2-Butene

9 Experimental Wall Loss Constants as a Function 76
of Particle Diameter and Regression Curve

10 Dependence of the Loss Constant on Particle 77
Size for the Larger Particles

11 Typical Behavior of Sulfur and Aerosol 84
Volume Data During Photooxidation Experiments

12 Experimental Data and Regression Calculation 87
for Final Gas-to-Particle Conversion Rates
for Sulfur Dioxide vs. Disappearance Rates
of 2,3-Dimethylbutane

13 Six-Hour Ozone versus NOy 101

14 Nine-Hour Ozone versus NOy 102






=

Figure No.
15

16

17

18

19

20

21

22

23

24

25

26

27

28

LIST OF FIGURES (continued)

Title

Effect of Season and Stratospheric Ozone
Level on Ambient Air Simulations: Calcu-
lated Daily Maximum Ozone versus NOy
Level for Highest and Lowest NMHC Level

Effect of Model on Ambient Air Simulations:
Calculated Dajily Maximum Ozone versus NOy
Level for Highest and Lowest NMHC Level

Calculated Maximum Ozone Attainable for
Given NMHC Levels

Calculated NOy at which Maximum Ozone
Attained for Given NMHC Levels

Diurnal Variation of Light Intensity Profiles

Effect of Relative Humidity on Ozone Pro-
duction for 100%Z Comnstant Light Intensity,
307 K

Effect of Relative Humidity on Ozone Pro-
duction for 707 Comstant Light Intensity,
303 K

Ozone Profiles for Replicate Standard
12-Hour Experiments at Constant Light
Intensity

Ozone Profiles for Replicate Standard
12-Hour Experiments at Constant and
Diurnal Light Intensities

Ozone Profiles for Runs with High Initial
NMHC/NO, Ratio

Ozone Profiles for Runs with Low Initial
NMHC/NOx Ratio

Ozone Profiles for Runs with Intermediéte
Initial NMHC/NO; Ratio

Effects of Temperature and Light In-
tensity on Ozone Production

Root Mean Square Ozone Concentrations at
Various Precursor Ratios as Functions
of Initial NMHC Concentrations

107

108

109

115

124

125

126

127

128

129

130

132

134






Figure No.

29

30

31

32

33

34

LIST OF FIGURES (continued)

Iitle

Relative Contribution of Second Jacobi
Polynomial to Ozone Profiles as a Function
of Precursor Ratio for Various Initial NMHC
Concentrations

Relative Contribution of Third Jacobi Poly-
nomial to Ozone Profiles as a Function of
Precursor Ratio for Various Initial NMHC
Concentrations

Representative Dimensionless Ozone Profiles

Profile Shapes at Precursor Ratio of 4 for
Various NMHC Concentrations

Delay Time Contours on the Logarithmic NMHC-
NO; Plane for Surrogate

Graphs of First Three Orthonormal Polynomials

137

138

139

141

144






Table No.

1

10

11

12

13

14

15

LIST OF TABLES

Title

Research Proposed and Work Completed
for ARB A6-172-30

Summary of the Ozone Profiles from the
Mini-Surrogate Irradiations

Rate Constants for Reaction of OH Radicals
with Organic Compounds Obtained Using the
Modified Chamber Method

Gas=to=Particle Conversion Rates for
Sulfur Dioxide in Photooxidizing Surrogate
Mixture

Conditions Employed and Results of Smog
Chamber Simulation Calculations

Experimental Conditions and 12-Hour Ozone
Levels for Long=Term Irradiations

Parameter Estimates

Chemical and Physical Parameters Measured
in Glass Chamber Studies

Mini-Surrogate Hydrocarbens and Their OH
Radical Rate Constants

Initial Conditions for Mini-Surrogate
Experiments

Summary of the Ozone Profiles from the
Minj-Surrogate Irradiations

Parameter Estimates for Equation 2

Rate Comstants kp for the Reaction of OH
Radicals with Selected Alkanes at 300 K

Comparison of the Literature Room Tempera-
ture Rate Constants ks for >C3 Alkanes
with the Values Obtained in this Study and
with Those Calculated from Equation 5

Rate Constants ko for the Reaction of OH
Radicals with 2-Methyl-2-Butene and 2,3-
Dimethyl-2-Butene at 300 +1 K, Together

with the Available Room Temperature Literature

Values

21

22

25

29

31

37

43

45

46

50

61

62

67






Iable No.

16

17

18

19

20

21

22

23

24

25

26

27

28

29

LIST OF TABLES (continued)

Title

Rate Constants for ky for the Reaction of OH
Radicals with Propene Oxide and 1-Butene
Oxide at 300 + 1 K

0(3P) Atom and OH Radical Room Temperature
Rate Data for Reaction with Selected Nitrogen=-
and Oxygen—Containing Organics

Decay Data for Various Particle Sizes in the
All1-Glass Chamber During Irradiation and at
Operating Temperature

Properties Assigned to Test Aerosol Particles
in Deriving an Expression for Wall Loss as a
Function of Particle Size

Data Used in Estimating Particulate Wall
Losses from Electric Mobility Classifica-
tion

Summarized Data on Sulfur Dioxide to Particle
Conversion Rates Promoted by Photooxidizing
Surrogate

Rate Constants Used in Discussion

Pollutant Concentration in Riverside Air
Composition of Surrogate Mixture for Simu-
lation of Hydrocarbon Emissions in Los
Angeles

Experimental and Calculated Ozone for Various
Initial Surrogate Hydrocarbons and NOy Levels

for Photolysis in the SAPRC Glass Chamber

Conditions Employed in Ambient Air Simulation
Calculations

Calculated 1-Day Ozone Maxima for Various Initial

Surrogate Hydrocarbon and NOy Levels Assuming
Diurnal Solar Irradiation and an Absence of
Chamber Effects

Initial Conditions for Long-Term Irradiations

Actinometry Data for Long-Term Irradiations

70
75
79
80
85
86
91
95
100
104

105

117

118






Table No.
30

31

32

LIST OF TABLES (continued)

Title
Reactivity Data for Long-Term Irradiatioms
Experimental Conditions for Long-Term

Irradiations Summarized According to Initial
NMHC and NOy Levels

" Parameter Estimates

145






ACKNOWLEDGMENT

Stimulating discussion and valuable exchanges of technical infor-
mation, for which we express our appreciation, took place at various
times during this program with the following members of the California
Air Resources Board staff:

Mr. Frank Bonamassa
Dr. Alvin 0. Gordon
Dr. John R. Holmes
Mr. Tom Quinn

Dr. Jack K. Suder

10






I. EXECUTIVE SUMMARY

In order to provide an experimental data base relating to major
unresolved issues concerning photochemical smog formation, the SAPRC
environmental chamber facility was designed and constructed (1970-73) with
support from the California Air Resources Board. The facility was initial-
ly (1973=75) utilized in a study of oxidant formation from hydrocarbon-
oxides of nitrogen (HC-NOy) mixtures irradiated under conditions simulat=-
ing those found in the Califormia South Coast Air Basin. Using a l2-hydro-
carbon mixture as a surrogate for the ambient pollutant mix, HC and NOy
concentrations ranging from those found in present-day polluted atmospheres
down to those to be expected from the implementation of emission control
strategies aimed at meeting the State and Federal ambient air quality
standards were investigated.

It was found that under these simulated atmospheric conditioms,
an essentially constant hydroxyl (OH) radical concentration was maintained
and it was possible to determine rate constants for the reactions of
organics with the OH radical (when no other major loss processes were
occurring). Thus, a large number of compounds, including some which were
not amenable to study by more fundamental kinetic techniques, could be
reliably studied and relative rate constants for reactions with OH deter-
mined using the chamber method. Taking advantage of the resulting exten-
sive data base, a reactivity scale based on the reaction of organics with
the OH radical was formulated last year.

The work undertaken in the present year and the results reported
in this document are outlined in Table 1. A summary of the results for
each sub-program is given in the following pages of the Executive Summary

while Sections II-XI provide a detailed report of the work carried out.

A, A Smog Chamber Study of the Correlation of Hydroxyl Radical Rate
Constants with Ozone Formation (Section III)

The continued need for more rational and practical assessments of
hydrocarbon reactivity for use in formulating control strategies has led
to suggestions that OH radical reactivity be used as a criterion for
predicting oxidant formation. In order for such a reactivity scale to have

maximum utility, correlations between the rates of reaction of hydroxyl

11
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Table 1. Research Proposed (in Renewal to ARB 5-385) and Work Completed for ARB A6-172-30
PROPOSED RUNS COMPLETED RUNS
A. Use of a mini-surrogate (alkane + alkene + aromatic) to 4 A. The wini-surrogate study has been carried out. Most of Lhe 19
study the relationship between rates of reaction with Ol effcets of 03 productlion were observed in the constant
and amounts of ozone formed concentrations runs. Substitution of {sopentane for n-pentane
l. Substitute an isomeric compound with different OH rate ylelded almost identical NOj and 03 time-concentration pro-
constant at same concentration. files, indicating that these two alkanes have very similar Ol
2. Substitute isomer at different concentration so that radical rate constants contrary to the literature. This was con-
reactivity ({.e. concentration x OH rate constant) firmed by experiments carried out under section C. Substitu-
is game tion of o~ or p-xylene or ethylbenzene for m-xylene gave rise
to a marked decrease in reactivity, more so than substitution
of I-butene for trans-2-butene or of neopentane + l-butene for
n-pentane + trans-2-butene. For the constant reactivity runs
there is much less variation in 03 profiles, the major excep-
tions belng neopentane, p~xylene and ethylbenzene substitutions.
Except for neopentaune substitution, the maximum 04 ylelds are
essentially unaltered, showing that maximum 04 does not nppear
to depend on the amount of carbon present.
B. Statistical analysis of existing smog chamber data - B. A general non-mathematical discussion of the relationship -
to evaluate relationships between rates of consumption between the OH and 04 reactivily scales was prepared ln re-
of organics and ozone formation sponse to a letter to the editor of ES&T. A mathematical
l. Comparison of reactivity scales based on ozone for- treatment indicates that the relationship between OH reactivity
mation with our ON reactivity scale and 6 hour 0Oq yields can be expressed equally well for the
2. Develop method(s) for welghting organic emissions avallable data by either (a) 04 reactivity = 1-e~KD yhere k
on basis of thelr oxidant-forming potential is the OH rate constant and D a constant (dimensionally a
radical dosage) or (b) 03 reactivity = k/(k + B) where B is a
congtant (B = 1.43) for k relative to k for methane. Computer
modeling studies of an n-butane system with a variable k for
OH + n-butane leads to 03 reactivity = k/(k + Akl/2 + B}, but
with the avallable data this 1s no improvement over the simple
expressions given above.
C. Determination of OH rate constants using chamber relative 12 C. Rate constants for the reaction of the OH radical with propane, 39

rate method

1. Glycol ethers (cellosolves)
2, Olefln oxides

3. Organic nitrates

Isobutane, n-pentane, lsopentane, neopentane, cylopentaue,
2,3-~dimethyl-2-butene, propene oxide and l-butene oxlde have
been obtained at 300 + 1 K using the chamber technique. These
rate data have resolved certaln of the discrepancles in the
literature, showing for instance that n-pentane and isopentane

(continued)



Table 1. (Continued) - p.2

PROPOSED RUNS COMPLETED RUNS

el

Photochemically-promoted formation of inorganic sulfate

aerosol

1. Development of sulfate analyzer

2. Characterization of particulate lifetime as a func-
tion of size using monodisperse submicron aerosols

3. Experilmental program to determine effects of various
potential control strategles for HC and NOy, control
or changes in ambient 80, levels on S0 conversion
rates

Monitoring of nitrate aerosol precursors, NHy and HNOj,
in ambient alr using !-km pathlength multiple reflection
cell with an FT-IR spectrometer

Application of a validated detailled computer kinetic

model to assessment of oxidant-precursor relationships

1. Validation of propene-butane model against surrogate

~ chamber data

2. Modification of model or approach as necessary

3. Determination of light source and chamber parameters
and modification of model for ambient applications

4. Application of model to prediction of ozone formed
from under a variety of conditions

have almost identical OH radical rate constants, as
indicated by the mini-surrogate study (section A).
Difficulties in the gas chromatographic analyses for

the organic nitrates (ethyl, n-propyl, 2-butyl,

2~butyl, 2-pentyl, and 3-pentyl) and for methyl cellosolve
precluded the determination of OH radical rate

constant data for these organics.

Thermoelectric behavior of the sulfur flash ignition circuit
of the sulfate analyzer was mathematically analyzed to aid
clrcuit design. The circuit and cell were then designed,
built, and calibrated. The TSI aerosol generator was em-
ployed to produce test aerosols for accurate chamber char-
acterization and for use as seed aerosols. Irradiation
experiments were then carried out in which §0jy-to-sulfate
conversion rates were determined as a function of initial

HC and NOx levels.

Long path Fourler transform infrared absorption
spectroscopy has been used to monitor NH3 and 1INO4
concentrations for three days during a stagnant air
episode in October 1976 and for eight selected days
during July, Spetember and October 1977. NHj
concentrations were often in the range 20-40 ppb with
maximum values as high as 130 ppb. HNO3 concentrations
were generally in the range 10-15 ppb with a maximum
value of 20 ppb.

Predicted six hour and nine hour 03 yields, as calculated
using a propene + n-butane model and a semi-detailed
model, could be made consistent with most of the SAPRC
glass chamber surrogate data 1f suitably adjusted values
of the uncertain chamber effect parameters are used.
Amblent alr simulations were then carried out using

these models with diurnally varying photolysis rates and
the chamber effects removed. The effects on the model

(continued)
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Table 1. (Continued) - p.3
PROPOSFED RUNS COMPLETED RUNS
calculations of altering the light intensity and
duration due to seasonal changes, of increasing the UV
radliation by reducing stratosphere 03, of altering the
enissions or dilution model, have been examlned. In
addition calculations were carried out duplicating the
conditions employed by Dodge to generate O3 lsopleths,
and these predictions were compared with those of Dodge.
At the present time it appears that there are still too
many uncertaintles in the modela for this combined
smog chamber-modeling technique to be used with great
confldence in developing control strategies for 03 forma-
tion.
G. Multiple day irradiation experiments for simulation of 4 G. A 3-day irradiation of an amblent air sample was carried 1
stagnant air episodes out concomitant with the aerosol project experiment
1. Ambient ailr sample with and without addition of fresh
pollutants on 2nd and 3rd days -~ in coordination with
aerosol study
2. HC-NO,-80y surrogate with and without added fresh
pollutants on 2nd and 3rd day
0. Ten-hour HC-HO, surrogate irradiation experiments for 12 il. Previous surrogate ozone data have been condensed into the 24

evaluation of ozone production and of hydrocarbon reac-
tivity under long-term irradiation conditions

1. 1igh HC and 6 HOy levels

2. Low HC and 6 WO, levels

torm of an empirical relationship relating all ozone levels
>0.05 ppm for an irradiation period of up to ten hours to
irradiation time and initial precursor concentrations. The
estimates of the parameters have been verified against the
entire file of surrogate data (through 1976) using a non-linear
parameter estimation procedures.

A total of 24 long term irradlations have been conducted.

The experiments were desipgned to meet both the needs of this
section and those specified in F above to provide data for
model validation.

(continued)
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Table 1. (Continued) - p. 4

PROPOSED RUNS

COMPLETED

RUNS

1. Computer archiving of SAPRC-ARB oxidant-HC-NO, data -
base to facllitate model validation (see F) and dissemi-
nation of these data to others

Organization of the archive disc data set (ADDS) has been
established, and the necessary programs for inputting data
from previous runs organized in the old formats, correcting
and editing the data on the data set, and for printing and
plotting the data on the data set have been developed.

Because of differences between organization of the data in the
old format and the ADDS format, and because of special problems
with some of the data, the process of archiving old runs is
necessarily time-consuming. The detailed procedures for

this process has been worked out, and representative runs

have been archived. This overall process 1is currently under-
way, and is expected to be completed in several months. Fol-
lowing that, the ADDS data set will be transferred to tape

for dissemination.



radicals with organics and rates and levels of ozone formation must be
established. To this end 9-hr irradiations of NOg-hydrocarbon-air mix-
tures consisting of an alkane, an alkene and an aromatic were carried out
in a 6400-% all-glass smog chamber. The "standard" mixture comnsisted of
n-pentane, m—-xylene and trans-2-butene, since the rate constants were known
both for their reactions, and that of at least one isomer, with the OH
radical. 1In one case the respective isomers were substituted sequentially
at the same initial concentration and the effect of differemces in OH rate
constants on O3 production for constant carbon number was examined. In a
second set of runs the initial concentrations of organics were changed so
as to maintain constant the OH reactivity (i.e., [HC] x kgg). A summary
of the ozone profile data for these experiments is given in Table 2. To a
good approximation the rates of formation and yields of ozone in the
earlier stages (<6-9 hours) of irradiation depended primarily omn the CH
radical reactivity and to a much lesser extent on the amount of carbomn

present.

B. Comparison of Reactivity Scales Based on Ozone Formation with the
Hydroxyl Radical Reactivity Scale (Section IV)

In éddition to the experimental study described in the previous
section, a mathematical amalysis of the correlations between the rates of
reaction of hydroxyl radicals with organics and rates and levels of ozone
formation has been carried ocut. Using the chamber data obtained by the
General Motors, Shell, Battelle and Bureau of Mines Laboratories on forma-
tion of ozone from a wide variety of individual organic compounds, regres-—
sion relationships have been derived.

Two requirements were imposed on the regression relatiomship: (a) the
03 reactivity must approach zero as the OH radical rate constant decreases
and (b) the 03 reactivity must approach a constant value (taken to be
unity in these calculations) for very large OH radical rate constants. Two
simple regression relationships, (1) and (2), were found which are equally

satisfactory in correlating the relatively imprecise experimental data.

1-e-kD (1)
k/(k + B) (2)

R
R

16
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Table 2. Summary of the Ozone Profiles from the Mini-Surrogate Irradiations

a

Run 03 (ppm) 03

Type Cpd. 3 hr 6 hr 9 hr Max (ppm) Time (hr) Comment sP

Standard 0.376 0.479 0.500 0.493 8-9
+0.014 +0.019 +0.010 +0.020

C 1icCs 0.379 0.471 0.479 0.479 8-9 Same reactivity

C p-X 0.185 0.342 0.440 — —-— Lower reactivity
+0.029 +0.031 +0.007

C 1-C4~ 0.344 0.471 0.476 0.479 7-9 Very slightly lower

reactivity
C neoP/1-C4~ 0.330 0.432 0.452 0.452 8.25-9 Slightly lower reactivity
C oX 0.259 0.437 0.471 0.471 8.5-9 Lower reactivity
eth B 0.117 0.225 0.325 —— Much lower reactivity

R neoP 0.483 0.551 0. 549 0.556 5-9 Higher reactivity, more 0Oj
+0.012 +0.006 +0.009 +0.002

R p-X 0.242 0.415 0.425 0.427 7.25-8.75 Lower reactivity

1-C4~= 0.403 0.476 0.484 0.484 7.25-9 Very slightly higher
reactivity

R o-X 0.388 0.466 0.478 0.478 8-9 Same reactivity
+0.005 +0.002 +0.002 +0.002

R eth B 0.213 0.381 0.418 0.420 8-9 Lower reactivity

4Type: C - constant concentration; R - constant reactivity
Cpd: Isomer(s) substituted in the standard mini-surrogate (n—pentane/trans-2-butene/m-xylene):
iC5 = isopentane; p~X = p-xylene; 1-C,® = l-butene; neoP = neopentane; o-X = o-Xylene;

eth 'B

ethylbenzene.

4

bRased primarily on the data for 3 and 6 hours of irradiation.



R is the six-~hour ozone yield on a 0-1 scale and k is the OH radical
rate constant. In (1), D is a constant which has the dimensions of a
radical dosage. Its estimated value corresponds to a six-hour average
concentration of ~100 molecule cm'3, the order of magnitude of observed
chamber OH radical concentrations. In (2), B is a constant which is
dimensionally a rate comnstant with an estimated value of 1.43 x 103 if
k is expressed relative to k for methane, or l.1l4 x 10~11 cm3 molecule-l
sec™l on an absolute basis. The scatter of the experimental 03 data
obscures any advantages of one of these relationships over the other.

Most work was carried out using relationship (2) which was mathemati-
cally easier to apply. Relationship (2) and the scaled experimental data
are shown in Figure l. The scale factor, A, was estimated for the data
from each laboratory as a part of the least squares computations carried
out in deriving the parameters in the trial regression relatiomships. The
scale factors A = Z/R (where Z is the observed 03 six-hour yield for a
given organic in a given laboratory) were: A = 0.44 ppm for Shell; 1.05
for Battelle; 0.98 for the Bureau of Mines; and 0.60 for General Motors.
Equation (2) allows estimations of ozone reactivity to +0.12 om a 0-1
scale. Examinaticn of the data reveals systematic deviations from the
calculated curve according to the particular class of organic involved with
alkanes tending to fall below the curve and alkenes above it.

For comparison, ozone reactivities were simulated using the SAPRC
n-butane-NO,-air model with a varying OH + n-butane rate constant. The

computer—simulated six~hour ozomne reactivities precisely fit the equation
2/0.576 = k/(k + 0.6054 k1/2 4+ 0.0138) (3)

where Z is ozone concentration. Attempts to use a regression of the form
of equation (3) to fit the chamber-derived ozone reactivities failed.
There are at least three possible reascns for this. (1) The precision of
the data is not sufficient to permit the evaluation of two parameters in
addition to the four laboratory scale factors. (2) The least squares
procedure used, based on linearization of the problem and approximate
compensation for this by weighting, is not adequate. And (3) the form
equation (3) is not appropriate when considering a multiplicity of differ-

ent compounds which differ in details of their photooxidation mechanisms.

18
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Figure 1. Relationship Between Peak Chamber Oxidant Observed at Four Laboratories
and Experimentally Determined Rate Constants for Reactions with the
Hydroxyl Radical (Photolyzable Organics Excluded).



In a separate analysis, we have treated a number of issues raised by
Farley concerning relatiomships between hydrocarbon disappearance rates
and oxidant maxima or hydroxyl reactivity and oxidant maxima. Cne result
was a demonstration of good agreement between relative rates of hydrocarbon
disappearance determined in the SAPRC all-glass environmental chamber
with published rate constants for the reaction of hydrocarbons with OH
radicals. These results are presented in Envirommental Science and Tech-
nology (Pitts, et al., 1978) in tandem with Farley’s note and will not be

repeated here.

C. Rate Constants for the Reactions of Hydroxvyl Radicals with Selected
Organics (Section V)

For many organics, such as the alkanes, which do not react with
ozone at significant rates or do not photolyze in the actinic region,
reaction with the OH radical is essentially their sole loss process in the
troposphere. With the increasing emphasis towards lowering the reactivity
of the organics emitted from stationary sources and our development of a
reactivity scale based upon the rates of reaction of organics with the OH
radical, OH rate constant data are needed for additional selected organics
which have not been adequately studied to date.

Utilizing a wmodification of the previously employed all-glass chamber
technique (involving the use of a non-~rigid Teflon bag inside the chamber
to avoid loss of the organics via dilution) rate comstants at 300 + 1 K
have been determined for the reaction of the OH radical with 11 organics
(Table 3).

The relative rates of disappearance of the organics in the chamber
were placed on an absolute basis using either n-butane or cis-2-butene
as the reference organic with a well established OH radical rate constant.

In addition, attempts were made to obtain rate constant data for
five alkyl nitrates and two cellosolves; however, due to gas chromato-
graphic analysis problems, no useful data could be obtained.

In general, the rate constants obtained are in reasonable agreement
with the literature, where available, with two notable exceptions: (a)
the rate constant obtained for n-pentane is almost a factor of two lower
than the one available literature value, and is virtually identical with

the rate constant for the reaction of OH radicals with isopentane, as
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indicated by the mini-surrogate data (Section III), (b) the rate constant
obtained for 2,3-dimethyl-2-butene is approximately a factor of 2 higher
than a recent flash photolysis-resonance fluorescence value, suggesting
wall losses of the 2,3-dimethyl-2-butene in the static reaction vessel used

in that study.

Table 3. Rate Constants for Reaction of OH Radicals with Organic Compounds
Obtained Using the Modified Chamber Method

Organic 1012 3 x (cm3 molecule~l sec‘l) Reference
Alkanes
Propane 1.59 + 0.22 a
Isobutane 2.52 + 0.05 a
Neopentane 1.04 + 0.17 a
n-Pentane 3.74 + 0.13 a
Isopentane 3.78 + 0.07 a
Cyclopentane 4.72 + 0.28 a
2,3-Dimethylbutane 5.67 + 0.29 a
Alkenes
2-Methyl-2-butene 87 + 6 b
2,3-Dimethyl-2-butene 122 + 8 b
Alkene Oxides
Propene Oxide 1.3+ 0.5 b
1-Butene Oxide 2.4 + 0.4 b

@Darnall, Atkinson and Pitts, J. Phys. Chem., 82, 1581 (1978).

bAtkinson, Darnall, Lloyd, Winer and Pitts, Advan. Photochem., 11, 375 (1979).

D. Investigation of Rates of Conversion of Sulfur Dioxide to Sulfate
Under Simulated Atmospheric Conditions (Section VI)

These experiments were done to determine the effects of various

simulated control strategies on the rate of conversion of sulfur dioxide to
particulate sulfate by a photooxidizing mixture of hydrocarbons and nitro-
gen oxides in 50%Z RH air. Experiments were carried out in the all-glass

chamber lined with Teflon film to minimize wall effects and to exclude
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exchange with room air. Irradiation was at 70% of maximum which has k; =
0.43 min~l. The hydrocarbon mixture used was the standard SAPRC surro-
gate mixture, and initial nitrogen oxides consisted of a 50-50 mixture of
nitric oxide and nitrogen dioxide. The reference experimental mixture
consisted of 1.4 ppmC of surrogate, 0.24 ppm NOy and 0.094 ppm S05.

The experimental data obtained for various HC surrogate-NO; mixtures
are summarized in Table 4. Sulfur dioxide conversion occurred at varying
rates, and was faster during the first one to two hours of an experiment
than during the remaining four to five hours. Since the transition was
quite abrupt the rates are conveniently expressable as two rates of comver-
sion accompanied by the time of transition and these are given in Table 4.
The estimates of initial rates are more uncertain than those for £inal
rates because the former are more greatly influenced by tramnsient effects

at the start of the experiment.

Table 4. Gas—to-Particle Conversion Rates for Sulfur Dioxide in Photo-
oxidizing Surrogate Mixture

Exp. Nitrogen Sulfur SO0 Conversion Rates Transition
No. Surrogate Oxides Dioxide  Imitial Final Timed
AGC (ppmC) (ppm) (ppm) (percent per hr) (hrs)
341 1.66 0.249 0.094 6.8 2.0 1.5
342 1.45 0.258 0.133 2.9 0.9 1.5
347 0.99 0.377 0.130 0.9 0.3 1.5
348 1.38 0.060 0.030 3.2 1.3 1
349 0.69 0.121 0.039 1.2 0.7 1
350 0.34 0.041 0.014 0.8 0.5 2
338 1.48 0.222 0.080 3.1 1.6 2
340 1.04 0.211 0.082 3.1 1.8 1.5
343 1.50 0.018 0.344 1.7 0.6 1

4See text.
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The results suggest that for a given HC surrogate level, high or low
nitrogen oxides concentrations suppress S0, conversion while a general
reduction of the primary pollutants at constant ratio reduces the conver-
sion rate approximately in proportion.

These experiments are discussed in greater detail in Section VI.

In obtaining the data summarized in Table 4 a considerable effort was

expended to characterize the all-glass chamber with respect to aerosol
lifetimes and to develop methods of data reduction. The more detailed
discussion includes discussion of the chemical kinetic implications of

these data.

E. Monitoring of Nitrate Aerosol Precursors (Section VII)

Ammonia, emitted from agricultural and industrial sources in the
South Coast Air Basin is thought to play an important role in the stabili=-
zation of nitric acid as ammonium nitrate aerosol. High levels of particu-
late nitrates have been measured in the eastern end of the South Coast Air
Basin and characterization of ambient concentrations of both NH3 and
HNO4 are important in understanding mechanisms of gas-to-particle conver-—
sion. Only recently has routine monitoring of these nitrogenous compounds
in ambient air become possible, using long path Fourier transform infrared
absorption spectroscopy. Using this technique, ambient air monitoring of
NH; and HNO3 at Riverside has been carried out on a continuing basis.

The NH5 and HNOj3 concentrations were monitored for three days during a
stagnant air episode in October, 1976, and for eight selected days during
July, September and October, 1977. It was found that NHj levels of
~20-40 ppb are common with much higher levels (i.e. ~100 ppb) possible
since Riverside is normally downwind of agricultural sources of ammonia.
HNO3 levels were generally in the range 5-15 ppb with maximum levels of ~20
ppb. On several occasions (October 6, 1976; September 9, 1977; and October
26, 1977) NH3 and HNO3 were observed to co-exist at appreciable levels,
while at other times there appeared to be an anticorrelation. Further
monitoring of ammonia and nitric acid concentrations in the South Coast
Air Basin is underway to attempt to further refine our understanding of
the relationship between gaseous NH3 and HNO3, and particulate ammonium

nitrate.
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F. Assessment of Oxidant-Precursor Relationships Utilizing a Computer
Kinetic Model (Section VIII)

A quantitative understanding of how ozone formation in photochemical
air pollution is affected by changes in emissions of its hydrocarbon
and nitrogen oxides precursors is necessary for the formulation of
cost-effective oxidant control strategies. One technique, referred
to as the empirical kimetic modeling approach (EKMA), involves validating
a computer kinetic model against smog chamber data, and then using the
suitably modified model to calculate oxidant-precursor relations appro-
priate for ambient air conditioms. -Although this technique is currently
under active investigatiom by the EPA, we believe that an independent
study of this method, with different assumptions concerning poorly under-
stood chamber effects, and using a different data base for model validation
would be a useful test of the overall consistency of the predictions
of this method.

In our study, the extensive SAPRC-ARB hydrocarbon surrogate-glass
chamber data base was employed for model validation. Results of over
50 irradiations were used, with initial nommethane hydrocarbon (NMHC)
levels ranging from ~0.4 to ~2.4 ppmC and with initial total oxides
of nitrogen (NOyg) ranging from 0.005 to 0.5 ppm. The experimental
conditions and detailed tabulations of results are given in our previous
reports to the ARB.

The kinetic models employed in this study are based on a detailed
propene + n-butane-NOg—air photooxidation mechanism which has been
developed at SAPRC to be comsistent with current basic kinetic and mech-
anistic chemical data and with the well characterized smog chamber experi-
ments carried out at SAPRC using the evacuable chamber facility. This
model was applied to a surrogate hydrocarbon mixture in two ways. In the

propene + n—butane model, all the reactive hydrocarbons in the surrogate

mixture were represented by propene, n-butane and formaldehyde. Formal-
dehyde represented all oxygenated hydrocarbons initially present, and the
other reactive organics were represented by propene and n-butane, with
concentrations chosen so that the propene + n-butane mixture had the

same ppmC and the same OH reactivity (i.e. the sum of the initial hydro-
carbon concentrations x the OH + hydrocarbon rate constants) as the

hydrocarbon mixture they represented. The semi-detailed model was less
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approximate in that the initial consumption reactions of all the reactive
organics were treated separately; but it was assumed that the spbsequent
reactions following the initial attack of the organic by OH, O3 or
0(3P) for all hydrocarbons of the same type (alkane, alkene or aromatic)
were the same. Both models had exactly the same inorganic and chamber-
dependent mechanisms. The major chamber-dependent portioms of our model
concern:

(a) The photolysis rate constants

(b) Radical input from unknown chamber sources

(c) The Ny05 + Hy0 -+ 2HNOj reaction

(d) Ozone destruction on the walls

Four sets of chamber simulation calculations were done, three employing
the propene + n-butane model with varying chamber-dependent parameters and
one employing the semi-detailed model. The conditions and qualitative
descriptions of the fit to the experimental 03 yields as a function of

initial hydrocarbon/NOy ratios are given in Table 5.

Table 5. Conditions Employed and Results of Smog Chamber Simulation

Calculations
d

Hydrocarbon Radical Fits to 03
Label Modeld InputP 1 (N905+H,0) High HC/NOg Low HC/NOy
Aq P+ B 0.15 0 very low OK
By P+ B 0.30 0 OK OK-low
By P+ B 0.30 max© low OK-low
C1 SD 0.30 0 OK OK-low

4P + B = propene + n-butane model used; SD = semi-detailed model used.
bThe values given are constant hydroxyl input rates in ppb min-1.

CThe maximum rate constant for NpOs5 + Hp0 is taken to be 2 x 10> ppm-l1
min“l, based on results of Morris and Niki (1973).

d"og" = calculated 03 fit the data to within experimental variability.
"Low" = calculated 03 significantly lower than experimental. See
Section VIII for quantitative results.
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It can be seen from Table 5 that the ozone predictions of both the
propene + n~butane model and the semi~detailed model are similar, and that
the ozone predictions of both models can be made consistent with most of
the surrogate-glass chamber data, if suitably adjusted values of the
uncertain chamber—effect parameters are used. Specifically, better fits
are obtained if it is assumed that hydroxyl radical input rates are
significant and increase with increasing initial NOy and that the NoOg5 +
H,0 reaction is negligible. This is consistent with our results in model-
ing evacuable chamber experiments.

Ambient Air Simulatioms. Calculations were performéd using diurmally

varying photolysis rates with the chamber effects removed. The effects of
season, stratospheric 03 level, dilution rate and emissions model were
examined. In addition, in order to obtain a more clear-cut comparison of
our EKMA model predictions with these of the EPA, calculations (designated
"DS") were done duplicating the conditions employed by Dodge to generate
the EPA’s published calculated ozone isopleths for the ambient air.

The results of these calculations are presented in Section VIII, and
are summarized briefly below.

e The nature of 03-NMHC-NO; relationships calculated for the
ambient air case are significantly different from those calculated for smog
chamber conditions. In general, the 03 yields are somewhat less sensitive to
initial hydrocarbon levels and much less sensitive to initial NOy levels in
the smog chamber simulations, and the NO; levels for which maximum O3 is
obtained (for a given NMHC level) is significantly higher. Therefore, raw
smog chamber results should not be directly applied to predicting oxidant-
precursor relatiomns for the ambient air.

# The propene + n-butane and the semi-~detailed models gave similar
results, although the semi-detailed model predicts ~207 lower 03 levels
than the propene + n-butane model. This suggests that the formulation of 0Og
control strategies may not be as sensitive to details of the hydrocarbon
oxidation mechanisms as may initially be expected.

e It appears to be invalid to assume a single set of 03-NMHC-NOy
relationships can be applied independently of solar lighting conditions.
Not only do the ozone yields calculated using light intensities and dura-
tions appropriate for the summer increase relative to those calculated for

the spring/fall equinox, but the dependence of these yields on imitial NOy
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. also changes. A similar effect is observed in calculations which assume
enriched UV intensi&y due to significant reductions in stratospheric
03.

e The nature of the 03-NMHC-NOy relationships does not appear to
be strongly influenced by dilution rates or details of the emissions
models. Except at the highest NOy/NMHC ratios, models assuming continuous
pollutant emission give predictions similar to those which assume full
initial loading, provided both models would give the same primary pollutant
dose if they did not react.

o There appears to be a significant discrepancy between the predic-
tions of our model and those of the Dodge model concerning the dependence
of 03 on initial NOy concentrations. The Dodge model predicts that the
NOy values which result in maximum O3 formation for given hydrocarbon
levels are significantly greater than those predicted by our model, and
also that the dependence of these values on the hydrocarbon levels is much
greater. The exact reasons for this discrepancy are unknown, but it is
probably due in large part to the fact that the models treat important
chamber effects differently.

With the current state of our knowledge, it appears that the model
predictions of the maximum Oj formation potential for a given NMHC level
are much more reliable than predictions of the dependence of 03 on
initial NOy. In order to improve this situation, additicnal modeling
studies are required to more clearly identify which of the many uncertain
aspects of chamber-consistent models most strongly affect ambient air
simulations, and more experimental studies are required to elucidate these
critical areas. At the present time, the most important uncertainties
probably concern chamber effects. The discrepancies between the existing
models and their attendant uncertainties indicate that the combined smog
chamber~modeling technique must presently be used with great caution in

developing oxidant control strategies.

Ge. Long-Term and Multiple Dav Smog Chamber Irradiations (Section IX)

Long~Term Irradiations. In previous years a large number (~130) of

surrogate hydrocarbon-NOy—-air irradiations have been carried out under
controlled conditions and at comnstant light intensities. These irradiations

constitute a portion of the data base which is a necessary prerequisite to
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the development of a validated chemical computer model and which is useful
in the formulation of NO,-NMHC precursor relationships for 03 formatiom.
This previous SAPRC surrogate data base consists of six-hour irradiations
of NOjg-hydrocarbon-air mixtures using several discrete NMHC levels (0.4,
0.7, 1.4, and 2.2 ppmC) and various NOy levels. Im order to extend the
data base from six-hour irradiations at constant light intensity to twelve-
hour irradiation with diurnal variation of light intemsity, a series of
long-term experiments was conducted. Twelve-hour irradiations at four
selected NMHC-NOy ratios (using two of the NMHC levels employed in the
previous studies) were carried out, both with comstant light intensity

and with a quasi~diurnal light intensity. Duplicate irradiatiomns were
carried out for several of these to check reproducibility, and the effects
of varying constant light intensity, chamber temperature, and relative
humidity were investigated. A summary of the experimental conditioms,
including initial NO, and NMHC levels, light intensity, temperature, and
relative humidity is given in Table 6.

Briefly, the results may be summarized as follows.

¢ A standard run (2.2 ppm NMHC, 0.19 ppm NO4, 85°F, 50% RH)
carried out with constant light intensity (70% of maximum) four times
during the course of this study gave 12 hour ozone yields which were in
agreement to within +5% (0.37 + 0.02 ppm) (see Table 6). A replicate pair
of the standard rums carried out with diurnal variation of light intemnsity
also agreed to within +5%Z. Repeats of two other runs at constant light
intensity gave excellent agreement (better than +3%). Repeats of a run
with lower (0.8 ppm) imitial NMHC with diurnal variation of light intensity
gave more scattered results (+20%).

o Time-concentration profiles for ozone production from diurnal
variation versus constant (70%) light intensity gave, as expected, curves
of significantly different shapes. However, at any given time after 6
hours of irradiation the ozone concentrations differ by no more than
~0.05 ppm at the higher NMHC level and ~0.025 ppm at the lower NMHC
level. Thus, in the latter half of a 12-hour smog chamber day, the ozone
produced by a pseudo-diurnal variation of intensity is within 20% (307 if
variation observed from duplicate experiments is included) of that produced
for constant light intensity at 70% of maximum. This gives an indication

of the uncertainty associated with using the previously obtained, constant
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Table 6. Experimental Conditions and 12 Hour Ozone Levels for
Long-Term Irradiations

Initial Concentration (ppm) Light 03
Surrogate Intensityb Tgmp.C RHC at 12 hr
NMHCE NOy  NMHC/NOy (% max) (F) (%) Run No. (ppm)
2.4d 0.22 11 100 93 50 228, 230 0.564,0.561
100 93 22 232 0.572
100 93 2 231 0.562
di 93 50 229 0.459
2.2 0.19 12 70 85 50 310,312, 0.351,0.386
316,323 0.361,0.352
70 85 15 324 0.403
70 95 50 318 0.42
< ai 85 50 311,322 0.347,0.386
85 85 50 315 0. 400
100 85 50 317 0.465
2.2 0.11 20 70 85 50 320,328 0.322,0.312
di 85 50 321 0.325
0.8 0.19 4 70 85 50 313 0.182
di 85 50 314,327 0.154,0.102
0.8 0.11 7 70 85 50 325 0.215
di 85 50 326 0.188

4Surrogate NMHC are the hydrocarbons in the surrogate mixture as
monitored in the chamber at the beginning of the run and do not in-
clude trace aldehydes, ketones, and nonsurrogate HC.

bgi = pseudo-diurnal variation over 12 hrs; timer controlled.

CApproximate values; precise data are given on data sheets in the
archives. ‘

- dPreliminary runs (228-232); diurnal variation was done manually and
is not the same intensity profile as that of remaining rums.
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light intensity data base for application to ambient conditioms. In
addition, these experiments provide a data base for model validation using
diurnal wvariation of light intensity.

o Effects of varying relative humidity were slight, a slower initial
rate of ozone formation occurring at lower RH. Substantial effects were
seen for increasing temperature or constant light intensity. Approximately
a 20% increase in final ozome concentration occurs for a 10°F increase
in temperature and a ~307% increase occurs for an increase in light
intensity from 70% to 1007 of maximum.

Muliiple-Day Irradiation. In conjunction with the aerosol study con-

ducted in the SAPRC outdoor bag a three—day irradiation of an ambient air
mixture has been carried out in the all-glass chamber. Data are included

in the archives {Run No. AGC-270).

H. Assessment of Oxidant~Precursor Relationships Utilizing an Empirical
Mathematical Approach (Section X)

Our previously obtained HC surrogate—ozone data have been condensed
into the form of an empirical relationship relating all ozone levels >0.05
ppm for an irradiation period of up to 10 hours to various initial precur-
sor concentrations. The estimates of parameters have been verified against
the file of surrogate data (through Run No. 156) using a non-linear para-
meter estimation procedure.

The surrogate ozone profiles have been mathematically analyzed with
respect to the precursor NO; and non-methane hydrocarbon (NMHC) concen—
trations in two time segments: (a) the delay time tp before the start of
ozone production and (b) the time after the omset of ozome production.

The delay time tp can be suitably represented by

tp = N

2 2
(pl + p3N ) + r(p2 + p4N )

Here tp = delay time in hours; N = initial NOy concentration in ppm; C =
initial NMHC concentraticn in ppmC; r = precursor ratio C/N, and the
p’s are adjustable parameters. The values of p1 and p, as estimated by

least squares analysis of the data are given in Table 7.
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Table 7. Parameter Estimates

Parameter Estimate Parameter Estimate

1 +0.19973 ppm hr~l 10 -0.18800

2 -0.00084 ppm?2 ppmC~! hr-l 11 +0.56240 ppmC~l ppm~1

3 -1.06170 ppm~! hr-l 12 +0.06460 ppmC2 ppm~l

4 +0.29840 ppmC-l nr-l 13 +3.69020 ppmC2 ppm—2

5 =0.07330 ppm 14 ~1.76140 pme3 ppm'2

6 +0.39970 ppml/2 ppmcl/2 15 +0.07330

7 +1.10180 ppm!/2 ppmc-1/2 16 -1.27478 ppmC ppm~!

8 -0.68760 17 +0.18066 ppmC2 ppm~l

9 -1.22600 ppmc—1/2 18 +3.71376 ppmC2 ppm—2
19 -1.07172 pme3 ppm‘2

After the NO to NOy conversion period, each ozone profile can be
accurately represented by three numbers A,, A; and Aj. The tremnds of these
numbers with precursor concentrations have been investigated and empirical
representations found which allow estimation of the ozone concentrations

from the precursor concentratioms with a standard error of +0.06 ppm:

Ay = pg + l/\/r[p6 + p7C] + 1/r[p8C + p9C3/2]
= 2
A1/Ao P1o + l/r[p11 + plz/C] + 1/r [p13 + p14/C]

= 2 ‘
Ay/hg = pys + Lrtlp o + py4/Cl + L/x%[p g + p;4/C)

Table 7 shows estimates of the parameters P5 O Pyg along with "units"
required to rationalize the dimensions of Ay, A] and Ay. The quantity [Ag2
+ Alz + A22]1/2 measures overall trends in ozone concentration over a
period of around ten hours, and is best regarded as a root mean square
(rms) estimate of the average ozone concentrations for a 10-hour period.
Its dependence on precursor concentration is shown .in Figure 2. The
salient features are: (1) at high precursor ratios (>16 ppmC ppm"1
NOy) the rms ozone increases monotonically with increasing primary
pollutant concentrations, implying decreasing ozone on dilution; (2) at

lower ratios, ozone first increases, then decreases, with increasing
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primary pollutant concentrations and each ratio has a corresponding NMHC
concentration producing the maximum rms ozone for the ratio. For example,
from Figure 2 we have the optimum ratio, NMHC concentration pairs (16, >4
ppmC) (8, 1.9 ppmC), (4, 0.75 ppmC), (2, <0.4 ppmC) with rms ozone maxima
increasing with the ratio.

The behavior at lower ratios and higher precursor concentrations has
important implications for downwind oxidant control and the effects of
NO; reductions for this situation. Dilution of these ﬁollutant mixtures
can lead to increased rms ozone levels with the major contributions to the
mean being at long irradiation times (see discussion of profile shapes,
Section X). Reduction of nitrogen oxides to increase the ratio is always
helpful for these cases, although it can concurrently increase ozone levels

at moderate dilutions.

I. Computer Archiving of SAPRC/ARB Surrogate Hydrocarbon-NO,.—Air Data
Base (Section XI)

Under previous contracts with the ARB we have provided detailed
chemical and physical data for more than 150 surrogate hydrocarbon-NO.-
air smog chamber irradiations, amounting to a data base of over 50,000
individual values. Although these data are available in the previous
progress reports in printed form, such a large data base can only be
efficiently and effectively utilized with the aid of a computer. For this
reason, these data are being archived in computer-readable formats so that
they can be disseminated on computer tapes and can be employed to maximum
potential by any workers with access to appropriate computing facilities.

This project has been divided into four major tasks.- (1) Definition
of the organization of the data as it will be used on the computer;

(2) processing and storing of all the data under that organization;

(3) writing and debugging of the programs for retrieving the data from the
direct access data set; and (4) definition of the organization of the data
as it is to be stored on tape for dissemination, and writing and debugging
of the programs required to move the data to the tape from the direct
access data set, and vice-versa.

At the present time, tasks (1) and (3) are largely complete, and

task (2), converting the data into the archive disc data set format is
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currently in progress. This has become the most time-consuming task in
this project because of the large number of runs which must be archived.
Moreover, the variety of ways in which the past data have been treated
produces a variety of problems which require case-by-case examinatiom
before archiving. The procedures for treating these problems have been
worked out, and progress is being made in converting the data for the
individual smog chamber rums. However, this extremely time-consuming task
will take several additional months« The final task of this project, (4),
converting the data to computer tape format for dissemination, is still in
the planning stage; but its completion is not expected to be particularly
difficult, once all the data is available on the direct access disc data

sete.
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ITI. FACILITIES AND METHODS

A. Chamber Facility and Analytical Methods

The experiments in this study were carried out in a 6400-liter (226
ft3), all-glass (Pyrex) chamber (Pitts et al., 1975c; 1976d) which has a
surface-to-volume ratio of 3.4 m~l (1.04 £t~1). The dimensions of the
glass chamber are 8 x 8 x 4° (i.e., a flat box). Photolyzing radiation
is provided by two externally mounted, diametrically opposed banks of forty
Sylvania 40~W BL (black light) lamps, which are backed by arrays of Alzak-
coated reflectors. The supporting analytical facilities employed in the
glass chamber studies are shown schematically in Figure 3 and are described
in detail below.

The current physical and chemical measurement methods and the range,
precision, and accuracy of measurement of each of these parameters are
given in Table 10. The details of the analytical and data processing
procedures are described below for each species or variable monitored. The
data obtained are computer-processed and have not been corrected for losses
due to sampling from the chamber.

OZONE (03) was monitored by ultraviolet absorption analyzers
(Dasibi-1003 or AH-1003). Until January 1976, these instruments were
calibrated against 2% neutral buffered potassium iodide (AIHL, 1969).

Since it has been demonstrated (Pitts et al., 1976c; ARB, 1975) that at
~507 RH this calibration procedure yields ozone values which are too high
by a factor of ~1.25, all ozone data obtained prior to January 1976 have
been corrected by a factor of 0.8. In January 1976 the instruments were
respanned using the UV absorption method adopted by the ARE in June, 1973.

NITROGEN OXIDES (N0, NOp, and NOy) were monitored by chemiluminescent
detection (TECO 14B). The NOs and NOy modes of this and similar chemi-

luminescent NO-NO, analyzers have been shown to respond quantitatively

to other nitrogen-containing compounds, such as peroxyacetyl nitrate (PAN)
and organic nitrates and nitrites (Winer et al., 1974, Spicer and Miller,
1974) All NO9 and NOy data reported here have been corrected by substrac-
tion of measured or interpolated PAN concentrations.

SULFUR DIOXIDE (S09) was monitored by the pulsed fluorescence method

(TECO 43). Approximate calibrations were obtained using chamber samples.

A more precise calibration was carried out using a Monitor Labs model
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Table 8. Chemical and Physical Parameters Measured in Glass Chamber Studies
Parameter Range Method Sampling Rate Precision Accuracy
Ozone 0-20 ppm UV Absorption 570 ml/min + 0.005 ppm + 5%
Analyzer .

NO 0-10 ppm Chemiluminescent 895 ml/min + 2% F.S. + 5%

N02 0~-10 ppm Analyzer By difference By difference

NO, 0-10 ppnm : + 2% F.S. + 5%

SO2 0-5 ppm Pulsed Fluorescence 1000 ml/min + 0.005 ppm + 5%

PAN >1 ppb GC + 0.5 ppb + 10%

Formaldehyde >10 ppba Chromotropic 1 &/min + 5% + 10%

: Acid (30 min samples)

Individual HCs 0.5-1 ppb GC + 15% Limited by calibration standard
1-2 ppb GC + 10% (typically + 5%) and/or by
>2 ppb GC + 2% sampling techniques

co 0-10 ppum GC 100 ml/min + 2% F.S. + 10%

o o o o

Temperature 157 to 40°C Thermometer + 0.02°C + 0.5°C

Thermocouple + 0.1°F + 29F
Light Intensity 0-1 Solar NO2 Actinometry + 5% b
Constant
Relative Photodiode
Relative Humidity 0~100% Brady Array + 1% RH + 5%

8Determined by practical values of sampling time and flow rate

bSee discussion on page 8.



8500 permeation~type calibrator.

CARBON MONOXIDE (CO) was monitored by gas chromatogrphy (Beckman-
6800). The instrument was calibrated daily with a standard gas sample.

PEROXYACETYL NITRATE (PAN) was monitored by gas chromatography with

electron capture detection (GC-ECD) (Darley et al., 1963; Stephens and
Price, 1973). Samples were taken in a 100-ml precision bore syringe and
transferred to the GC sampling system as quickly as possible. Peak heights
were read from the strip chart and converted to concentration units using a
calibration function which was determined periodically.

FORMALDEHYDE (HCHO) was monitored using the chromotropic acid metheod

(Smith et al., 1970). Aixr from the chamber was drawn through a bubbler at
the rate of 1 £ min~! and the total volume per sample was determined

using a timer-controlled shutoff system. Generally, a 30-min. sample was
taken. The concentration was recorded at the mid point of this time
interval, except for the initial wvalue, which was taken in the 30 minutes
prior to lights on, and the final sample, which was tzken in the 30 minutes
prior to lights off. Absorbances were read omn a Bausch and Lomb Spectronic
20, and calculations of the HCHO concentraton from the absorbance and

volume of air samples {(HCHO vol) were made from the following equation:

HCHO (ng) X 2.037

HCHO (ppm) =
PP HCHO (vol)

where HCHO (ug) is taken from the least squares fit of the experimentally
determined calibration function of HCHO (ug) vs. absorbance.

The SAMPLE TEMPERATURE was read from either a Doric Thermocouple

indicator (OF), using a thermocouple suspended in the chamber (TSZ),

or from a 19-35°¢C (0.01 degree/division) thermometer hung free inside the

chamber close to the end window, but not in the direct light path (TSl).
RELATIVE HUMIDITY (RH) was measured using a Brady array (Thunder

Scientific). The response in volts (V) was converted to percent RH,
using the calibration function supplied by the manufacturer.

HYDROCARBONS (HC) were monitored by gas chromatography with flame

ionization detection (GC-FID), using the columns and methods developed
by Stephens and Burleson (1969; Stephens, 1973). Methane and Cy HC’s
were analyzed using a 5° Poropak N Column, C3-Cg HC’s using a 367 2,4-

dimethyl sulfolane column, and aromatiecs and oxygenates using a special
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three-part column. Oxygenates were also monitored using a 10 Carbowax 600
column. Each GC was calibrated frequently using specially prepared sample
(Stephens and Burleson, 1969). Computer processing of the data includes

calculation of the concentration in ppbC for each data point.

B. Experimental Procedures

Following each experiment in this program, the glass chamber was
flushed with dry air provided by an air purification system (Doyle et
al., 1977) (see Figure 4) for about 2 hours at a flow of ~12 cfm. The
chamber was then flushed with humidified pure air for about one hour just
prior to the start of a run to achieve the desired initial RH. The tem-
perature of the chamber prior to turning on the lamps was adjusted to the
operating temperature anticipated during the irradiation by means of
infrared lamps. During all flushing procedures, the two sonic pumps were
in operation to provide maximum release of materials from the chamber
walls.

The matrix air used during the flushing procedure and for the final
fill for the experiment generally contained less than a total 60 ppbC of
all hydrocarbons except methane, which was typically at a concentration
between 550-850 ppb (Doyle et al., 1977). After completion of filling,
analysis of the matrix air prior to injections showed somewhat higher
hydrocarbon values due to off-gassing from the chamber walls, but generally
these values were less than 200 ppbC nonmethane hydrocarbom.

Following flushing, starting materials were injected b§ using 100~ml
precision bore syringes or micropipettes, and rapid mixing was obtained
by brief (~5 minutes) use of the sonic pumps. During the run, the sample
temperature was controlled at 32 + 2°¢ by means of a variable air flow
past the chamber walls.

Light intemsity (k;) was periodically determined, using the method
of Holmes et al. (1973) which employs the initial rate of NO, photolysis
in Ny as a measure of absolute photon flux in the glass chamber in
the actinic region (300-450 mm). However, some 0y (of order temns of ppm
or higher) will be present in the chamber which cannot be evacuated, but
instead must be flushed repeatedly with Ng. Oxygen present in concentra-

tions greater than approximately 10 ppm will lead to somewhat low values
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for kj which would be observed for the complete absence of 0j. Based
on the purity of the nitrogen used (with respect to oxygen content) and a
calculated efficiency for repetitive flushing of the chamber, it is
estimated that the observed kj; could be as much as 25% low with respect
to the true k;.
At full light intensity k;“s of 0.41 min~! (Oct. 25, 1976) and 0.43
min~l (Sept. 9, 1977) were obtained. The oxygen concentration within
the chamber was measured during the latter experiment and found to be
of the order of 200-250 ppm. Based on the Holmes et al. (1973) analysis,
this suggests that the actual kj should be approximately 0.5 min~l.
Half-lives for ozone decay, measured at various times in this program
under standard conditions of temperature, relative humidity, and light
intensity, were > 25 hours in the dark and 12 to 15 hours with irradiatiom.
These half-lives are significantly longer than those reported for other
chambers with comparable dimensions, surface to volume ratios, and light
intensities and result in correspondingly smaller perturbations on ozone
rates of formation and maximum ozone concentrations in the glass chamber

experiments. .
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III. A SMOG CHAMBER STUDY OF THE CORRELATION OF HYDROXYL RADICAL
RATE CONSTANTS WITH OZONE FORMATION

Recently a reactivity classification for organics has been formulated
based on the rates of reaction of the OH radical with these organics
(Darnall et al., 1976b; Pitts et al., 1976a; 1977b). This is derived
from the knowledge that in most cases (i.e., for alkanes and aromatics)
the major loss process in polluted urban atmospheres is via reaction
with the OH radical. However, the degree to which such a reactivity

classification reflects changes in reactivity as measured by ozone produc-

tion, the major phenomenon of photochemical air pollution, has not been
quantitatively investigated to date.

In order to investigate the relationship between rates of reaction
with OH and rates and amounts of ozome formed, a matrix of nine-hour,
NOx-hydrocarbon-air irradiations has been carried out using a mini-
surrogate consisting of one alkene, one alkane and one aromatic. The
compounds were chosen such that rate constants for both their reactioms,
and that of at least one isomer, with the hydroxyl radical are known. Two
types of experiments were conducted with the mini-surrogate, one in which
the the respective isomers were substituted sequentially at the same
initial concentration, and the effect of differences in OH rate on ozone
production for constant carbon number were examined, and the second in
which the concentrations were changed so as to keep constant the reactivity
(i.e., the product of concentration times the OH rate constants).

Experimental. Experiments were carried out in the all-glass chamber,
using the genéral procedures and amalytical methods described in Section
II. During the runs the sample temperature was controlled at 303 + 1 K by
means of a variable air flow past the chamber walls. The light intensity,
based on the method of Holmes et al. (1973) for the determination of kl,
was estimated to be ~0.4 min~l! for these experiments.

Results. Table 9 shows the alkenes, alkanes and aromatics used in the
mini-surrogate~NOgy—air irradiations and their rate constants for reaction
with the OH radical as obtained from an evaluation of the literature. The
mini-surrogate was originally designed to have equal amounts of reactivity
contributions from each class, i.e., kg%kane [alkane] = kg%kene[alkene] =

H , .
kgromatic[aromatic], with a total concentration of ~5000 ppbC. However,
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with the newer rate comstant data obtained subsequent to this study (see
Section V), the reactivity contribution of the standard mini-surrogate alkane
dropped from ~33%7 to ~23%, with the alkene and aromatic then contributing
~39% of the total hydrocarbon reactivity each.

Two sets of experiments were carried out: a) type C runs, where the
respective isomers were substituted sequentially in the mini-surrogate at
the same initial concentration, thus maintaining a comstant HC/NO, ratio
and b) type R runs, where the isomers were substituted sequentially but

with their concentrations changed so as to maintain the kgg[HC] constant.

Table 9. Mini-Surrogate Hydrocarbons and Their OH Radical Rate Constants

Hydrocarbon in

Standard Mini- 1012 x x 1012 x k
Surrogate (cm3 molecule~l sec‘l) Isomer (cm3 molecule~l sec—l)
a b c b
n-Pentane 6.2 (3.7) Isopentane 3.1 (3.8)
Neopentane O.Sd (1.0)b
e e
trans-2-Butene 70 1-Butene 35
£ f
m—-Xylene » 24 p~Xylene 15
f
o-Xylene 14
Ethylbenzene 7.5°

4Wu, Japar and Niki, Environ. Sci. Health, All, 191 (1976).

byalues in parentheses were obtained from a determination of the rate
constants k for a series of alkanes subsequent to the design of this
study [Darnall, Atkinson and Pitts, J. Phys., Chem., 82, 1581 (1978)].

€Lloyd, Darnall, Winer and Pitts, J. Phys. Chem., 80, 789 (1976).
dGreiner, J. Chem. Phys., 53, 1070 (1970).
€Atkinson and Pitts, J. Chem. Phys., 63, 3591 (1975).

fPerry, Atkinson and Pitts, J. Phys. Chem., 81, 296 (1977).
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Table 10 gives the initial conditions for these experiments, while
Table 11 summarizes the NO; and O3 profile data~-including aver-
aging the standard run (five of which were carried out) and other dupli-
cate runs. As can be seen from the low standard deviations obtained on
the data from experiments for which replicate runs were carried out (Table
11), the reproduceability of the the experiments was very good.

Discussion. Table 11 contains brief comments as to the reactivity
of the differing mini-surrogate systems relative to that for the standard
mixture. The following points may be noted:

1) Substitution of isopentane for n-pentane results in an almost
identical time for NO9 maximum and an almost identical 03 time concen-
tration profile. This is totally comsistent with the subsequent observa-
tion (Darnall et al., 1978) that n-pentane and isopentane have essentially
identical rate constants for reaction with the OH radical at 300 + 1 K
(Table 9).

2) Most of the major effects on the reactivity are observed in
the constant concentration (type C) runs, as may be expected. Furthermore,
the reactivity trends in the type C runs are totally in line with the
trend of the OH radical rate constants (Table 9).

3) As n-pentane and isopentane have the same reactivity towards
OH, neopentane was substituted for isopentane. The only type C run carried
out for neopentane was, in fact, a double substitution as it was a neopen-
tane/l-butene/m-xylene surrogate mixture. However, by reference to Table
11 it can be seen that this mixture was somewhat less reactive than the
n-pentane/l-butene/m-xylene mixture which may be regarded as the "standard"
for this particular run. This may well imply some additivity to the
reactivity versus OH rate constant relationship.

4) Substitution of o-xylene, p-xylene or ethylbenzene for m=xylene
gives rise to a marked decrease in reactivity—--more so than substitution
of l-butene for trans-2-butene (which has approximately the same relative
decrease in kggdrocarbon)' In addition, it may be noteworthy that the
o-xylene run is more reactive than the p-xylene run even though these two
xylenes have very similar OH radical rate constants. Obviously there are
other factors involved beyond merely the OH rate constants.

5) For the constant reactivity runs, there is much less variation
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Table 10. Initial Conditions for Mini-Surrogate Experiments

a

Run NO NOX NOZ/NOX Butene Pentane Xylene Neopentane HCHO
No.  Type Cpd. (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
246 Stand. 0.203 0.243 0.160 0.050 0.576 0.144 0.018 0.0
247 C iCs 0.206 0.249 0.169 0.046 0.754 0.142 0.018 0.010
248 C p-X 0.192 0.230 0.170 0.049 0.560 0.151 0.016 0.036
254 C l—Cf 0.205 0.243 0.160 0.044 0.482 0.153 0.016 0.046
255 C neoP/l—CE’ 0.206 0.249 0.189 0.045 0.486 0.144 see Cg 0.058
256 +  Stand. 0.209 0.249 0.165 0.046 0.494 0.145 0.017 0.020
257 R p—X 0.210 0.254 0.177 0.050 0.519 0.300 0.018 0.024
258 R l—C4= 0.207 0.249 0.165 0.093 0.522 0.148 0.017 0.038
259 R neol 0.208 0.245 0.151 0.047 4.018 0.155 see Cg 0.0
260 Stand. 0.211 0.248 0.145 0.048 0.516 0.145 0.018 0.010
261 C p—X 0.211 0.249 0.157 0.050 0.518 0.159 0.017 0.0
262 C o~X 0.200 0.243 0.181 0.046 0.518 0.157 0.017 0.020
263 R neoP 0.209 0.248 0.157 0.050 2.771 0.150 see 05 0.001
264 R o-X 0.200 0.243 0.173 0.052 0.524 0.262 0.017 0.003
265 Stand. 0.194 0.244 0.205 0.052 0.547 0.141 0.017 0
266 C eth B 0.205 0.239 0.146 0.049 0.539 0.154 0.016 0.017
267 R eth B 0.205 0.243 0.152 0.052 0.561 0.437 0.018 0.006
268 Stand. 0,206 0.241 0.145 0.050 0.566 0.160 0.018 0.003
269 R o-X 0.206 0.247 0.166 0.053 0.565 0.277 0.018 0.0

aType: C - constant concentration; R ~ constant reactilvity
Cpd: Isomer(s) substituted in the standard mini-surrogate (n-pentane/trans-2-butene/m-xylene): 1iCg =

isopentane; p-X = p-xylene; 1--C4 = ]l-butene; neoP = neopentane; o-X = o-xylene; eth B = ethylbenzene.
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eth

B = ethylbenzene.

Table 11. Summary of the Ozone Profiles from the Mini-Surrogate Irradiations
Run® 03_(ppm) 03
Type Cpd. 3 hr 6 hr 9 hr Max (ppm) Time (hr) . CommentsP
Standard 0.376 0.479 0.500 0.493 8~9
+0.014 +0.019 +0.010 +0.020
C 1Cjy 0.379 0.471 0.479 0.479 8-9 Same reactivity
C pX 0.185 0.342 0.440 —— —— Lower reactivity
10.029 +0.031 +0.007
C 1-C4~ 0.344 0.471 0.476 0.479 7-9 Very slightly lower
reactivity
C neoP/1-C,~ 0.330 0.432 0.452 0.452 8.25-9 Slightly lower reactivity
o-X 0.259 0.437 0.471 0.471 8.5-9 Lower reactivity
C eth B 0.117 0.225 0.325 — Much lower reactivity
R neoP 0.483 0.551 0.549 0.556 5-9 Higher reactivity, more 03
+0.012  +0.006 +0.009 +0.002
p—X 0.242 0.415 0.425 0.427 7.25-8.75 Lower reactivity
1-C4~ 0.403 0.476 0.484 0.484 7.25~9 Very slightly higher
reactivity
R o-X 0.388 0.466 0.478 0.478 8-9 Same reactivity
+0.005 +0.002 +0.002 +0.002
R eth B 0.213 0.381 0.418 0.420 8-9 Lower reactivity
AType: C - constant concentration; R - constant reactivity
Cpd: Iscmer(s) substituted in the standard mini-surrogate (n-pentane/trans-2-butene/m-xylene):
iCg = isopentane; p-X = p—-xylene; 1—04= = l-butene; neoP = neopentane; o0-X = o-xylene;

bpased primarily on the data for 3 and 6 hours of irradiation.
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in O3 profiles~—-the only exceptions being for neopentane, p-xylene and
ethylbenzene (for neopentane, use of the lower OH radical rate constant
may have overestimated the reactivity). Except for neopentane, the maximum
03 yields are essentially unaltered, showing that maximum 03 does mot
appear to depend on the amount of carbon present.

6) PAN yields and rates of formation are in very good agreement
with the 03 yields and rates of formation and show that PAN may also be
used as a reactivity indicator.

In conclusion, the above data show that the major effect on O3
yields and formation rates arises from OH radical reactivity and not from
the amount of carbon present.

Computer kinetic modeling of these irradiatioms was carried out
using the SAPRC propene/n-butane model (Carter et al., 1979). By adjusting
the propene/n-butane ratio and their concentrations, both the overall OH
radical reactivity and the total carbon concentrations were made equal to
the mini-surrogate reactivity and carbom concentration. The calculated
three-hour 03 yields and the maximum 03 concentrations generally showed
the same trends with substitution (for both constant concentration and
constant reactivity) as the experimental data. However, the calculated
03 profiles yielded ~30% higher final 03 concentratioms than the
experimental data. This can be readily explained by neglect of the reac-
tion of ROy + NO yielding alkylnitrates for the pentanes (Darnall et al.,
1976a) in the computer model. Inclusion of such termination reactions
would lead to a substantial reduction in O3 yield, especially at longer
irradiation times. In addition, the use of such a simplified model to
simulate experiments involving aromatics may well lead to larger errors.

However, in view of the same trends in both the computer mocdel cacula-
tions and the experimental data, further work will be carried out, includ-

ing the development of a model realistically inovolving the pentanes.
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IV. COMPARISON OF REACTIVITY SCALES BASED ON OZONE FORMATION
WITH THE HYDROXYL REACTIVITY SCALE

It has been proposed that the rate comnstant for reaction of a compound
with the hydroxyl radical (OH) is a useful index of organic reactivity in
polluted urban atmospheres (Darnall et al., 1976b; Pitts et al., 1976a;
1977b). This proposed reactivity classification requires careful valida-
tion to make it useful for pollution control decisions. One approach to
such a validation is to quantify the relationship of the OH reactivity
scale to the empirical reactivity scales currently used for control pur-
poses. The ozone (or oxidant) reactivity scale is the most important
empirical scale because it is directly related to the manifestation to be
controlled and because it is the major justification for those selective

control rules now in effect.

The Empirical Ozone Reactivity Scale. The current ozone reactivity

scale is based on relative values of maximum ozone concentrations observed
within a fixed period of chamber irradiation. Most laboratories contri-
buting data to establishing the scale have fixed the period at around
six hours, although there have been some studies involving longer irradia-
tions. The rationale of an empirical test of this sort requires rigidly
fixed conditions résulting in an emphasis on the popular six-hour irradia-
tion. In most cases precursor concentrations used are a few ppm (molar) of
the compound under test and a precursor molar ratio around 2, based on an
early estimate of the morming DOLA ratio during severe smog episodes. The
test is tailored for the Los Angeles area and is intended to simulate a
worst case air parcel alomg a short trajectory such as DOLA to Pasadena and
environs.

It is necessary to combine data from several laboratories to build
up a comprehensive scale, since each laboratory had differing objectives
in their tests, e.g., Battelle concentrated on solvents while the Bureau
of Mines looked at exhaust hydrocarbons. However, there is general
agreement between laboratories on the relative ranks of overlapping com-
pounds with some exceptions. Absolute values of observed ozone concentra=-
tions for the same compound differ widely between laboratories, an effect
attributable to wide differences in smog chambers. and experimental proce-

dure. To reconcile data from different laboratories, the technique of
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ratioing ozone concentrations to the ozone concentration observed in testng
toluene has been used, thus assigning toluene an ozone index of one for all
laboratories. However, this placed undue emphasis on the precision of data
for toluene and a better method of reconciling ozome data from different
laboratories seems a necessary preliminary to relating the scales. 1In this
work the toluene standard was abandoned in favor of assigning scale factors
to the laboratories. Values for the factors are estimated as part of the
least squares computations associated with estimating parameters of various
trial regression relationships. This requires rejection of data from
laboratories contributing sparse or narrowly grouped data, since a meaning-—
ful estimate of the scale factor cannot be made in these cases. This
requirement rules against accepting the SRI data on solvents, which is also
unacceptable on the grounds of non-standard precursor concentrations and
ratio. Data from the laboratories of General Motors, Shell, Bureau of
Mines, and Battelle are used to establish an oxidant scale in these calcu-
lations.

Two reasonable requirements were imposed on trial regression rela=-
tionships, it must approach zero ozone reactivity as the rate constant
decreases and it must approach a constant value for very large rate con-
stants. In calculations this upper limit is taken as one, an inconsequen-
tial choice for the validity of the calculations.

The first relationship tried was

Z -XX . (1)
3

where Zij is the ozone concentration observed at laboratory i for com-
pound j, A; is the laboratory scale factor, Ky the hydroxyl rate
constant for compound j and A a parameter to be determined. Equation 1
was fairly successful in describing the mean trend of ozome reactivity with
rate constant. An interesting aspect of equation 1 is that the estimate of
- A (dimensionally a radical dosage) corresponds to a time averaged OH
concentration near 10® cm=3 for six hours which is of the order of
magnitude of estimated OH radical concentrations in smog chambers.

To date, most correlative work has been done using the simpler rela-

tionship
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K. (2)

where the A; and B (dimensionally a rate comnstant) are the parameters

to be determined. Computationally, equation 2 requires less effort than
equation 1, which requires successive approximations to estimate the para-
meters. The scatter of ozone data about the regression is sufficient to
obscure any advantages one relationship may have over the other. Figure

5 shows the regression curve (minimum rms percent error) and the data.

The parameter estimates are given in Table 12.

Table 12. Parameter Estimates for Equation 2

A, B
i
. 3 -
Relative to cm sec
Toluene -3 +11
Laboratory ppm Equiv. Methane x10 x10
Shell 0.44 3.36
Battelle 1.05 2.39 1.43 1.14
Bof M 0.98 2.71
GM 0.60 1.99

These values allow estimation of ozone reactivity to a #0.12 standard
error of estimate when reactivity is scaled from O to 1. Correlation
between estimates and the ozone data divided by the Aj-g is +90%Z. The
values of the scale factors are noteworthy. They suggest that toluene
normalization is only mildly successful in reconciling data and are nearly
equal for the very similar chambers at Battelle and the Bureau of Mines.
Detailed analysis of the oxidant data revealed no significant
difference between data from the four laboratories in conforming to the
regression. However, some barely resolvable differences due to compound -
type were found. The t-test indicated that reactivity data for alkanes
and alkenes are somewhat better represented by correcting the regression
values. For alkanes the indicated correction is to take 75% of the regres-
sion reactivity and reduce it by 0.07. For alkenes 67% of the regression
value incremented by 0.24 is a better representation of the data. Arenes

conform closely to the regression reactivities. However, statistical
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confidence in the values of these corrective constants and indeed, in
the existence of these deviations from the regression is not high. They
would not be quoted if there were not independent evidence that behavior of
this sort is reasonable.

The oxidant reactivity data includes many ketones, some alcohols,
some acetate esters, and a few miscellaneous compounds. For these com-
pounds reaction rate measurements are sparse. Reactivities were predicted
from estimated rate constants (Atkinson, 1977) and compared with the scaled
oxidant data. Since estimated rate constants have an estimated geometric
deviation of two from the correct value, these estimated reactivities are
fairly uncertain. Only the ketone data indicated a fairly significant
deviation from the regression values. As a group they seem less reactive
than predicted; only methyl t-butyl ketone (3,3-dimethyl-2-butanone or
pinacolone) seems much more reactive than predicted from its low estimated
rate constant. However, since only three of the 13 ketones considered have
measured rate constants, this behavior could be partly due to systematic
over-estimation of the rates.

Model Simulations of Ozone Reactivity Data. The SAPRC model for

butane in a chamber enviromment (Carter et al., 1979) was used to calcu~
late 12-hour ozone profiles using various assigned rate constants for the
reaction of n-butane with the hydroxyl radical. One ppm of hydrocarbon was
assumed as the initial concentration and results were obtained at two
precursor ratios, 2 and 10. This results in precise ozone reactivity data
and elucidates the probable effect of irradiation time and ratio on ozone
reactivity. Figure 6 shows ozone reactivity plotted against logarithmic
rate constant for these simulations at the 2:1 ratio (solid curves) and the
10:1 ratio (dashed curve). The ten to one results are not dependent on
irradiation times in excess of four hours, since the profiles peaked out at
or before that time.

As irradiation period increases, the relationship between simulated
ozone reactivity and rate constant becomes less abrupt and apparently
approaches a quasilinear relatiomnship to the logarithms of the rate
constant. The limiting curve for 2:1 will resemble the 10:1 curve. These
results suggest a very gradual variation of oxidant reactivity with rate

constant for the longer irradiation times required by realistic atmospheric
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transport periods. The long period experimental reactivities at a

ratio of 20 shown in Figure 7 (Dimitriades and Joshi, 1977) lend some
support to these suggestions. This implies that fitting the experimental
six~hour oxidant reactivity curve is a somewhat academic but useful exer-
cise. Based on these computer simulations the tentatively proposed reac-—
tivity classes based on rate constant decades (Darmall et al., 1976b, Pitts
et al., 1976a; 1977b) is not unrealistic. However, Figure 6 suggests a
finer subdivision in terms of logarithmic rates, with a relative rate near
20 (ethane has a relative rate of 35) for the lower boundary. Since
relative rate constants have an upper limit of around 20,000 imposed by
collision rates, this will give a dynamic range of three decades to be
subdivided into classes. As experimental rate constants have a standard
percent error around + 20%, up to 10 reactivity classes can be justified
for such a dynamic range. Of course, consideration of other factors, such
as incomplete characterization of reactivity by rate constant, can reduce
the number of classes below this maximum value. It remains to be seen if
further work substantiates these suggestions derived from computer simu-—
lations.

The simulated six-hour reactivities precisely fit the equation

z_ K
0.576 K + 0.6054 KL/2 + 0.0138

Trial of this form with six-hour ozone reactivity data was unsuccessful;
apparently the precision of these data cannot support more than five

parameters.
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V. RATE CONSTANTS FOR THE REACTIONS OF HYDROXYL
RADICALS WITH SELECTED ORGANICS

The hydroxyl radical is known to play a dominant role in the chem-
istry of the atmosphere and in combustion processes. For many organics,
such as the alkanes, which do not react with ozone at significant rates or
do not photolyze in the actinic region, reaction with the OH radical is
essentially their sole loss process in the troposphere. With the increas-
ing emphasis towards lowering the reactivity of the organics emitted into
the troposphere and the development of a reactivity scale based upon the
rates of reaction of these organics with the OH radical (Darnall et al.,
1976b; Pitts et al., 1976a; 1977¢) rate constant data for the reaction of
the OH radical with a large variety of organics have become necessary.
Measurements for the rate constants for the reaction of OH radicals with

the following organics have been made or were attempted.

(a) A series of alkanes (neopentane, propane, isobutane, n-pentane,
isopentane, 2,3-dimethylbutane and cyclopentane), as there
are significant discrepancies in the literature data (Atkinson et
al., 1979).

(b) 2,3-dimethyl-2~butene, as there is a discrepancy of a factor
of ~3 between the available literature values (Atkinson et al.,
1979).

(¢) The epoxides propene oxide and l-butene oxide since these organ-
ics are formed from 0(3P) atom reactions with the corresponding
alkenes and no literature data exists on their OH radical rate
constants.

(d) A series of nitrates (ethyl, n-propyl, 3-pentyl, and 2-
pentyl), as nitrates are formed in smog chamber NOy-hydro-
carbon—~air irradiations (Pitts et al., 1977a; Darnall et al.,
1976a) and no OH radical rate data exists.

(e) Cellosolves, as these organics are used in the solvent industry.

Experimental. The experimental techniques used to determine OH

radical rate constants have been described in detail previously (Lloyd et
al., 1976a; Doyle et al., 1975); hence only a brief summary will be given
here with emphasis on the modifications to the techniques pertinent to this

study. Irradiations of the NOy-hydrocarbon-air mixtures were carried out
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in a non-rigid Teflon bag of ~5500-liter volume which was placed imnside
the all-glass envirommental chamber (see Section II). The chamber tempera-
ture was maintained at 300 + 1 K during the irradiatiomns. The organic
concentrations were monitored as a function of irradiation time by gas
chromatography (FID) using the following columms: (a) for the alkanes, a 36
ft. x 1/8. in stainless steel column of 10% 2,4-dimethylsulfolane on C-22
Firebrick (60-80 mesh) followed by a 18 in. x 1/8 in. stainless steel
column of 10% Carbowax 600 on C-22 Firebrick (60-80 mesh) operated at 273
K; (b) for 2,3-dimethyl-2-butene and the epoxides, a 20 ft. x 1/8 in.
stainless steel column of 5% total DC 703 silicone oil/Carbowax 20M on
Chromosorb G AW-DMCS, (100-120 mesh) operated at 333 K; (c) for the
nitrates, a combination column comsisting of a 10 ft. 5% TCEP plus 5 ft. 5%
bentone 34/5% dinonyl phthalate plus 3 ft 10% Carbowax E600, all 1/8 in.
stainless steel, on 100-120 mesh Chromosorb W, HMDS treated, operated at
338 K, and a 10 ft x 1/8 in. stainless steel column of 10% Carbowax E600 on
100-120 mesh A.W. Firebrick (C-22) operated at 348 K; (d) Cellosolves
(glycol ethers): a 5 ft. x 1/8 in. stainless steel column of Poropak A
operated at 403 K. Two other columns were also used with no success.
Initial conditions for the irradiations for which reliable rate
data were obtained were: (a) for the alkanes: propane, ~0.048 ppm; n-
butane ~0.074 ppm; isobutane ~0.057 ppm; neopentane ~{0.056 ppm; n-pentzane
~0.132 ppm; isopentane ~0.110 ppm; cyclopentane ~0.165 ppm; and 2,3-
dimethylbutane ~0.110 ppm. In addition, propene, isobutene and HCHO were
also initially present in order to obtain a reactive hydrocarbon-NOy
mixture; (b) for the alkenes: isobutene and cis-2-butene ~0.024 ppm;
2-methyl-2-butene ~0.043 ppm; 2,3-dimethyl-2-butene ~0.059 ppm. Initial
NOy levels were: NO ~0.32 ppm and NOp ~0.08 ppm; {(c) for the alkene
oxides, n-butane and neopentane ~0.35 ppm; propene oxide ~0.5 ppm; l-butene
oxide ~0.5 ppm. HCHO, isobutene and cis-2-butene were also added to the
initial NOy-hydrocarbon mixture to ensure adequate reactivity; (d) for the
final two nitrate runs: n-butane ~0.36 ppm; neopentane ~0.37 ppm; ethyl
nitrate ~0.25 ppm; n-propyl nitrate ~0.24 ppm; 3-pentyl nitrate ~0.18
ppm; Z2-pentyl nitrate ~0.43 ppm. ILsobutene, cis-2-butene and HCHC were
added to the initial NOy-hydrocarbon mixture to ensure an adequate reac-—

tivity.
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Rates of disappearance of the organics were determined from irradia-
tions of NOy~-hydrocarbon-air mixtures at atmospheric pressure and 300 + 1
K. With the present experimental system, dilution losses of the reactants
due to sampling were eliminated, as confirmed by non-irradiated control
experiments. For the rate constant determination for 2,3-dimethyl-2-
butene, the NOy—alkene ratio and the light intensity were adjusted to
delay the formation of ozone during the irradiatioms ([03]<lppb) so that
the alkene dissappearance could be ascribed only to reaction with the OH
radical. At the OH radical concentrations observed in the irradiations
(see below), reaction with 03 could thus be calculated to account for
<10% of the 2,3-dimethyl-2~butene disappearance rate under all conditions
used. Hence the disappearance of the organics during these irradiations is

solely due to reaction with the OH radical:

~dln[organic]l/dt = k[OH] (N
where k is the rate constant for the reaction

OH + organic =+ products.

In all the irradiations it was generally observed that, within the
analytical errors, plots of ln{organic] against irradiation time were !
linear, indicating that in each case the OH radical concentration was
essentially constant over the duration of the irradiatiomn. This has been
noted in previous OH radical rate studies from this laboratory using this
technique (Doyle et al., 1975; Lloyd et al., 1976a). Using the literature
rate conmstant for the reaction of OH radicals with n~butane (Perry, Atkinson
and Pitts 1976) or with isobutene (Atkinson and Pitts, 1975) the OH radical
concentrations during the irradiatons were in the range (2-6) x 106
molecules cm‘3, similar to the concentrations observed in the previous
rate studies (Doyle et al., 1975; Lloyd et al., 1976a,b; Darnall et al.,
1976¢; Winer et al., 19763 1977).

Equation (1) could hence be used in the integrated form

1n([organic]t /[organic]t) = k[OH](t-to) (2)
o

where [organic]t and [organic]t are the organic concentrations at time
o} .
t0 and t, respectively. Furthermore, errors due to small differences

in sampling volumes were eliminated by ratioing the gas chromatographic
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responses to those for a reference organic, generally n-butane or cis-2-

butene. Thus

(a,] (A1,

k, = -1 1o °  + Kk (3)
[0H] (£-t4) (41 I8,
where [A ], , [A.] are the concentrations of organics A, and A, at
1"t 2°t . 1 2

time to’ [Al]t and [AZ]t are the corresponding concentratiomns at time t,

and k. and k, are the rate constants for the reactions of organics A, and

1 2 1
A2 with the OH radical.

n-Butane or cis-2-butene was used as the reference organic Al’ with
rate constants at 300 K of k, = 2.73 x 10~12 cm3 molecule=l sec™! and 5.29

1
x 10712 cn3 molecule~l sec‘l, respectively, as calculated from the Arrhenius

expressions of Perry, Atkinson and Pitts (1976) and Atkinson and Pitts
(1975).

From least squares analyses of plots of 1n([A2]t/[Al]t) against time
(an example being shown in Figure 8), and the OH radical concentrations as
obtained from least squares analyses of the n~butane or cis-2-butene
disappearance rates, rate constants k2 were obtained.

Neopentane, Propane, Isobutane, n-Pentane, Isopentane, 2,3-Dimethyl-

butane and Cyclopentane. After an initial four irradiations involved in

obtaining the optimum conditions for the determination of rate data, four
4-hour irradiatiomns were carried out, each with two completely independent
analyses of the alkanes every 0.5 hr. 1In a non-irradiated experiment the
alkane concentrations as measured by gas chromatography were invariant over
the 4-hr sampling period to better than +1.5% (corresponding to <47% of the
typical reactive losses during an irradiation for the case of n~butane),
thus verifying that the alkanes showed no dilution losses due to sampling.

n-Butane was used as the reference alkane, and a total of 8 sets
of data were obtained. These rate data were then weighted (Parratt, 1961)
using their least squares standard deviation, and the weighted mean values,
together with the standard deviations, are given in Table 13. (The unit
weighted mean values were within 4% of the weighted mean values, though
with somewhat larger standard deviations.)

The rate constants k, obtained in this work are compared with litera-

2
ture values in Table 14, which also includes all the available data for
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Table 13. Rate Comstants kp for the Reaction of OH Radicals
with Selected Alkanes at 300 K

Alkane 1012 x k, cm3 molecule~l sec"la’b
Propane 1.59 + 0.22
Isobutane 2.52 + 0.05
Neopentane 1.04 + 0.17
n—-Pentane 3.74 + 0.13
Tsopentane ‘ 3.78 + 0.07
Cyclopentane 4.72 + 0.28
2,3-Dimethylbutane 5.67 + 0.29

4The indicated error limits are one standard deviation.
byailues of ko calculated using kj = 2.73 x 10712 cn3 molecule~!

sec™! for n-butane at 300 K (Perry, Atkinson and Pitts, J. Phys.
Chem., 64, 5314 (1976).
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Table 14, Comparison of the Literature Room Temperature Rate Constants k2 for 2C3 Alkanes with the Values Obtained in
this Study and with Those Calculated from Equation 5. .
12 - -
10°% % kp at 1012 x k, cm® molecule 1 sec 1 (300 K)
Alkane em? molecule ) sec™t T K Reference Calculated
Propane 1.20 296-299 Greiner (1970) 1.55
0.83 £ 0.17 300 Bradley et al. (1973)
2.15 t 0.54% 293 Gorse & Volman (1974)
2,02 £ 0.10 295 £ 2 Overend et al., (1975)
1,98 £ 0.08 329 £ 5
(1.62b 300) Harker & Burton (1975)
1.59 + 0.22 300 This work
n-Butane 2.57 298-301  Greiner (1970) 2.71
4.1 298 Morris & Niki (1971)
2,35 + 0.35 298 Stuhl (1973)
2.9 + 0.7% 298 Gorse & Volman (1974)
4.22 298 Gordon & Mulac (1975)
2.59 + 0.16°¢ 292 Campbell et al. (1975)
2.72 £ 0.27 298 Perry et al. (1976)
Isobutane 2.46 297-305 Greiner (1970) 2.69
3.5 +0.9% 298 Gorse & Volman (1974)
2,14 303 Wu et al. (1976)
1.86 * 0,21° 305 Butler et al, (1978)
2.52 £ 0.05 300 This work
Cyclobutane 1.2 +.0.3° 298  Gorse & Volman (1974) 4.64

(continued)
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Table 14 (cont.)

12 - -
1075 x &y at 10'2 x k, em® molecule } sec™d (300 K)
Alkane emd mclecule—l sec-1 TK Reference Calculated
Neopentane 0.825 292-298  Greiner (1970) 0.78
' 1.04 £ 0.17 300 This work
n-Pentane 6.24 303 Wu et al. (19756) 3.87
3.74 £ 0.13 300 This work
Isopentane 3.1 t 0.6% 305 Lloyd et al., (1976a) 3.84
3.78 &+ 0,07 300 This work
Cyclopentane 6.18 298 Volman (1975) 5.80
4,72 % 0.29 300 This work
2-Methylpentane 5.0 + 1.0° 305 Lloyd et al. (1976a) 5.01
3-Methylpentane 6.8 t 1.4° 305 Lloyd et al. (1976a) 5.01
n-llexane 5.9 +1,2° 305 Lloyd et al. (1976a) 5.03
5.7% 303 Wu et al. (1976)
6.1 * 0.4° 292 Campbell et al, (1976)
Cyclohexane 7.95 295 Greiner (1970) - 6.96
6.7 + 1,58 298 Gorse & Volman (1976)
6.29 303 Wu et al. (1976)

{continued)
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Table 1% (cont.)

1012 x k, -1

at 10'2 x k, cmd molecule™} gec (300 K)
Alkane cm? molecule ! gec™t T K Reference : Calculated

2,3-Dimethylbutane 7.45 300 Greiner (1970) ' 4.98

4.8 t 1.04 305 Darnall et al. (1976¢)

4.3 & 1.4 303 Atkinson et al. (1976a)

5.67 £ 0.31 300 This work
2,2,3~Trimethylbutane . 5.05 296-303 Greiner (1970) ' 3.08

3.6 +0.79 305 Darnall et al. (1976c)
2,2,3,3-Tetramethylbutane ‘ 1.12 294-301  Greiner (1970) 1.17
2,2,4-Trimethylpentane 3.73 298-~305 Greiner (1970) .24
n-Octane 8.42 295 Greiner (1970) 71.35

a) Relative to OH + CO, placed on an absolute basis using k(OH + CO) = 1.5 x 10_13 cm3 mol.ecule_1 sec'—1 (Perry, Atkinson
and Pitts 1977a).

b) Converted to 300 K using the activation energy obtained by Greiner (1970).

c) Relative to OH + CO; carried out at 100 torr total pressure of CO or Ny + 03. It is assumed that CQ is analogous to
q N2 + 07 as a third body in the OH + CO pressure dependence, and a value of k(OH + CO) = 1.75 x 10~13 cm3 molecule~l
9 sec™! has been used (Atkinson et al., 1979a),

d) Relative to OH + igchutene or OH + cls-2-butene, placed on an absolute basis using k(OH + isobutene) or k(OH + cis-
2-butene) calculated from the Arrhenius expression of Atkinson and Pitts (1975).

e) Relative to OH + n-butane, placed on an absolute basis uging k(OH + n-butane) calculated from the Arrhenius expression
of Perry, Atkinson and Pitts (1976).

f) Relative to OH + ethane, placed on an absolute basis using k{OH + ethane) calculated from the Arrhenius expression of
Greiner (1970).



>C3 alkanes (for many of the relative rate studies the reference reaction
rate constant has been reevaluated to take into account more recent rate
constant data). In many cases it can be seen that the present rate con-
stants are in agreement with the literature data within the cumulative
error limits, but there are obviously significant discrepancies, especially
for n-pentane and 2,3-dimethylbutane. For 2,3-dimethylbutane, the present
value of k2 is substantially lower than the absolute rate constant deter-
mined by Greiner (1970), while it is somewhat higher than, though in
agreement within the cumulative error limits with, the two previous rate
constant determinations (Atkinscon et al., 1976a; Darmnall et al., 1976c)
from this laboratory. The present rate constant for propane (kz = (1.59 +
0.22) x 10712 cm3 molecule~l sec‘l) is seen to be approximately in the
middle of the room temperature literature values (Greiner, 1970; Bradley et
al., 1973; Overend, Paraskevopoulos and Cvetanovic, 1975; Gorse and Volman,
1974) though it is in excellent agreement with k2 =1.62 x 10712 ¢p3
molecule~! sec'l, calculated using the Arrhenius activation energy of
Greiner (1970) to convert the rate constant of Harker and Burtom (1975),
obtained at 329 K, to 300 K.

Using a formula completely analogous to that of Greiner (1970)

ky = Nprimkprim + Ngecksec + NtertXtert (4)
where Nprims Ngecs» @nd Niort are the number of primary, secondary and
tertiary C-H bonds in the alkane, and kprip, Kgec» and kiert are the
corresponding rate constants for H atom abstraction per C-H bond, then the
rate constant data in Table 14 are judged to be best fit [based mainly on

the present study and those of Greiner (1970), Perry, Atkinson and Pitts
(1976) and Darmall et al. (1976¢)] at 300 X by

ky = Nprim % 6.5 x 10714 + Ngec x 5.8 x 10743
+ Wegre x 2.1 x 10712 cm3 molecule™!l sec~l (5)

(Greinmer’s original formula yielded Kprim = 6.6 x 10714 cm3 molecule~l
sec‘l; kgee = 546 x 10713 cm3 molecule~l sec~l and Kfert = 2.9 x 10-12
cm3 molecule~l sec‘l, the major difference obviously being in kigrte)
Using the new values of kprim’ kgec and Kiopts equation (5) fits the

available rate constant data to better than approximately +20%, the
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exception being cyclobutane, probably due to the effects of ring strain.
Because of the closeness of the present values of kprip and kgec with

those derived by Greiner (1970) and because the only temperature dependence
rate constant studies for >C3 alkanes are those of Greinmer (1970) and
Perry, Atkinson and Pitts (1976) [which agree very well for n-butane, the
only alkane studied by Perry, Atkinson and Pitts, (1976)], the Arrhenius
activation energies of Greimer (1970) for kyrjy and kgeo can be used to
derive ko as a function of temperature. For the alkanes containing ter-
tiary C-H bonds, an activation energy of Eygopp ~0 keal mole~l gives a good
fit to the high temperature (~493-498 K) rate data of Greiner (1970).

Hence the equation

ky = 1.01 x 10712e=1635/RT x wo iy + 2.41 x 10712 e7850/RT x N oo
+2.10 x 10712 x Niert cm3 molecule~!l sec-1 (6)

fits the available literature data over the temperature range 300-500 K
within acceptable limits (~+20% or better) and can hopefully be used to
calculate rate constants for the reaction of OH radicals with >C3 alkanes,
apart from cyclobutane (and by analogy, cyclopropane) for which no data
presently exist.

2,3~Dimethyl-2-Butene. After an initial six irradiations to determine

the optimum conditions, four 70-120 minutes irradiations were carried out
with analysis of the alkenes every 10 minutes. No loss of the alkenes was
observed in non-irradiated mixtures. 2-Methyl—2-butene was included in the
alkenes studied since it is the alkene whose reactivity towards both 03
(Japar, Wu and Niki, 1974; Hule and Herromn, 1975) and the OH radical
(Atkinson et al., 1979a) is closest to 2,3-dimethyl-2-butene, and its OH
radical rate constant is also known to a good degree of accuracy (Atkinson,
Perry and Pitts, 1976b; Atkinson and Pitts, 1978a; Atkinson et al., 1979a).
For the irradiations carried out, plots of ln[alkene] against time
were, within the analytical errors, linear after an initial induction
period of ~10 minutes (see Figure 8), indicating that the OH radical
concentrations were essentially constant over the duration of the irradia-
tions. For 2,3=-dimethyl-2-butene, the disappearance rate increased some—-
what after ~60-90 minutes, presumably due to a small contribution from

reaction with 03; these data points were neglected in the analyses. Four
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Table 15. Rate Constants kg for the Reaction of OH Radicals with
2-Methyl-2-butene and 2,3-Dimethyl-2-butene at 300 + 1 K,
Together with the Available Room Temperature Literature

Values
1011 x ko em3 molecule~! sec—!
Alkene This Work@ Literature Reference
2-Methyl-2-butene 8.9+0.5 11.9¢ d
9.3+0.8 7.8+0.8 e
8.7+0.6P
8.4+0.6 8.73+0.88 f
8.640.5
2,3-Dimethyl- 12.1+0.5 15.3¢ d
2-butene
13.8+1.8 5.69+0.13 g
12.240.8b
11.941.0 11.0+2.2 h
12.241.1

8Values of kg calculated using kj = 5.29 x 10711 em3 molecule~l

sec~l for cis-2-butene at 300 K [Atkinson and Pitts, J. Chem. Phys.,
63, 3591 (1975)]. The indicated error limits are two least squares
standard deviations.

bWeighted mean values, the indicated error limits being two standard
deviaticns.

CThe errors on these rate constants are a combination of the errors on
these rate constants relative to propene [~+10% (see reference d)
and the error limit on the absoclute rate constant for propene [+25%
(Morris, Stedman and Niki, J. Amer. Chem. Soc., 93, (1971)], and are
hence ~25%.
dMorris and Niki, J. Phys. Chem., 75, 3640 (1971).
©Atkinson, Perry and Pitts, Chem. Phys. Lett., 38, 607 (1976).
fAtkinson and Pitts, J. Chem. Phys., 68, 2992 (1978).

8Ravishankara, Wagner, Fischer, Smith, Schiff, Watson, Tesi and Davis,
Int. J. Chem. Kinet., 10, 783 (1978).

hPerry, Ph.D. Thesis, University of California, Riverside, August,
1977.
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sets of rate constants, kj, for 2-methyl-2-butene and 2,3-dimethyl-2-
butene were obtained. These rate data, and the weighted mean values of
ko, are given in Table 15 along with the literature room temperature
values.

It can be seen that the present rate constant ky for 2-methyl-2-
butene is in excellent agreement with the two literature values obtained
using a flash photolysis-resonance fluorescence technique (Atkinson, Perry
and Pitts, 1976b; Atkinson and Pitts, 1978), and, within the cumulative
errors, with that obtained by Morris and Niki (1971), thus lending confi-
dence to the present experimental technique. The present value of ko for
2,3-dimethyl-2-butene is also in good agreement, within the cumulative
errors, with the rate constants determined by Perry (1977) and by Morris
and Niki (1971). However, the rate constant ky obtained by Ravishankara
et al. (1978) is lower by a factor of ~2 than the present value, possibly
due to adsorption of the 2,3-dimethyl-2-butene on the walls of the static
reaction system used in that study.

Propene Oxide and l-Butene Oxide (l,2~Epoxybutane). Two initial

irradiations were carried out to optimize conditioms, i.e., to obtain a
sufficiently reactive NOg-hydrocarbon mixture to achieve a significant
disappearance of the oxides. Two 120-minute irradiations were then carried
out with analysis of the alkanes n-butane and neopentane and the oxides

every 15 minutes. The rate constants kj given in Table 16 were obtained.

Table 16. Rate Constants for ky for the Reaction of OH Radicals with
Propene Oxide and 1-Butene Oxide at 300 + 1 K

1012 ¢ ko em3 molecule~l sec'la

Oxide #297 #298 AverageP
Propene oxide 1.68 + 0.55 0.86 + 0.61 1.3 + 0.5
1-Butene oxide 2.20 + 0.41 3.05 + 0.85 2.4 + 0.4

8 The indicated errors are a single standard deviation. A value of k)
=2.73 x 10712 cm3 molecu‘].e'l sec™l for n-butane at 300 K (Perry,
Atkinson and Pitts, J. Phys. Chem., 64, 5314 [1976]) was used.

b Weighted average; indicated error is a single weighted standard
deviation.
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Despite the rather large error limits, the values of ky for the oxides

can be seen to be similar to, but somewhat smaller than, the rate constants
for the reaction of CH radicals with the corresponding alkanes [ko{propane)
= 1.6 x 10712 cm3 molecule~l sec—i (Darnall et al., 1978); ko9 (n-butane) =
2.7 x 10712 cn3 molecule™l sec—1 (Perry et al., 1976)1. This is then
completely analogous to the case for 0(3P) atom reactions, where ethene
oxide is slightly less reactive than ethane towards 0(3P) atoms (Herron
and Huie, 1973). This indicates that H—-atom abstraction is the operative
reaction pathway for OH radical reaction with the two oxides studied

here. )

Ethvl Nitrate, n-Propvl Nitrate, 2-Butvl Nitrate, 2-Pentvyl Nitrate and

3-Pentyl Nitrate. A total of nine irradiations were carried out, the first

seven having somewhat low OH radical concentrations ([OH] ~1 x 105 molecule
cm~3) so that the amounts of organics reacted were small and hence the
errors were large. HCHO (~1 ppm) was added in the final two irradia-

tions and OH radical concentrations were then ~6 x 10® molecule cm™3.

In most of the irradiations distinctly different nitrate disappearance
rates were observed on the two columns used. The results are summarized as
follows: on the Carbowax E600 column the values of kjy obtained agreed
reasonably well from run to run (to within +~30%) with rate constants kg of
(x 1012 cm3 molecule~l sec~1): ethyl nitrate <1; n-propyl nitrate <1; 2-
butyl nitrate ~2.0; 2-pentyl nitrate ~1.5-2.9; 3-pentyl nitrate ~l.1-2.1.
However, on the other column the rate constants derived from the observed
disappearance rates varied widely ranging from reasonable agreement with
those quoted above to being a factor of ~6 higher (i.e., in the (1-2) x
10-11 w3 molecule~l sec-l range for the butyl and pentyl nitrates studied).
Unfortunately there is, a pricri, no basis for chocsing the "best" rate
constants.

However, as noted for the alkene oxides, OH radical rate constants
generally show the same trend with organic structure as those for 0(3p)
atoms (Atkinson et al., 1979). Table 17 shows the O(3P) aton and OH
radical rate comstants at room temperature for selected nitrogen and oxygen
containing organics. From this table it would appear that the rate con-
stants for the reaction of OH radicals with methyl nitrate and ethyl

nitrate should be ~1 x 10712 cm3 molecule=l sec~l and ~{(1.0-1.3) x 10-12
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Table 17. O(3P) Atom and OH Radical Room Temperature Rate Data
for Reaction with Selected Nitrogen—- and Oxygen-Contain-
ing Organics

Reactant 1015 x k0(3P) 1012 x OH2
cm3 molecule~! sec-l cm3 molecule™! sec—l

CH3NO> 3.2b 1.07

CH30NO 3.5¢ 1.56
CH30NO> 3.5d -—
CoH50N0, 7.1d _

CH30H 14¢ 1.1

CoH50H 548 3.5
n-Butane 22f 2.7

4Atkinson, Darnall, Lloyd, Winer and Pitts, Adv. Photochem.,
11, 375 (1979).

bCampbell and Goodman, Chem. Phys. Lett., 34, 105 (1975).

CDavidson and Thrush, J. Chem. Soc., Faraday Trams. I, 71, 2413
(1975).

dgalter and Thrush, J. Chem. Soc., Faraday Trans. I, 73, 1098
(1977).

€0wens and Roscoe, Can. J. Chem., 54, 984 (1976).
fAtkinson, Perry and Pitts, Chem. Phys. Lett., 47, 197 (1977).

em3 molecule~l sec-1, respectively, which tends to cast doubts on the
values obtained in the Carbowax E600 column. However, at best, this study
is inconclusive and the data obtained must be viewed with skepticism.
Cellosolves. Two multihour irradiations were carried out for methyl-
cellosolve using the Porapak column. However, difficulties in the gas
chromatographic analyses led to a large degree of scatter in the methyl-
cellosolve data, hence no meaningful data could be obtained. Attempts
to analyze for the cellosolves using two other columns were unsuccessful

and this part of the project was terminated.
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VI. INVESTIGATION OF RATES OF CONVERSION OF SULFUR DIOXIDE
TO SULFATE UNDER SIMULATED ATMOSPHERIC CONDITIONS

The objective of this study is to obtain gas-to-particle conversion
rates of sulfur dioxide promoted by photooxidizing hydrocarbon-NO,
mixtures under conditions simulating outcomes of various control imple=-
mentation scenarios. An incidental objective is to obtain further insight
into the mechanism of this process. This facet of air pollution is becom-
ing increasingly important as use of high-sulfur fuels increases.

The rate of conversion of sulfur dioxide to sulfate in the presence
of ﬁhotooxidizing surrogate was to be obtained from three types of data:

1) Determining sulfur dioxide chamber profiles and calculating
sulfate yield from the decrease in concentration. This involves measure-
ment of small differences in concentration complicated by the necessity
of correcting for a S0y chamber dark decay rate comparable with antici-
pated conversion rates.

2) Determininé size distribution of the chamber aerosol and calcu-
lating sulfate from the increase in aerosol volume, corrected for wall
losses of particulate. This involves data from the electric mobility
method of determining size distribution which will be imprecise when
applied over the anticipated narrow size range of 0.4 to 0.2 Um induced
by initial seeding of the chamber with 0.l im nuclei.

3) Directly determining particulate sulfur mass concentrations
by analysis of samples collected by filtratiom and correcting for wall
losses. The flash ignition method for sulfur (Husar et al., 1975; Roberts
and Friedlander, 1976) is sufficiently sensitive for this purpose and the
necessary apparatus was designed and counstructed.

In planning these experiments, considerable reliance was placed on
two expedients, monitoring the chamber particulate sulfur concentration
using the flash ignition method, and restraining particle size in a
region of long chamber lifetime by use of added coundensation centers.

Both expedients turned out to be impractical. Thus, this work was accom-
plished in the face of considerable difficulties in experimental technique
and data interpretation. Consequently, an understanding of the technique
and interpretation is a necessary preliminary to judging the implicatiomns

of the final results. These subjects are discussed below.
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Experimental. The study was carried out in the SAPRC glass chamber

lined with Teflon film to reduce wall effects and prevent any exchange with
ambient air. Prevention of exchange is of paramount importance when small
aerosol yields are being monitored. The humidified purified air was

filtered through an "absolute"

filter to remove any trace of interfering
aerosol and then mixed in the chamber with the surrogate hydrocarbon
mixture, nitrogen oxides and sulfur dioxide. A few early experiments were
done with added monodispersed potassium nitrate aerosols, but this expedi-
ent, intended to increase chamber lifetime of aerosol by contrcl of parti-
cle size, was not successful. Trial experiments with added potassium
nitrate (doped with acid sulfate aeroscl with aerosol surface of up to 8
em? w3 of 0.10 um particles) showed that the sulfur-containing aerosol
self-nucleated and grew independently of the added aerosol except, of
course, through the coagulation mechanism. The latter is not sufficient to
keep particle size within the required range (0.02 to 0.2 Um). The flash
ignition method was adequately sensitive, as expected, but the semsitivity
was frustrated by a highly erratic blank when using Fluoropore filters
followed by extraction for sampling. The blank is small enough (around 1
ug of sulfur) to be neglected when sampling cubic meters, but this sample
size is impossible for a chamber volume of 7 m3. (The development and
testing of the flash ignition sulfur monitor is described at the end of the
experimental section.)

It was decided to utilize data from the electric mobility analyzer
and the Meloy photometric sulfur analyzer to obtain conversion rates.
The rationale of this approach will be discussed later using data from
a typical experiment for illustrationm.

The mobility analyzer allows one toc monitor aerosol concentration
as a function of particle size from 0.004 Um to 1.0 um in nine size
classes. These data can be converted into aerosol volume in units of cm3
m~3 x 100. Aerosol volume vs time profiles can be derived from the
data. This would be all that is necessary to obtain a relative measure of
aerosol yield if it were not for loss to the walls of aerosol and the

possibility of variable sulfur content ¢f the particulate. The latter
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could occur if, for example, a few ppb of ammonia were to escape the action
of the air purification system or if the surrogate produced some organic
aerosol material.

Wall loss for a monodisperse fraction of an aerosol in the chamber can

be represented by a differential equation

E%% = - kyng + $3(t) n
where n;j is number concentration, t is time, k; is a "pseudounimolecu-

lar" wall loss comstant, and ¢;(t) represents the influence on ny of

all other factors such as particle growth by condensation, appearance, and
disappearance in size fraction i by coagulation and so forth. The detailed
nature of ¢i(t) does not concern us for this application since we have

an experimental measure of its influence through monitoring the particle

size distribution. It is a consequence of equation (1) that the quantity

t

ni =ng + ki [ ni(s)ds (2)
o]

is a measure of the total amount of aerosol that has passed through size
fraction i at time t, including that lost to the chamber walls. This can
be converted to particulate volume. in size fraction i to yield a similar
equation. The sum of the volumetric equations over all size classes of the
electric mobility analyzer will yield a volume profile corrected for wall
loss. Of course, this is subject to the usual errors due to discrete
classification of a continuous distribution and to missing data (the
extreme ends of the distribution). Fortunately, the latter is not serious
for this work except at long times (~5 to 6 hours) when high yield
experiments produce some particles larger than 0.75 um.

Correcting aerosol volume in this manner requires relatively accurate
values of the wall loss comstants, ki, especially for the larger sizes
where volume per particles become large. These constants were measured by
following the decay of various initially monodisperse aerosols in the
irradiated chamber. Aerosols of 0.05 to 0.20 ﬁm diameter were generated

by atomization of a solution followed by size fractionation using the TSI
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electric mobility fractionmator. Time profiles for these aerosols were
obtained using the electric mobility analyzer. Larger particles were
generated using the Berglund Liu vibrating orifice generator and profiles
for these were followed by a Climet optical particle counter (0PC).

The electric mobility analyzer is insufficiently sensitive to allow
concentrations much below 104 cm~3 in these decay experiments while
yielding sufficiently accurate data for estimating the wall loss constant.
This circumstance requires that the decay data be treated as a combination
first and second order process because the coagulation rate is large
enough to influence the estimate of the rate of the first order process,
attributed to wall loss. The influence of the second order process is
negligible for those experiments using the OPC because of the very low
number concentration used (~0.5 cm'3).

Table 18 gives data obtained from these chamber characterization
experiments and the data for the first order constants are plotted as a
function of particle size in Figure 9. The classic interpretation of wall
losses in stirred chambers uses a model where particles are presumed to
diffuse and sediment to surfaces through a quiescent boundary layer at
the walls. TIn accord with this model the steep increase in loss as size
increases from 0.1 to 0.5 um could be attributed to an increasing sedi-
mentation velocity as particulate mass increases. However, if the recipro-
cals of the experimental constant are plotted as a function of/the inverse
square of size (Figure 10) it appears that a significant intercept is
approached as size increases. The sedimentation model for a well-stirred
chamber requires a zero intercept for this sort of plot. This behavior is
reminiscent of the behavior of two cascaded first-order processes in

chemical kinetics

B - A kz

B - inactive k3
product
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when species B is present at steady-state concentrations. This mechanism
gives an apparent first-order comstant kg

1 ko

_+—--——

1
ka  kp o kikj

and, if ky = ko

1
Ky kp k3

The analog of this behavior can be rationalized for particulate wall losses

in the glass chamber on realizing that it is not a well-stirred chamber and
there is a rate-limiting process corresponding to kj, convective transport to
the boundary layer. In normal operation the glass chamber is stirred by
thermal convection due to small temperature differences between surfaces, a
mode of operation chosen to reduce wall losses of chemically active species.
For convective tramsport it is reasonable to assume that the analogs of kj

and ko are equal. This assumption was made to separate presumed boundary
layer processes from convective transport and give the results shown in Column

4 of Table 18. It should be remarked that the limiting action of convective

Table 18. Decay Data for Various Particle Sizes in the All-Glass Chamber
During Irradiation (70% Lights) and at Operating Temperature

(302 K)
Particle First Order Second Order Con- Boundary Layer
Diameter Constant, hr-l stant, em3 sec~l Constant, hr~
(}Jm)
0.05 0.215 2.09 x 10-9 0.323
0.10 0.171 4,28 x 1079 0.233
0.15 0.274 8.75 x 10~10 0.477
0.20 0+459 8.28 x 10-10 1.601
0.50% 0.594% N1# 7.722
1.05% 0.537* Ni# 3+245

*These experiments were done at low number concentrations using the OPC to
follow profiles. The particle sizes are according to the OPC’s polystyrene
latex-calibrated scale.

#NI - No information.
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transport cannot persist as particle sizes increase into the micron range.
Eventually sedimentation velocities will become comparable to convection
velocities and rate of loss will begin to increase.

The boundary layer constants were fitted to an expression obtained
by solving the partial differential equations for diffusion through a
layer under the influence of an external force proportional to particulate
volume. The steady state approximation was used. The result of this calcu-

lation can be written

k=%1—[Ah(x)+B]

Here D = particulate diffusion coefficient, |y = chamber surface to volume
ratio, § = layer thickness, x = CD3p/kT, and h(x) = x + X - 1/1 - 7%,
AQ/G, Bu/S, and C/kT were taken as parameters to be estimated from the
data.

The first three columns of Table 19 shows the particulate properties
used for the least squares estimation of the parameters. Least squares
estimation of Ap/S and C/kT were made difficult by the fact that the function
h(x) is almost first order homogeneous, that is, a function £{(x) which obeys

the relatiomship
ﬁ(lx) = Af(x)

The parameter values found were on the basis of minimum runs percent error.
However, the minimum of the objective function is quite shallow indicating
many other values of these two parameters would yield nearly as good a
fit to the data. Best fit to the data is obtained by the values (Au/Q) =
48.4 cm'z, (B/8) = 1.83 cm"z, and (C/kT) = 415 um‘3. Estimates of
wall loss based on these parameter values and a convection rate constant of
0.644 hr~l indicate an error of estimate of 15.3% when compared to the
experimentally obtained wvalues. The overall fit to the data and the extrapo-
lation to smaller particle sizes is illustrated by the curve drawn in Figure
9.

The fitted relationship is applied to estimate generated particulate

volume during experiments on sulfur dioxide gas~to-particle conversion
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Table 19. Properties Assigned to Test Aerosol Particles in Deriving an
Expression for Wall Loss as a Function of Particle Size

Particle Mobility?@ Diffusion ConstantP Boundary Layer Loss Rate
Diameter (sec™! x 10%)
(um) (sec gm‘1 x 107) (cm? sec-l x 106)

Experimental Estimated

0.05 57.4 23.9 0.894 0.741
0.10 17.1 7.13 0.644 0.896
0.15 8.54 3.56 1.32 1.54
0.20 5.47 2.28 4.42 2.74
0.50 1.56 0.650 21 16.0

1.05 0.682 0.284 88 65.9¢

aMobilities for the smaller particles were estimated from Cercignani and
Pagani’s results for momentum transport at intermediate Knudsen numbers
(Fuchs and Sutugin, 19713 Cercignani and Pagani, 1966).

bpiffusion constants were calculated from mobilities, B, by Einstein’s
equation D = kTB, T = 302 K.

CLarge errors are to be expected for this particle size because the net

rate is approximately equal to the estimate of the convection limited
rate.

experiments, as discussed above. Table 20 shows the particulate properties
and loss rates assigned to class intervals as defined by the electric
mobility analyzer (TSI 3030).

At this point a brief discussion of some of the theoretical aspects of
the fitted expression for the boundary layer rate constant seems in order.

This expression can be rearranged to the form

k=2‘éﬁ[%h(x)+1]

According to the model used in obtaining this relationship, A/B should be
less than one because it represents the effective fraction of the interior
chamber surface perpendicular to the volume proportional force, usually

assumed to be gravity (sedimentation). The least squares parameter values

vield a value of 26.4 for this ratio. Some of this deviation from theory
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Table 20. Data Used in Estimating Particulate Wall Losses from Electric
Mobility Classification

Representative  Mobility  Diffusion Loss Constants (hr-l)
Channel Particle Size Constant Boundary
No. (Um) dia. (gm sec™l  (em? sec—! Layer Overall
x 10%) x 106)

2 0.0075 228 950 6.264 0.585

3 0.0133 73.92 308 2.052 0.491

4 0.0237 23.98 89.9 0.796 0.356

5 0.0422 7.995 33.33 0.311 0.210

6 0.0750 2.864 11.9 0.266 0.188

7 0.133 1.062 442 0.464 0.270

8 0.237 0.4333 1.80 1.444 0.446

9 0.422 0.1975 0.823 4.32 0.561
10 0.750 0.09737 0.406 12.31 0.613
Upper Limit 1.335 0.04832 0.201 34.60 0.633

is undoubtedly due te the influence of the quasi-homogeneous nature of
h(x) combined with the mechanics of the least squares fitting process.

For example, conformity to the geometrical fraction of horizontal surface
of the glass chamber, 0.125, can be approximately obtained by increasing
C/kT from 415 to ~88000. However, a change of this magnitude implies a
boundary layer thickness of several centimeters which is inconsistent with
the estimated values of the other parameters when interpreted according to
the model. It is best to regard the expression as a semi-empirical fit to
the data which does not conform to the model’s behavior because of model
deficiencies including different effective layer thicknesses for diffusiom
and forced diffusion. In addition there are complications due to the
Teflon lining of the chamber. This has a considerably larger projected
horizontal surface due to folds and wrinkles than the glass chamber proper.
Volume-proportional forces of electrical origin may play a role in attrac-—

ting particles to the surface when the surface is a thin film of electro-
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phobic polymeric insulator. These forces can be attributed to small
regions of the film where the discontinuous surface electrostatic charge
(Harper, 1967; Henry, 1953) produced by handling the film during fabrica-
tion has become neutralized, in part, by accumulation of counter charges
from the ambient atmosphere on opposing faces of the film to produce a
patchy double layer. Patches of double layer might have a long half-life
relative to neutralization by atmospheric ions because of the restricted
range of their electric fields.

Flash Ignition Sulfur Monitor. The design was based on analysis of

the electrothermal behavior of a series circuit of a resistor and a charged
capacitor when the resistor has a temperature coefficient of resistance.
This indicated that the recommended capacitance and voltage (Husar et

al., 1975; Roberts and Friedlander, 1976) suit a tungsten ignition boat but
that different values would be required for other dimensions and/or mater-
ials. A circuit was built using a high current capacity silicon control
rectifier (SCR) to give a wide choice of flashing voltages and capaci-
tances. A digital panel meter to precisely measure flashing voltage and to
enable precise triggering of the SCR were included. A DC circuit to heat
the boat and evaporate solvent was included.

The boat was clamped between heavy beryllium copper electrodes inside
a glass and Teflon cell flushed by the sample flow (100 ml min~l) to a
photometric sulfur analyzer. An access port allowed liquid sample intro-
duction. The cell volume was 50 cm3 to allow for sudden expansion.

The cell was in the form of a cylinder capped by a cone. Purging inflow
was uniformly distributed by a fine mesh screen. The outflow converged to
the 1/8" ID inlet to the analyzer.

In preliminary tests the high temperatures appeared to propagate
outward as a thermoelectric "explosion" from a portion of the boat acci-
dentally having a somewhat higher resistance than the rest. The boat was
replaced by a section of tungsten ribbon having a swaged dimple to contain
the sample. Swaging ensures that resistance is highest at the sample thus
centering the "explosion" in the sample area.

Further work using solutions of known sulfur concentration brought
out difficulties due to "memory" of previous samples which could not

be completely removed by repeated flashing. It was found that this effect
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could be reduced by washing the ribbon in situ, drying and igniting,
resulting in anr uncertainty of +2 ng sulfur due to memory effects.

During the preliminary debugging and calibration, a Hewlett-Packard
printing GC integrator was found to be a useful addition to the instru-
mentation system. Its major contribution is reduction of data processing
time and it can be interfaced with a computerized data handling system, if
required.

Analysis of extracts from clean filters showed blanks having in the
range of hundreds of ng cm~2 of sulfur for several types of filters,
including glass, quartz and polycarbonate membrane (Nucleopore). The
results obtained by Coutant (1977) indicate that appreciable sorbtion of
S09 can be expected for most of the conventional filter materials except
polymeric materials or polymer—-coated materials where he found sulfur
pickups to be less than 25 ng cm~? (his limit of detectiom).

The usefulness of Fluoropore filters (0.2 um pore diameter) for this
application was investigated with an objective of 10 ng em~2 or less filter
blanks, due to the combination of trace sulfate and S0o sorbtion. However
when low blank Fluoropore filters were used in tests of the complete
procedure against chamber atmospheres, highly variable blanks of the
order of 1 pg S (referred to the complete filter extract) were obtained.
Prewashing the filters did not affect the observed blanks. Since chamber
aerosol concentrations in these experiments peak out at around 10 ug S m'3,
adequate accuracy requires aerosol samples of greater than 1 m3 (from a 7
m3 chamber) in the presence of noise in the 1 ug S region. A greater
development effort focused on simplifying sampling and reducing sample
manipulation is obviously required before the sensitive flash volatization
technique can be profitably applied to this experimental problem. Since an
alternative method for assessing aerosol yield was available (see above)
and the required resources for further development were not available, it
was decided to postpone solution of this problem for future research.

Results. Experimental data on particulate volumes show that losses
to the walls are not serious during the initial period of irradiation
lasting ome to two hours. This is a consequence of initial low mass
per particle and the rapid growth of the aerosol into the region of longer

chamber lifetimes (see Figure 9). Following this period losses increase
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sufficiently to produce a steady-state situation for suspended particulate
volume where generation rate is balanced by wall losses. This fortunate
outcome was utilized to estimate conversion rates. Data from one experi-
ment in Figure 11 illustrate this behavior. Figure 11 also shows the
photometric response to this mixture of sulfur-containing particulate and
gaseous sulfur compounds, assumed to be mostly sulfur dioxide. The more
rapid decay during the steady-state period is attributed to loss of sulfur
by particulate wall losses and by removal -of gaseous sulfur dioxide to the
walls because the response to particulate is constant during this period.
The response to suspended particulate was estimated during this particular
experiment by inserting a lead dioxide diffusive separator into the sample
line yielding a response factor of 260 ppm m3 cm~3, or about 5 ppb as
sulfur dioxide. Wall loss of gaseous dioxide was estimated by assuming a
decay rate of 0.62% per hour obtained in a separate dark decay experiment.

The lesser rate of decrease of photometric response during the initial
period is assumed to be due to near equivalence in photometric respomnse for
particulate sulfur as gaseous dioxide combined with dioxide wall loss,
the only major loss mechanism for sulfur during this period. However,
these assumptions are not used to estimate conversion rates during the
initial period. Conversion rates are directly estimated from photometric
data only for the steady-state period. Initial period rates are estimated
by multiplying the steady-state conversion rates by the ratio of particu-~
late volume appearance rates for the two periods.

Table 21 shows the data summary for this experimental block as well
as three exploratory experiments. Detailed data are available upon request.
Table 21 also includes auxiliary data judged pertinent to interpretation of
the conversion rates. This includes average ozone concentration, rate
of disappearance of an alkane, 2,3-dimethylbutane, as indicator of hydroxyl
free radical concentration, and a rate weighted average of ozone-olefin
concentration products as a measure of the relative importance of this
influence on sulfur dioxide conversion. Table 22 lists the pertinent

rate constants assumed.
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Summarized Pata on Sulfur Dioxlde to Particle Conversion Rates Promoted by Photooxidizing Surrogate

Table 21.
OBSERVED RATESa PART?SI}IVED DATA AUXILIARY DATA, FINA[: PERIOD”
INITIAL RATE WEIGHTED
CONCENTRATLONS — . — E‘Sg‘i‘(‘;l{ b CONVERSTON AvERAGEE Averace OZONE-
Exp PHOTOMETRIC AE%OSOE PHOTOMETRIC AE?PSOE K ’ RATES RATE OZONE 2kgg$gT
No. " NMHC NOX SOZ DURATION SOZ (:mBm 3hr 1) SOZ (:mgm 3hg l)(pgmxm3) INITIALS FINAL  2,3DMBu  CONCEN. 2
AGC (ppinC) (ppm) (ppm) (hrs) (ppb/hr) x 106 / (ppb/hr) x 10 cm (Z/hr) (Z/hr) (%/hr) (ppb) (ppb )
341 1.66 0.249 0.094 1.5 -0.92 16.6 ~2.17 4.3 370 6.8 2.0 3.1 74 31
342 1.45 .258 0.133 1.5 ~1.10 14.4 -1.91 4.1 260 2.9 0.9 2.9 61
347 0.99 0.377 0.130 -2.50 14.1 -1.15 4,2 82 0.9 0.3 1.3 11 10
348 1.38 0.060 0.030 1.0 ~0.60 3.6 -0.55 1.4 260 3.2 1.3 4.4 159 46
349 0.69 0.121 0.039 -0.60 3.8 ~0.51 2.2 120 1.2 0.7 3.2 46 11
350 0.34 0.041 0.014 -0.20 2.9 -0.16 2.0 37 0.8 0.5 4.3 89 6
EXPLORATORY EXPERIMENTS
338d 1.48 0.222 0.080 -0.94 7.6 -1.68 3.8 310 3.1 1.6 NI 75 NI
340d 1.04 0.211 0.082 -1.20 8.5 -1.84 4.6 290 3.1 1.8 NI 59 NI
3438 1.50 0.018 0. 344 -0.00 54.5 -3.97 17.1 110 1.7 0.6 3.8 188 54

Ahe photometric rate includes response to particulate. Particulate responses were experimentally estimated during experiments 341 and 342, giving

photometric equivalence factors of 260 and 310 ppm cm3/m3, respectively.

bThe equivalence factor is the ratio between S0y consumed and aerosol volume generated during the particulate steady-state period.
A constant factor cannot be expected because of probable systematic

0.62% per hour is used to correct for chamber lifetime of sulfur dioxide.
errors in estimating aerosol volume and variable sulfur content of the aerosol.
(NH4)2504, 417 for KHSO, .

A decay rate of

Typical theoretical factors are 134 for 41% H9S0,4, 336 for

“Estimates of initial rates are quite uncertain because of the paucity of data contributing to the estimate and the possibility that the equiva-

lence factor is variable during aerosol growth.

dExperiments 338 and 340 were seeded with KNO3 aerosol containing 107 (w/w) of Knso, . 338:

0.10 ym dia, 8 em?/m3.
eExperiment 343 was the result of an accidental overdose of 505.

f
The experimental rate constants for reaction with hydroxyl free radical are 1.1
emd molecule~l gec~1 x 1012y,

4 yg/m’, 0.05 pm dia, 2.5 cm®/m’; 30: 24 pg/m’,

and 5.1 for sulfur dioxide and 2,3-dimethylbutane (units,


https://containi.ng

Table 22. Rate Constants Used in Discussion

Rate Constant

Reaction cm3 molecule~l sec=l x 1012 Ref.
SO, + OH 1.1
2, 3~dimethylbutane + OH 5.1
CoHy + O3 1.87 x 10-6 c
C3Hg + O3 1.13 x 1073 c
t-2-butene + O3 1.8 x 1074 c
c-2-butene + 03 1.31 x 1074 c

4J. G. Calvert, F. Su, J. W. Bottenheim and Q0. P. Strausz, Atmos. Environ.
12, 197 (1978)

bx. Rr. Darnall, A. M. Winer, A. C. Lloyd, J. N. Pitts, Jr., Chem. Phys.
Lett., 44, 415 (1976c)

CNBS Circular 513 (1977) with temperature taken as 302 K.

Discussion. Examination of the rates of conversion does not reveal
any surprises. The rates are quite consistent with the conclusions of
Calvert et al. in their thorough review of tropospheric mechanisms for
homogeneous oxidation of sulfur dioxide (Calvert et al., 1978). Figure 12
shows final rates of conversion plotted against rate of disappearance of
2,3-dimethylbutane. Discarding one maverick point for experiment 341 yields
a regression slope of 0.15 which is statistically indistinguishable from
the ratio of hydroxyl rate constants of 0.22. This suggests large experi-
mental error in the conversion rate for experiment 341 which should
be around 0.67 per hour instead of 2% per hour. The average of 0.15% per
hour in excess of the rate correlated with hydroxyl radical could be
attributed to reaction with other species but this intercept is not dis-
tinguishable from zero on the basis of these data. The deviations from the
regression suggest some promotion due to secondary products from ozone—
olefin reactions but experimental error is large enough to make this
speculation.

From a control viewpoint the major conclusion from these results

is that homogeneous conversion of sulfur dioxide is affected by the same
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variables that control photochemical reactivity of the hydrocarbon~NOy
mixture in air. As an example experiment 347 illustrates the suppressant
effect of a low hydrocarbon to NOy ratio. The relatively high NO;
concentration causes a marked decrease in hydroxyl radical concentration.
The same strict emission controls indicated for ozone control will be
effective in reducing the homogeneous rate of sulfur dioxide comversion as
percent per hour. The only proportionate effect is that of sulfur dioxide
concentration because of the relatively large £lux of reactive species and
the relatively slow rate of the dioxide’s reaction with these species.

The enhanced initial rate is due to the higher radical comcentration
during the NO to NOs conversion period when deoxygenmation reaction of
hydroperoxyl radical with NO promotes the rate of appearance of hydroxyl
radical. This indicates that the final rates are representative of lower
limits for conditions in a polluted atmosphere because continual admixture
of nitric oxide from emission sources will tend to promote conversion.
However, the estimated initial rates should not be taken quantitatively
because of the probable large uncertainties in their estimatiom. The most
that can be said with any confidence is that they are somewhat larger than

rates during the final period.

88



~

VII. MONITORING OF NITRATE AEROSOL PRECURSORS

Ammonia, emitted from agricultural and industrial sources in the
South Coast Air Basin plays an important role in the stabilization of
nitric acid as ammonium nitrate aerosol (Natiomal Academy of Sciences,
1977). High levels of particulate nitrates have been measured in the
eastern end of the South Coast Air Basin (Grosjean et al., 1976) and
characterization of ambient concentrations of both NH3 and HNOj3 are
important in understanding mechanisms of gas-to-particle conversion. Only
recently has routine monitoring of these nitrogenous compounds in ambient
air become possible, using long path Fourier transform infrared absorption
spectroscopy (Tuazon et al., 1977; 1978). Using this technique, ambient
air monitoring of NH5 and HNO3 has been carried out on a continuing
basis.

Experimental. The experimental techniques used have been described

in detail previously (Tuazon et al., 1977; 1978). Four rectangular mirrors,
cut from a single 41 cm diameter Pyrex blank, comprise the in-focus end of
the cell. The out-of-focus optical assembly consists of four 30 cm
diameter mirrors and is 22.5 meters (the average radius of curvature of the
eight mirrors) from the nesting mirror assembly. All mirrors are optically
polished and gold-coated for maximum reflectivity in the infrared.

The cell housing consists of a rectangular aluminum frame (0.81 x
0.84 x 23 m) enclosed at the bottom and one side with Plexiglas and with
50-micron FEP Teflon on the other two faces.

Coupled with the cell is a Digilab interferometer system housed
in an air-conditioned building. The collimated infrared beam from a
Nernst glower is modulated by a Digilab Model 296 Michelson IR interfer-
ometer capable of spectral resolutions as high as 0.5 en~! and is inaged
at the entrance aperture of the cell. The beam exiting from the cell is
sent to either of two liquid-Nj cooled detectors: a photovoltaic InSb
detector for the 2000 to 3900 cm~l region or a photoconductive HgCdTe
detector for the 600 to 2000 cm™! region. Data collection and processing
are performed with a Data General Nova 1200 computer with 4096 1l6-bit
words of core. A disk unit (128 K words) is used for software storage
and partial storage of data. Archival data storage of both raw inter-

ferograms and computed spectra is provided by a Kennedy Model 9700 magnetic
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tape unit. The Digilab system is also equipped with a Houston Instruments
pen plotter, an oscilloscope and a teletype.

The instrumentation on loan to SAPRC from the Environmental Protection
Agency was initially set up on the roof of the Webber Hall East building
on the UC Riverside campus and became fully operatiomal during August,
1976. This location is 24 m above the ground and provides unobstructed
exposure to prevailing winds from the west, north or south. Since July,
1977, the system has been moved alongside the ARB trailer near SAPRC.
During ambient monitoring, atmospheric sample is drawn continuously through
the cell at a rate of 330 liters sec™! (one cell volume every 50 seconds)
by a 1/4 hp blower at onme end. Air enters the other end of the cell
through a 36 cm diameter pipe with an intake two meters above the roof.

Routine data collection was carried out at pathlengths of 1.08 or
0.72 km. Forty interferograms were usually co-added to enhance the signal-
to-noise ratio in the interferogram, and thus in the computed spectrum.
The spectral resolution routinely employed was 0.5 em~l. At this resolu-
tion the vibration~rotation structure of most light molecules present
in the atmospheric sample can be resolved and used for positive identifica-
tion. Data collecticon with 40 scans, transform computation, routine plot-—
ting of a portion of the spectrum and magnetic tape storage could be
accomplished within 10 minutes for each detector. Hence, a time resolution
of three complete spectra (600-4000 cm~!l) per hour is available to
characterize moving smog fronts.

Strong absorptions due to the H,O and CO9 content of the atmos-
phere render certain regions of the infrared unsuitable for detection of
pollutant molecules. At pathlengths of 1 km and longer, the spectral
windows for infrared detection are generally limited to the 760-1300
cm~i, 2000-2230 cm~! regions. For data analysis spectra are retrieved
from storage and ratioed against clean background spectra with the same
water content in order to eliminate the majority of interfering water
absorptions and to facilitate the measurement of band intensities.

Results and Discussion. The NH3 and HNO3 concentrations observed

are given in Table 23 for three days during a stagnant air episode in
Cctober, 1976, and for eight selected days during July, September and
October, 1977.
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Table 23. Pollutant Concentration (ppb) in Riverside Air?

Date TimeD NH3 HNO3  Date TimeP NH1
1976 1977
Oct. 4 1033 6 - Sept. 2 1435 41
1208 5 - 1505 52
1252 3 - 1530 53
1511 31 - 1600 30
1603 24 - 1622 27
1700 18 - 1640 27
1730 4 - 1700 21
1759 - - 1720 21
1827 - - 1740 18
1903 - - 1800 18
1913 - -
Sept. 9 1120 -
Oct. 5 1522 36 - 1213 17
1634 21 - 1232 13
1705 15 - 1300 16
1736 20 - 1335 47
1805 14 - 1403 41
1833 - 4 1430 51
1922 - 6 1450 45
1947 - 4 1517 40
1545 31
Oct. 6 1142 4 6
1155 4 4 Sept. 21 1445 23
1258 14 5 1508 23
1320 23 4 1525 12
1429 43 4 1558 8
1514 31 - 1623 4
1556 22 - 1645 -
1630 21 - 1709 -
1658 30 - 1730 -
1725 25 -
1753 26 - Sept. 22 1310 21
1833 12 - 1335 24
1853 3 - 1403 21
1977 1430 14
July 14 1403 31 c 1500 26
1432 27 c 1530 20
1458 17 c 1600 22
1517 14 c 1630 15
1537 15 c
1557 16 c Octs 5 1140 -
1619 13 c,d 1202 -
1637 4 c,d 1239 -
1712 - c 1301 -
1729 - c 1330 -
1749 - c 1400 -
1813 - c 1431 55
1832 7 e 1500 36
1852 7 c 1527 26
(continued)
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Table 23. (continued)

Date Timeb NHq HNC 3 Date Timeb NHq HNO 3

1977 1977

Oct. 18 1400 - 13 Octe. 26 1230 5 i0
1427 - 8 1302 6 8
1447 - 8 1331 9 8
1511 16 6 1400 24 8
1533 28 - 1430 85 -
1600 39 - 1500 61 -
1620 23 - 1530 73 -
1650 8 - 1600 59 -
1710 9 - 1630 55 -
1741 - - 1700 35 -
1802 - 8 1730 a5 -
1830 - 6

@Dashes indicate below detection limit [~2 ppb for NH3 and ~4 ppb for
HNO3 (Tuazon, Winer, Graham and Pitts, Proc. 4th Joint Conf. on Sensing
of Envirommental Pollutants, ACS, 1978, pp 798-802)].

ball times Pacific Daylight Time.
CNo suitable reference spectrum.

dMaximum HNO3 levels ~15 ppb.

It can readily be seen that NH3 levels of ~20-40 ppb are common;
Riverside is typically downwind of agricultural sources of ammonia, while
HNO3 levels are generally below 10 ppb. It can also be seen that on
several occasions (October 6, 1976; September 9, 1977; and October 26,
1977) NH3 and HNO3 co-exist at appreciable levels, though at other
times there appears to be an anticorrelation. Obviously further prolomged

monitoring is necessary.
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VIII. ASSESSMENT OF OXIDANT-PRECURSOR RELATIONSHIPS UTILIZING
A COMPUTER KINETIC MODEL

A quantitative understanding of how ozone formation in photochem-
ical air pollution is affected by changes in emissions of its hydrocarbon
and nitrogen oxides precursors is necessary for the formulation of cost-
effective oxidant control strategies. One technique which is available for
the determination of ozone-precursor relationships is the combined smog
chamber-modeling approach described by Dimitriades (1977) and Dodge
(1977a). This technique, called the "empirical kinetic modeling approach"
(EKMA) involves validating a computer kinetic model against smog chamber
data, and then removing the portions of the model which are attributed to
chamber effects and incorporating into the model the appropriate diurnal
light intensities. This model is then used to calculate ozone yields as a
function of initial nonmethane hydrocarbon (NMHC) and NO + NOj (NOy)
concentrations. Although this approach that is currently under active
investigation by the EPA [Dimitriades, 1977; Dodge, 1977a; Dodge, 1977b;
Environmental Protection Agency, 1978], an independent study of this
method, making different assumptions concerning poorly understood chamber
effects and utilizing a different data base for model validation, is
necessary to test the consistency and reliability of the general method
before it is seriously applied in formulating control strategies. We
describe our progress in such an independent investigation of the EKMA
method.

Smog Chamber Data Base. The smog chamber data used for model valida-

tion were the results of selected experiments in the extensive surrogate
hydrocarbon-glass chamber program performed at SAPRC under previous con-
tracts for the ARB. The experimental procedures and conditions are de-
scribed in previous reports (Pitts, 1975b; 1976b) and briefly summarized
here.

. Irradiations of NOy-hydrocarbon mixtures were carried out in the
~6400 liter all-glass chamber. Oxides of nitrogen and the surrogate
hydrocarbon mixture were injected into the chamber, mixed and sampled prior
to the initiation of the photolysis. Ozone and NO-NO7-NOy were monitored
continuously by ultraviolet absorbtion and chemiluminescence, respectively.

CO0, hydrocarbons and PAN were monitored by gas chromatography, and formal-
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dehyde was monitored by the chromotropic acid technique. Most of the
irradiations were carried ocut for six hours, though a number of irradia-
tions were of nine hours duratiomn.

The light intensity was measured by periodic determination of ki,
the NO, photolysis rate, using the method of Holmes et al. (1973). The
determinations have some uncertainty because it is difficult to completely
remove O; from the chamber, which cannot be evacuated. The value of kj
believed appropriate for these experiments is 0.25 min=l. The relative
special distribution of the photolyzing radiation was determined in a
separate experiment by employing a monochrometer-photomultiplier system
located facing the lights.

All experiments employed initial NO, consisting of approximately
10% NO» and 90% NO. The composition of the surrogate hydrocarbon mixture
was chosen to represent the ambient air pollutant burden from all sources
in the South Coast Air Basin (Pitts et al., 1975b; 1976b), and is given in
Table 24. The results of chromatographic sampling of the hydrocarbomns
prior to the smog chamber photolyses confirmed that, with the exception of
formaldehyde (which appears to be a contaminant in this system), the
initial relative hydrocarbon composition observed prior to the photolysis
agreed reasonably well with values given on Table 24. Results of over 50
irradiations were used in this study. The experiments used fell into four
groups corresponding to initial NMHC levels of: 0.44 + 0.09 ppmC; 0.69 +
0.07 ppmC; 1.39 + 0.13 ppmC; and 2.23 + 0.16 ppmC. 1Initial NO; ranged
from 0.005 to 0.5 ppm.

Computer Kinetic Models. The two kinetic models employed are based

on a detailed propene + n—butane-NOz-air photooxidation mechanism which
has been developed (Carter et al., 1979) to be consistent with current
basic kinetic and mechanistic chemical data and with the well characterized
smog chamber experiments carried out at SAPRC using the evacuable chamber
facility (Pitts et al., 1977a; Winer et al., 1979). The complete descrip-
tion of this model, its major uncertainties, and detailed comparisoms of
model predictions with chamber experiments are given elsewhere (Carter et
al., 1979), and are not reproduced here.

The two models actually employed in this study differed in some

respects from that described by Carter et al. (1979); these differences are
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Table 24. Composition of Surrogate Mixture for Simulation of Hydrocarbon
Emissions in Los Angeles

Concentration (ppb)

when
Pollutant IMHC = 1000 ppC
Reactive, Non-Oxygenated n-Butane 79.9
2,3-Dimethylbutane 41.8
Ethene 17.1
Propene 4.8
Cis~2-butene 6.1
2-Methyl-2-butene 5.7
Toluene 6.7
m~-Xylene 16.5
Oxygenates Formaldehyde 22.0
Acetaldehyde 1.0
Acetone 0.8
Unreactive Methane 1140
Ethane 32.6
Propane 5.4
Acetylene 20.6
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noted below. Complete computer listings of each of the models are avail-
able from the authors.

(a) The propeme + n-butane model is a slightly simplified version

of the detailed propene + n~butane model. The simplifications concern
only predictions of minor organic products, and do not significantly

affect the predicted inorganic profiles. The specific differences are:

e OH radicals were assumed to react with n-butane only by abstrac—
tion of a secondary hydrogen.

8 OH was assumed to react with propylene only by internal addition
to the double bond.

e CO-hydroxy alkoxy radicals formed in the propene system were
assumed ﬁo decompose much more rapidly than competing processes.

e Secondary reactions of minor organic products, formed less than
10Z of the time, were ignored.

In this propene + n~butane model, all the reactive hydrocarbomns in
the surrogate mixture were represented by propemne, n~butane and formal-
dehyde. Formaldehyde represented all oxygenated hydrocarbons initially
present (primarily formaldehyde, see Table 24), and its initial concentra-
tion (in ppm) used in the calculations was 0.026 x initial NMHC (ppmC).
n-Butane, 2,3-dimethylbutane, ethene, propene, cis-2-butene, Z-methyl-2-
butene, toluene and m~xylene in the surrogate (see Table 24) were repre-
sented by propene and n-butane, whose initial concentrations were 0.060 x
WMHC (ppmC) and 0.172 x NMHC (ppmC), respectively. Those concentrations
were chosen so the propene + n~butame mixture had the same ppmC and the
same OH reactivity (the sum of the initial hydrocarbon concentrations x the
OH + hydrocarbon rate constants [Atkinson et al., 1979]) as the hydrocarbon
mixture they represented. Relatively unreactive methane, ethane, propane
and acetylene were ignored and not represented in the models.

(b) The semi-detailed model had exactly the same inorganic and

chamber-dependent mechanisms as the propene + n-butane model, but differed
in its treatment of the eight non~oxygenated reactive hydrocarbons.

Instead of representing them all by propene + n~butane, they were (with the
exception of cis-2-butene and 2-methyl-2-butene) treated separately.
Individual reactions for the consumption of all hydrocarbons by OH and for

the consumption of all alkenes by OH, 03, 0(3P) and NO3 were included
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in the model along with the appropriate rate constants for the individual
hydrocarbons. Only cis-2-butene and 2-methyl-2-butene were lumped together
as a single species reacting with averaged rate constants. (This is a
reasonable approximation because they are both almost completely reacted
within the first few hours.) However, this is obviously still not a true
detailed hydrocarbon photooxidation model because it was assumed that the
products of the initial attack (by OH, 03, etc.) were the same for all
hydrocarbons of the same class. All alkenes gave the same products and
reacted with the same mechanism as propene, all alkanes reacted as n-
butane, and all aromatics reacted as toluene (see below). This "semi-
detailed" model is still highly approximate, but the approximations
employed are of a different nature than those in the propene + n-butane
mbdel, so comparisons of their predictions should be useful in assessing
some of the effects of lumping together the initial consumption reactions
of the reactive hydrocarbons.

At present, the mechanism for the photooxidation of aromatic hydro-
carbons in NOy air mixture is unknown. We found that the following
mechanism gave fair fits to at least some toluene-NOy-air experiments

performed at SAPRC (Atkinson et al., 1979b).

Toluene + OH - HO, + Prod(1l)

Prod(l) + OH + OH - HOy + Prod(2) k - 4.9 x 10% ppm'1 min~l
hy or thermal

Prod(2) 54 5 » » » » Int(l) + HO k = 0.1 min~l

Int(l) + NO > NO, + Int(2) k = 2.9 x 104 ppm~! min-1

Int(l) + HOp > ROoH k = 4.8 x 103 ppn~l min-!

Int(l) + NOp > Prod(3) k= 2.3 x 10% ppm~! min-!

Int(l) + toluene - HO5 + Prod(3) k= 2.4 x 101 ppm.'1 min~l

No claim is made for the validity of this mechanism, and it is almost
certain that there are significant omissions if not errors. 1Its most
important characteristic is rapid radical production from reactions of some
unknown photooxidation product; no toluene smog chamber experiments can be

reasonably fit by models which do not have this feature (Atkinson et al.,
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1979b; Pitts et al., 1975a). However, even if this mechanism is completely
invalid, it should be useful for assessing the effect of treating the
aromatic hydrocarbon photooxidation mechanisms differently from those of
propene + n-butane.

Model Calculations Simulating Chamber Experiments. In order to

simulate the smog chamber results, the model must include provisions for

chamber effects. The major chamber-dependent portions of our model concern:

(a) The photolysis rate constants.
(b) Radical input from unknown chamber sources.
(c) The NoOg + H90 > 2HNO3 reactione.

(d) Ozone destruction on the walls.

The photolysis rate comnstants can be calculated using published
or estimated absorption coefficients and quantum yields, and the measured
intensities and spectral characteristics of the photolyzing radiatiom
in the glass chamber. The rate of ozone destruction by the walls is
determined by ozone dark decay experiments. The other two chamber-
dependent portions of our model are more uncertain, and had to be repre-
sented by adjustable parameters in our chamber simulation calculations.

The important uncertain chamber effects concern the radical input
rate from unknown sources and the N9Os5 + H50 rate comstants. It
is necessary to assume a significant radical input from unknown sources
in order to account for radical initiation in smog chamber runs (Carter et
al., 1979; Bufalini et al., 1972; Wu et al., 19763 Bufalini et al., 1977).
We found that the most satisfactory fits to the data are obtained by
assuming an input of hydroxyl radicals at a constant rate throughout the
run, where the rate was adjustable for each run. A hydroxyl input rate of
0.15 ppb min~l is generally the minimum value required for model calcula-
tions to fit chamber experiments, while a rate of 0.3 ppb min~! is more
typical of experiments with the initial NOy in the 0.2 - 0.5 ppm range.
The maximum N9Og5 + H90 rate comstant appears to be around 2 x 10753
ppm"1 min~l (Carter et al., 1979; Morris and Niki, 1973), but signifi-
cantly lower values are often required to fit NO7 consumption rates imn
some smog chamber experiments (Demerjian et al., 1974; Carter et al.,
1979). The effect of varying these parameters within these ranges was

tested in our chamber simulation calculations.
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Four sets of chamber simulation calculations, designated Aj, Bj
and By and C; were performed. Calculations A), B) and By employed the
propene + n-butane model, and show the effect of varying the most uncertain
important chamber effect parameters. Calculation Aj used an OH radical
input rate of 0.15 ppb min~l, while calculations By and By ﬁsed 0.30
ppb min~l. Calculations Ay and B; assumed the Ny0g5 + Hp0 reaction was
negligible, while calculation By used the maximum rate constant of Morris
and Niki (1973). Calculation C; employed the semi-detailed model, but
otherwise used the same conditions as calculation Bj. The conditions
employed and O3 yields predicted by these calculations are summarized in
Table 25.

Figures 13 and 14 compare six- and nine-hour 03 yields observed
in the surrogate hydrocarbon-glass chamber experiments with those predicted
by the four model calculations. For the higher NOy experiments, it
can be seen that calculations B] and C; give the best fits to the ozone
yields, while for lower NOy runs, calculation A; appears to be better.
This is consistent with the observation that for lower NOy runs, lower
hydroxyl input rates are required to fit the data. The relatively poor
fits to the observed low NO; nine-hour 03 by calculations Bj and Cj; could
also be due in part to the effect of inmput of NOy; from the laboratory
make-up air. It can also be seen that calculations assuming the rate
constant for NoOg5 + Hy0 is negligible give better fits to the data and that
the predictions of the semi~detailed model (Cl) closely follows those of
the corresponding propene + n-butane calculation (Bj;), except that 03
predictions of the semi-detailed model are consistently ~10% lower.

It is concluded that the ozone predictions of both the propene +
n~butane model and the semi-detailed model can be made consistent with
most of the surrogate—-glass chamber data if suitably adjusted values of the
uncertain chamber effect parameters are used. However, the possibility
that significant errors in the chamber-independent portions of the models
can be hidden by this adjustment of parameters attributed to chamber
effects cannot be discounted. This means that until the important smog
chamber effects are more fully understood, the models cannot be completely
validated. The best we can hope for at this time is that the models

not be inconsistent with the chamber data, and we believe that this more
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Table 25.

Experimental and Calculated O, for Various Initial Surrogate Hydrocarbons

and NO, Levels for Photolysis™in the SAPRC Glass Chamber

INITIAL APPROXTIMATE (b) CALCULATED 0, (pph)
(a) | PXEERIMENTAL 04 CALC. A CALC. B 3 CALC
NHHC No_ (ppm) ! | CALC. B, CALC. C)
(ppbC) (ppm) 6 Hr. 9 lir. 6 Hr 9 lir Max(c) 6 Ir 9 Hr Max 6 Hr 9 Hr Max 6 Hr 9 Hr Max
450 10 75 50 63 59 69(3) (d) (d) 58(2) (d) (d4) 58(2) 51 51 54(2
50 175 200 167 167 170(7) 1401 144 152(4) 145 141 152(4) 139 133 144(H
100 175 250 113 113 203(11 198 189 198(7) 192 182 190(7) 177 169 177(8
150 75 225 58 108 2107(212) 144 213 213(9) 145 202 202(9) 121 185 185(9)
200 - - 29 58 2 97(212) 82 175 214(11) 82 176 203(11) 61 146 183(10)
700 10 - - 70 63 78(3) (d) (d) 68(2) (d) (4) 68(2) 54 52 61(2)
50 200 200 197 191 189(5) 173 162 183(4) 167 156 177(4) 164 154 172(4)
100 250 275 169 244 253(11) 245 232 245(6) 232 216 232(6) 225 211 225(6)
200 175 275 158 111 2172(212) 142 259 287(11) 141 253 262(10) 117 228 251Q1D
300 50 150 20 40 2 70(z12) 55 124 2216(212) 55 123 2221(212) 38 93 2178(212)
1500 10 75 100 74 63 90(3) (d) (d) 84(2) (d} (d) 81(2) 57 51 67(2)
50 225 250 240 217 243(5) 211 189 232(3) 195 175 220(3) 199 180 217(3)
100 300 350 295 329 329(9) 322 292 322(6) 283 254 291(5) 303 273 304(5)
200 375 350 169 274 2368(212) 298 410 413(10) 295 341 346(8) 281 380 380(9)
300 175 300 75 152 2231(>12) 175 310 >431(212) 172 312 362(11) 148 275 2390(212)
400 50 - il 72 2127(212) 90 191 2303(212) 89 187 2311(212) 67 151 2255 212)
2200 10 - - (d) (d) 93(2) (d) (d) 88(2) (d) (d) 83(2) 55 (d) 66(2)
50 225 300 248 219 262(4) 223 197 257(3) 199 174 235(3) 211 187 287(3)
100 350 400 356 349 363(7) 350 311 360(5) 295 262 317(4) 330 294 341(5)
200 350 425 268 398 2461(212) 404 469 469(9) 374 357 380(7) 392 441 444 (8)
300 250 400 149 266 2374(212) 280 445 2527(212) 274 402 402(9) 255 419 2487(212)
400 >250 300 70 156 2247(212) 172 317 2459(212) 167 313 2409(212) 144 276 2416(212)
500 >150 200 33 30 2147(212) 94 207 >329(212) 92 200 2334(212) 72 164 2275(212)
CALCULATION CONDITTIONS _
Ol Input Rate (ppb-min,”) _ 0.15 0.3 0.3 _g 0.15
k(N,0_ 1 0+2HN03)(ppm min 7) 0 0 2 x 10 0
Surrogate Model Propene -+ n-butane Propene + n-butane Propene + n-butane Detailed

(a) NO =

10% NO,, 90% NO

(h) Experimental”data 1s scattered.

(d) Integration algorithm failled following NOx consumption and 03 maximum.

Values glven are obtaitned from band-drawn curves through the experimental points, and rounded to the nearest 25 ppb.
(c) Number of parentheses 1s time (in hours) of 0, max.
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modest goal has been achieved.

Ambient Air Simulations. Calculations were performed using diurnally

varying photolysis rates with the chamber effects removed. The calculation
conditions are given in Table 26 along with their designation symbols.

The effects on model calculations of altering light intensity and duration
due to seasonal changes, of enriching the UV radiation by reducing stratos-
pheric ozone, of altering the emissions or dilution model, and of using the
semi-detailed model instead of the propene + butane model have been ex-
amined. In addition, calculations were done duplicating the conditions
employed by Dodge (1977a) to generate the published calculated ozone
isopleths for the ambient air (Dodge, 1977a; Dimitriades, 1977).

The maximum ozone levels attained during the one-day ambient air
simulations are summarized for all calculations in Table 27. Figures
15 and 16 plot this maximum ozone against initial NOy (or NOy equiva-
lent to injection rate for calculations "E") for the highest and lowest
NMHC levels for the different sets of calculations. (The shapes of the
curves for the intermediate NMHC levels are similar.) Figures 15 and 16
can be considered to be cross sections of three-dimensional 03-NMHC~-NOx
surfaces. Figures 17 and 18 compare these calculated 03-NMHC-NOy
relationships in a more compact manner. Figure 17 plots the maximum O3
level attainable for a given NMHC (regardless of NOy) against NMHC, and
Figure 18 plots the NO; level at which this maximum 03 is formed for a
given initial NMHC (hereafter referred to as the "optimum" NO;) against
NMHC .

The following specific results of the calculations are noted:

e The nature of the 03~-NMHC-NOy relationships calculated for the
ambient air is éignificantly different from those calculated for smog
chamber conditions (compare the dashed curves [chamber simulations] with
the solid curves [solar irradiation, no chamber effects] on Figures 17 and
18). Although the curve giving the maximum O3 attainable for given NMHC
levels (shown on Figure 17) in the chamber simulations is within the range
of curves from the ambient air calculations, the dependence of 03 on
NMHC appears to be somewhat less in smog chamber conditions than in the
ambient air. The difference for the curves giving the "optimum" NOy for

given NMHC levels are more dramatic (see Figure 18). It can be seen that
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Table 26. Conditions FEmployed in Ambient Air Simulation Calculations

Strat.
Degrees 03 Dilution Emissions Hydrocarbon

Label Period Latitude Season? (Atm cm) (% hrl) Modelb Model®
A 9am-6pm 32 N Equinox  0.295 0 Statied P+B
Ap 9am-6pm 32 N Equinox  0.295 0 Staticd SD

S 9am—6pm 32 N Summer 0.295 0 Staticd P+B
W 9am-6pm 32 N Winter 0.295 0 Staticd P+B

R 9am~6pm 32 N Equinox 0.197 0 Statied P+B

D 9am~6pm 32 N°  Equinox  0.295 10 Staticd P+B

E bam-6pm 32 N Equinox 0.295 0 Continuousd P+B
DS 7am—4pm 34 N Summer 0.295 3 Static® P+B
4Equinox: Solar delineation = 09, Winter: Delineatiomn = -23.5°.

Summer: Solar delineation = +23.5°.

bstatic: Full loading of pollutant at start of simulation. Continuous: No
initial loading; continuous pollutant input at rates such that the total
dose of NMHC or NOy if they did not react would be the same as in the
corresponding static simulation.

CP+B = propene + butane model used; SD = semi-detailed model used.

dN02 input 107 NOy input.

€NO, imput = 25% NO; input.
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Table 27. Calculated 1-Day Ozone Maxima for Various Initial Surrogate Hydrocarbon and NOy Levels
Assuming Diurnal Solar Irradiation and an Absence of Chamber Effects
NMHC NO, 02 Maximum (ppb)
(PPBC) (PPB) CALC Ap CALC A CALC S CALC W CALC R CALC D CALC E CALC DS
450 5 90 57 86 80 70 56 80 71
10 134 106 132 108 111 81 143 104
25 198 177 210 89 182 113 202 166
30 148 123 243 34 231 83 111 205
100 41 31 83 7 77 28 24 86
700 10 140 100 134 125 114 89 150 112
25 225 196 225 155 192 136 238 178
50 271 245 308 96 273 152 248 245
75 - - 323 - 306 - - 274
100 133 102 240 24 233 76 80 225
200 24 19 47 6 40 21 15 29
1500 10 136 96 134 137 124 104 148 124
25 241 194 231 228 211 171 260 209
30 352 310 343 278 302 228 372 294
100 449 411 487 189 436 258 416 396
150 356 301 527 95 498 197 263 454
200 239 181 409 38 386 133 132 386
300 80 53 184 13 158 57 34 190
400 29 23 61 8 50 27 17 84
2700 10 138 95 135 133 127 108 135 127
25 235 194 239 237 222 188 251 219
50 360 311 349 337 329 258 381 320
75 - - - 270 - - - -
100 519 475 509 350 463 330 528 437
150 597 529 625 255 567 335 526 -
200 505 435 677 161 635 282 394 572
300 291 210 494 40 461 164 142 474
400 125 78 280 16 244 86 45 286
500 48 34 123 10 98 43 23 155
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under smog chamber conditions, the "optimum" NOy is much less strongly
affected by the NMHC level than is predicted to be the case with solar
irradiation in the absence of chamber effects. Thus it is clear that it is
inappropriate to apply O3-NMHC-NO, relationships derived directly from

smog chamber results to ambient air situations. It is particularly in-
appropriate to use them for formulating conmtrol strategies for NO4.

e As had been observed in the smog chamber simulations, the predic-
tions of the "semi-detailed” model paralleled those of the more approximate
"propene + butane'" model, except that lower O3 yields were formed under
all conditions (compare curves "A" and "Ap" on Figures 16 to 18 for
ambient air simulatioms, and curves "Bi" and "C;" on Figures 13 and
14 for smog chamber simulations). However, the discrepancy between the
models was somewhat greater in the ambient air simulations, where the
semi-detailed model predicted ~20% less O3 than the propene + n-butane
model, as opposed to only ~10% difference between these models in the
chamber simulations. However considering the differences between these
models, it is surprising that the 03 discrepancy is omnly ~20%, and that
they both predict essentially the same "optimum" NO, profiles. This
suggests that formulation of O3 control strategies may not be as sensitive
to details of the hydrocarbon photooxidation mechanism as one might have
expected. This conclusion requires further investigation, however.

® The greatest differences between the results of our ambient air
simulations were due to the effect of season. [Compare curves "W"
(Winter), "A" (Spring/Fall), and "S" (Summer) on Figures 15, 17 and 18.]

It affects not only the magnitude of the O3 yields, but also the NOy levels
at which greatest 03 is formed. This level increases greatly from winter
to summer. The effect of season is greatest at high NO; levels, and

is relatively small in conditions of high NMHC/NO; ratios. The change of
seasons significantly changes other important aspects of the 03-NMHC-NOy
relationships. The amount that O3 formation increases in the summer or
decreases in the winter is strongly affected by the initial NMHC and NO
levels used in the calculations. Therefore, it is probably not correct to
say that one need not consider the effect of season if one is interested
only in the relative effects on 03 of changing NMHC or N0y emissions. This

means it is inappropriate to apply a single set of 03~NMHC-NO, relations
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(or isopleth plot) for making predictions relating to O3 control indepen-
dent of season.

e The enriched UV resulting in a large reduction in stratospheric
03 (33%) has almost the same effect on the 03-NMHC-NO; relationships
as does going from spring to summer [compare curves "A" (spring/fall),
"R" (spring/fall, reduced stratospheric 03) and "S" (summer, normal
stratospheric 03] on Figures 15 - 18. The maximum O3 yields are increased
and the NO; levels at which these maxima occur are also increased when
stratospheric 03 is reduced. Thus a large reduction in stratospheric
03 (far greater than currently predicted to result from anthropogenic
causes) can have a significant impact on not only the amount of 03 formed
in the polluted troposphere, but also on how it depends on emitted NMHC and
NOy.

e Unlike changes in season or stratospheric O3, increasing the
dilution rate results in reducing O3 yields by similar magnitude at
most initial NMHC and NO, levels, without otherwise significantly affecting
the nature of the 03-NMHC-NO; relatiomships. Increasing the dilution
rate from 0 to 107 per hour results in approximately a 20-45%Z reduction in
calculated O3 at most of the NMHC and NOy; levels examined. (Compare
curves "D" and "A" on Figures 16 - 18). Although the greatest reduction in
03 due to dilution occurs near the "optimum'" NMHC/NOy ratios, it does not
appear to be a poor approximation to conclude that dilution reduces O3 by
similar factors at all initial NMHC and NO; levels. These results suggest
that uncertainties related to dilution of pollutants may not be significant
if one is concerned with only the relative effect of changes in 03 caused
by changing NMHC or NOy emissions.

e The differences between the predictions of the models assuming
full loading of pollutant at the start of the simulation and the model
assuming constant pollutant injection is surprisingly small, considering
that the calculations assumed two opposite extremes of emission models.
(Compare curves "A" and "E" on Figures 16 to 18. Continuous emissions
result in a significant reduction in predicted 03 at the higher NO4
levels (presumably due to the reaction of 03 with emitted NO), but
this effect is much smaller than the effect of season. For NO; < "opti-

mum," the differences in the models predictions are not particularly great.
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This suggests that if one measures primary pollutant emissions by total
daily dose (concentration x time, assuming no reactions), one need not be
too concerned with the extent to which the primary pollutant is initially
present or continuously emitted, for the purpose of making predictions
concerning O3 formation, except when considering high NO,/NMHC conditions.

Comparison of OQur Model with the Dodge Model. Figures 17 and 18

give, respectively, plots of maximum O3 and "optimum" NO; against NMHC
derived from the published O3 isopleth plots calculated by Dodge (1977a).
(These curves are labeled "DODGE" on the figures.) Also shown on Figures
17 and 18 given in Table 27 are results of calculations employing the
conditions used in the Dodge calculations, but using our model (labeled
"DS"™). It can be seen that while our models agree closely on the calcu-
lated maximum O3 obtainable at given NMHC levels (see Figure 17) they
disagree very significantly on the calculated NOy at which this maximum is
attained (see Figure 18). The Dodge model predicts that the greatest O3
formation occurs at over twice the NOy levels than those predicted by our
model. Thus, the predictioms of our models concerning the effect on 03 of
changes of NO; emissions, or of NMHC emissions at specified NO; levels, are
significantly different.

Although both our calculations and those of Dodge employed the tech-
nique of modifying chamber-tested models toc be suitable to ambient air
simulations, there are a number of significant differences between our
studies which could be the cause of the discrepancies between our predic—
tions. The Dodge model was adjusted to fit a different smog chamber data
base than was ours. The detailed kinetic mechanism upon which the Dodge
calculations were based was the propene + n~butane model of Durbin, Hecht
and Whitten (1975). Although this model is similar to ours (Carter et al.,
1979) in that the reactive hydrocarbons are represented by propene +
n-butane, there are several potentially important differences in the
homogenecus chemical mechanisms, and, perhaps most importantly, the two
models treat chamber effects differently.

At the current state of our knowledge, it appears that the model
predictions of the maximum Oj3 formation potential at a given NMHC level
are much more reliable than their predictions of the dependence of 03 omn

initial NOy. In order to improve this situation, more modeling studies
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are required to more clearly identify which of the many uncertain aspects
of chamber consistent models most strongly affect ambient air simulations,
and more experimental studies are required to elucidate these critical
areas. At the present time, the most important uncertainties probably
concern chamber effects. The discrepancies between the existing models
indicate that there are still too many uncertainties for this combined smog
chamber-modeling technique to be used with any confidence in developing

control strategies for ozone formation.
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IX. LONG~-TERM AND MULTIPLE DAY SMOG CHAMBER IRRADIATIONS

A large number (~130) of surrogate hydrocarbon-NOy-air irradia=-
tions have been carried out at the Statewide Air Pollution Research Center
under California Air Resources Board funding under controlled conditions
and at constant light intensities (Pitts, 1975b; 1976b). These irradia-
tions, most of which were carried out for six hours, constitute a data base
which is a necessary prerequisite to the development of a validated chem-
ical computer model of photochemical smog formation, as well as for the
formulation of NOy-NMHC-03 relationships. The previous SAPRC surrogate
data base conmsists of six-hour irradiations of NOg-hydrocarbon-air mixtures
at several discrete NMHC levels (0.4, 0.7, l.4 and 2.2 ppmC). In order to
extend this data base, and any resulting computer model which is based on
six-hour irradiations at constant light intensity to ambient conditions, it
is necessary to adapt the model to the actual conditions encountered in
polluted urban atmospheres, for example, diurnally varying radiation for
periods up to 12 hours or more.

Our approach has been to carry out l2-hour irradiations at four
selected NMHC/NOy ratios (using two of the NMHC levels employed in the
previous studies) at both constant light intensity (typically 70%) and with
a quasi~diurnal light intensity. Duplicate irradiations were carried out
for many of these systems to check reproducibility. In addition the
effects on 03 production of changing light intemnsity (70% to 100%), of
chamber temperature (~303 K to ~308 K) and of relative humidity (2% to 50%)
were investigated.

Experimental. This work was carried out in the all-glass chamber

using the general experimental system and techniques described in Section
II. The following experimental details are unique to this study.

The diurmal variation of light intensity was based on the profile

of volumetric UV light intensity as a function of solar time as calculated
previously in these laboratories (Nieboer et al., 1976). Figure 19 shows
the summer solstice profile for the latitude of Los Angeles which was used
to estimate step functions for the relative light intensities within the
chamber for a twelve hour irradiation. The automated light system consists
of a SeaLecTro Corporation l4 contact, 60 position programmable cam switch

driven by a 12 hour timing motor. The timer is activated by a start
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button, and automatically stops at the end of the 12 hour cycle.

The light system also has two sets of manual override switches to
facilitate manual operation of the lights. One set controls each indi-
vidual lamp ballast; each switch in the other set controls 107 of the
lights.

In the automatic mode, when a contact is activated, it supplies 5
volts DC from a separate power supply to the solid state relays. Each
relay applies power to a single lamp ballast. Each contact accuates 4 lamp
ballasts, which corresponds to 10% of the total light, and is programmable
in 12 minute increments over a 12 hour period with small plastic tabs. The
lamp turn-on and turn-off sequence is arranged so that all lamps will have
approximately the same on time to ensure uniform lamp aging.

The light intensity within the chamber was determined frequently

(at least three times) during the course of each experiment by measuring
the rate of the photolysis of N0y in Ny within a quartz tube suspended
within the all-glass chamber. This technique is based on that developed by
Zafonte et al. (1977) at the ARB laboratories. The effect on k; values

of NOy flow rate through the quartz tube, of the choice of NOy; monitor-

ing instrument, of data recording procedures and of position of the quartz
tube within the chamber were studied.

The all-glass chamber was used in the same manner as in the previous
surrogate experiments (AGC 10-156), i.e., without the Teflon film liner
used in other programs to prevent the replacement of chamber air with the
room air, which normally occurs at a total (exchange and sampling) rate of
~2% hr~l. At longer irradiation times and/or at low initial NOx and
HC levels, the concentrations of NOy and organic compounds in the room air
can begin to alter significantly the relative concentrations within the
chamber, especially on heavy smog days, some of which occurred during the
course of this program. In order to obtain some information concerning the
input flux of NO9 and hydrocarbons, measurements of the room air concen-
trations of these species were taken occasionally during the course of many
of these experiments.

Results and Discussion. The experimental conditions and the actinom-—

etry data for each experiment are given in Tables 28 and 29, respectively.

Reactivity data for oxidant formation are summarized in Table 30 as the 6-,
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Table 28. 1Initial Conditions for Long-Term Irradiations

Experimental |
Conditions i Initial Concentrations (ppm)
Avg. Avg. | Surr.

Run Temp. RH | NMHCD

No. Lights®  (K) % | (ppmC) NO,¢  MMHC/NO, NO/NO,  HCHO

228 100 309 45 | 2.23 0.228 9.8 0.39 0.016
229 pid 308 46 | 2.43 0.203 12.0 0.000
230 100 308 48 | 2.532 0.205 12.3 0.39 0.028
231 100 308 3 1 2.42 0.221 11.0 0.33 0.010
232 100 307 22 | 2.44 0.217 11.2 0.39 0.020
310 70 302 65 | 2.30¢ 0.192 i2.0 0.37 0.025
311 Di 303 46 | 2.33 0.190 12.3 0.37 0.006
312 70 302 40 | 2.36 0.199 11.9 0.37 0.036
313 70 303 43 | 0.77 0.189 4a1 0.38 0.027
314 Di 303 47 | 0.79 0.189 4.2 0.37 0.022
315 85 303 48 | 2.28 0.187 12.2 0.35 0.016
316 70 303 47 | 2.31 0.190 12.2 0.37 0.027
317 100 305 44 ] 2.33 0.192 12.1 0.36 0.021
318 70 309 44 | 2.35 0.194 12.1 0.36 0.015
320 70 303 35 | 2.20 0.110 20.0 0.40 0.013
321 Di 303 37 | 2.31 0.108 21.4 0.38 0.021
322 Di 303 42 | 2.41 0.207 11.6 0.39 0.014
323 70 303 49 | 2.38 0.203 11.7 0.36 0.015
324 70 303 15 I 2.39e 0.215 11.1 0.38 0.020
325 70 303 46 | 0.85 0.106 8.0 0.39 0.029
326 Di 303 49 | 0.88 0.100 8.8 0.35 0.026
327 Di 303 42 | 0.92¢ 0.192 4.8 0.35 0. 006
328 70 303 45 | 2.47 0.103 24.0 0.35 0.013

8Given as percent of maximum or Di = diurnal variation; see Table 29 for
actinometry data.

bThe twelve hydrocarbons in the surrogate mixture as monitored at the
beginning of the run; does not include methane, trace aldehydes, ketomes or
nonsurrogate HC; neopentane in runs #321 and 323 also not in total.

CNO + NO9, Teco 14B data.

dpiurnal variation done manually; percent of total lights on (time at that
percent) are: 40 (1 hr), 50 (2 hr), 90 (2 hr), 100 (2 hr), 90 (2 hr), 50
(2 hr), 40 (1 hr).

€Pre-T = 0 or extrapclated values used for ome or more hydrocarbons.
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Table 29.

Actinometry Data for Long-Term Irradiations

k; (min~l)
Run % NOy flow Strip
No. Lights Time (lpm) DACS Chart Instrument
310 70 ~0900 2 +225 TECO
1 <240
+626 «234
2 «239
~1300 2 <244
1 «236
«626 +234
~1700 2 <248
1 «237
+626 .233
311 40 0940 2 «125 TECO
50 ~1000 1 .168
70 1 «218
100 ~1300 2 «375
100 1345 1 «372
100 1400 .8 »390
312 70 ~1000 2 «226 TECO
1023 1 «252
1047 77 «252
1254 1 o246
1447 1 «243
313 70 0921 1 +238 TECO
1335 1 .226
1700 1 .238
314 40 0922 1 .165 TECO
70 1108 1 «243
100 1342 1 «346
70 1700 1 «240
40 1526 1 .159
315 85 1020 1 «313 TECO
1028 1 .380 «397 Bendix
1225 1 «360 »384 Bendix
1245 1 «302 TECO
1255 1 +406 +380 Bendix
1430 1 «356 .378 Bendix
1448 1 .303 TECO
1454 1 «328 378 Bendix
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Table 29. (Continued)

k; (min~1)
Run Z NO,; flow Strip
No. Lights Time (1pm) DACS Chart Instrument
316 70 0937 1 297 .326 Bendix
0957 1 248 TECO
1004 1 .332 .316 Bendix
1212 1 «282 302 Bendix
1230 1 .252 TECO
1243 1 «359 «302 Bendix
1330 1 «302 302 Bendix
1349 1 «240 TECO
1359 1 «327 «300 Bendix
317 100 0939 1 <482 470 Bendix
1207 1 414 456 Bendix
1238 1 <354 TECO
1245 1 <447 -456 Bendix
1344 1 <434 +458 Bendix
318 70 0924 1 «303 «287 Bendix
1225 1 .286 .312 Bendix
320 70 0937 1 «363 348 Bendix
1236 .336 -337 Bendix
1350 «339 337 Bendix
321 0 0714 (NO) 034 043
(NO,) 2.22 2.24
40 09245 1 225 .209 Bendix
80 1125 1 «353 Bendix
100 1303 1 426 <435 Bendix
322 30 0910 1 .185 .166 Bendix
70 1100 1 .303 324 Bendix
100 1307 1 <421 455 Bendix
323 70 0935 1 +306 314 Bendix
70 1217 1 .281 310 Bendix
70 1355 1 .281 .308 Bendix
324 70 0920 1 281 314 Bendix
70 1255 1 «292 -305 Bendix
70 1352 1 «332 313 Bendix
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Table 29. (Continued)

kl (min~1)
Run % N0y flow Strip
No. Lights Time (1lpm) DACS Chart Instrument
325 70 0945 1 «323 .318 Bendix
70 1248 1 «335 .311 Bendix
70 1350 1 <301 -320 Bendix
326 30 0904 1 134 <150 Bendix
: 100 1400 1 +461 <430 Bendix
327 30 0853 1 .156 «157 Bendix
70 1100 1 +335 314 Bendix
100 1318 1 o425 «433 Bendix
328 70 0938 1 <324 314 Bendix
70 1207 1 +297 .317 Bendix
70 1418 1 .331 «320 Bendix
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Table 30. Reactivity Data (Ozone, PAN and Nitrogen Dioxide) for Long-
Term Irradiations

03 (ppm) I PAN (ppm) l N0y (ppm)

Run | l

No. 6 hr 9 hr 12 hr | 6 hr 9 hr 12 hr | 6 hr 9 hr 12 hr
228 0.447 0.547 0.564 | 0.029 0.033 0.030 | 0.069 0.030 0.023
229 0.318 0.476 0.459 | 0.022 0.031 0.029 | 0.089 0.037 0.023
230 0.459 0.557 0.567 | 0.033 0.036 0.031 | 0.055 0.038 0.034
231 0.383 0.523 0.562 | 0.025 0.030 0.028 | 0.092 0.066 0.057
232 0.420 0.550 0.572 | 0.030 0.035 0.032 | 0.092 0.061 0.053
310 0. 261 0.333 0.357 | 0.027 0.031 G.034 | 0.071 0.048 0.036
311 0.303 0.391 0.347 | 0.030 0.038 0.035 | 0.068 0.040 0.032
312 0.286 0.362 0.386 | 0.027 0.034 0.035 | 0.080 0.051 0.043
313 0.077 0.130 0.182 | 0.005 0.007 0.010 | 0.107 0.089 0.074
314 0.093 0.149 0.154 | 0.005 0.007 0.010 | 0.107 0;091 0.072
315 0.283 0.379 0.403 | 0.028 0.034 0.035 | 0.063 0.037 0.029
316 0.269 0.337 0.362 | 0.031 0.037 0.038 | 0.062 0.035 0.029
317 0.376 0.457 0.462 | 0.033 0.035 0.034 | 0.057 0.0398 —_
318 0.325 0.408 0.420 | 0.027 0.031 0.028 | 0.067 0.0386 0.029
320 0.286 0.315 0.322 | 0.029 0.029 0.026 | 0.034 0.031 0.031
321 0. 300 0.349 0.322 | 0.030 0.029 0.026 | 0.030 0.028 0.025
322 0.320 0.415 0.37¢4 | 0.023 0.030 0.028 | 0.078 0.047 0.039
323 0.249 0.322 0.352 | 0.023 0.029 0.031 | 0.076 0.044 0.G33
324 0. 247 0.342 0.401 | 0.020 0.0272 0.031 | 0.115 0.088 0.060
325 0.122 0.176 0.213 | 0.009 0.0112 0.013 | 0.049 0.043 0.032
326 0.144 0.198 0.188 | 0.008 0.011 0.013 | 0.045 0.034 0.025
327 0.061 0.100 0.105 | 0.0064 90.005 0.006 | 0.104 0.097 0.085
328 0.291 0.308 0.310 | 0.029 0.028 0.026 | 0.025 0.024 0.024
dinterpolated
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9- and 12-hour concentrations of 03, PAN and NOj. To facilitate
discussion of the results, the experimental conditions are summarized in
Table 31 according to initial NMHC and NO, levels.

a) Effect of Relative Humidity

Preliminary experiments (AGC 228-232) were conducted to test

the feasibility of the diurnal light intensity study and to test the effect
of relative humidity on oxidant production (See Table 31).

Concentration-time profiles for these five runs are given in Figure
20. The excellent agreement for the replicate runs (228, 230) indicates
that the small decrease in the initial rate of ozone production as the RH
is lowered (231, 232) is probably larger than the experimental uncertainty
of this series. However, while a later sequential pair of experiments
(323, 324) conducted at lower light intensity and temperature (70%, 303 K)
shows a similar humidity effect (see Figure 21) in the first six hours of
irradiation, differences in ozone production are not greater than the
experimental uncertainty of the four replicate standard runs (see following
section).

b) Reproducibility

The standard run is defined as the NMHC ~2.2 ppmC, NOy ~0.19
ppn experiment conducted at 303 K and 50% RH. This run was carried out
with constant light intensity at four random times during the course of
this study (310, 312, 316, 323). The ozone concentration-time profiles are
shown in Figure 22. The 12-hour ozone concentrations range from 0.351 to
0.386 ppm giving a mean value of 0.37 + 0.02. Similar reproducibility was
obtained for a pair of standard runs carried out with diurmal variation of
light intensity (311, 322). This pair and the two extreme results for the
constant intemsity runs are shown in Figure 23. Excellent reproducibility
was obtained for a pair of rums (320, 328) at NMHC ~2.2 ppmC, NOy
~0.11 ppm with constant light intensity (see Figure 24) and very poor
results for a pair (314, 327) at NMMHC ~0.8 ppmC, NOy ~0.19 ppm with
diurnal light intensity (see Figure 25).

¢) Constant vse. Diurnal Light Intensity

The ozone concentration-time profiles illustrating the effect
of diurnal variation of light intemnsity relative to that for constant

intensity (70%) are given in Figures 23 through 26. As expected these
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Table 31.

Experimental Conditions for Long-Term Irradiatioms Summarized

According to Initial NMHC and NOy Levels

Initial Concentration
Surrogate Light 03
NMHC2  NO, NMHC/NO, IntensityP® Temp.©  RHC at 12 hr
(ppmC) (ppm) (% max) X) (%) Run No. (ppm)
2,44 0.22 11 100 307 50 228,230 .564, .561
100 307 22 232 «572
100 307 2 231 .562
di 307 50 229 <459
2.2 0.19 12 70 303 50 310,312, .351, .386,
316,323  .361, .352
70 303 15 324 <403
70 308 50 318 42
di 303 50 311,322 .347, .386
85 303 50 315 .400
100 303 50 317 <465
2.2 0.11 20 70 303 50 320,328 .322, .310
di 303 50 321 .325
0.8 0.19 4 70 303 50 313 .182
di 303 50 314,327 .154, .102
0.8 0.11 7 70 303 50 325 .215
di 303 50 326 .188

dSurrogate NMHC are the hydrocarbons in the surrogate mixture as monitored
in the chamber at the beginning of the run and do not include trace alde-
hydes, ketones, and nonsurrogate HC.

bai = pseudo—diurnal variation over 12 hrs.; timer controlled.

CApproximate values; precise data are given on data sheets in the archives.

dPreliminary tuns (228-232); diurnal variation was done manually and is not
the same intensity profile as that of remaining runs.
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curves are of significantly different shapes. However, at any given time
after 6 hours of irradiation the ozone concentrations differ by no more
than ~0.05 ppm at the higher NMHC level and ~0.025 ppm at the lower NMHC
level. Thus, in the latter half of a l2-hour smog chamber day, the ozomne
produced by a pseudo-diurnal variation of light intensity is within 20%
(30% if variation observed from duplicate experiments is included) of
that produced for constant light intensity at 70% of maximum. This gives
an indication of the uncertainty aésociated with using the previously
obtained, constant~light intensity data base for application to ambient
conditions. In additiom, these experiments provide a data base for model
validation using diurnal variation of light intensity.

d) Effects of Temperature and Light Intensity

The significant effects which both temperature and increased
constant light intensity have on the rate of ozome production is shown in
Figure 27. Approximately a 20% increase in final ozone concentration
occurs for a 5 K increase in temperature and a ~30% increase occurs for
an increase in light intensity from 707 to 100% of maximum. The reference
standard run used here (316) is near the mean of the replicate standard
runs (See Figure 22) and, except for Run 317 at 303 K and 85% intensity,
the enhanced rate of ozone production is clearly greater than the experi-
mental uncertainty. Based on the above enhancements, the calculated
12-hour ozone for 308 K and 100% intensity would be approximately 0.58 ppm
which compares favorably with the ~(0.57 ppm observed in the preliminary

runs at 1007 intensity and 307 K.
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X. ASSESSMENT OF OXIDANT-PRECURSOR RELATIONSHIPS
UTILIZING AN EMPIRICAL MATHEMATICAL APPROACH

Previous surrogate ozone data have been condensed into the. form of
an empirical relationship relating all ozone levels >0.05 ppm for an
irradiation period of up to 10 hours of irradiation time and for various
initial precursor concentrations. The estimates of the parameters have
been verified against the entire file of surrogate data using a non-linear
parameter estimation procedure. This procedure for reducing the data in
terms of orthonormal polynomials has been briefly described in a previous
report (Pitts et al., 1976b) and has now been carried to a useful conclu-
sion. The results and conclusions derived from this procedure are summar-
ized below and the procedure is then discussed in detail.

Resolution of the experimental data with respect to an orthonormal set
yields three numbers, A,, Aj; and Ay, for each ozone profile which accu-
rately represent the experimental ozone profiles after the NO to NO, conver-
sion period. The trends of these numbers with precursor concentrations
have been investigated and empirical representations found which allow
estimation of the ozone concentrations from the precursor concentrations
with a standard error of +0.06 ppm. The quantity [Ao2 + Alz -+ A22]l/2
measures overall trends in ozone concentration over a period of around ten
hours, a consequence of profile representations in terms of orthonormal
polynomials (see below). This quantity is best regarded as a root mean
square (rms) estimate of the average ozone concentrations for a ten hour
period. Its dependence on precursor concentration is shown in Figure 28.
The salient features are: (1) At high precursor ratios [>16 ppmC (ppm
NOX)‘l] rms ozone increases monotonically with increasing primary pollu-
tant concentrations, implying decreasing ozone on dilution. (2) At lower
ratios ozone first increases then decreases with increasing primary pollu-
tant concentrations and each ratio has a corresponding NMHC concentration
producing the maximum rms ozone for the ratio. For example from Figure 28
we have the optimum ratio, NMHC concentration pairs (16, >4 ppmC) (8, 1.9
ppmC), (4, 0.75 ppmC), (2, <0.4 ppmC) with rms ozone maxima increasing
with the ratio.

When considering the implications of Figure 28 it must be remem-

bered that it refers to root mean square ozone concentrations, an average
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depending heavily on the higher concentration portions of the profiles.
Profile shape 1is determined by the three relative quantities Ao/[Ao2 + Alz
+ 8211/2, A1/1AG2 + A12 + A9211/2 and Ap/[Ag2 + A12 + 42211/2, Ome of
these quantities is dependent on the other two since their squares add up
to one. As A, is found to be always positive for the surrogate data, the
quantity AO/[AO2 + A12 + A22]1/2 seems the best choice as the dependent
shape-determining quantity. The behavior of the remaining two quantities
with varying precursor concentrations is illustrated in Figures 29 and 30.
Typical plots of the profile shapes, as ozone concentration referred to rms
ozone versus tige, are shown in Figures 31 and 32. Figures 29 and 30
indicate that the profile shapes are essentially independent of precursor
concentrations and depend mainly on the ratio if this is larger than 16.
Figure 31 indicates that these high ratio profiles are concave downward
with some indications that ozone production is decreasing to give a broad
maximum at about ten hours. Profiles at very high ratios (e.g., 64) and
long times reflect the onset of a chamber artifact manifested by the final
upward trend of ozone comncentration. This is caused by the slow replace-
ment of the chamber atmosphere by outside ambient air to replace analytical
sampling streams, an appreciable perturbation at low NO, concentrations.
(This particular artifact can be avoided in future experiments by use of a
Teflon bag inside the chamber.)

According to Figures 29 and 30, the profile shapes become more depen—
dent on absolute pollutant levels at lower ratios. Figures 31 and 32 show
that in fact the ratio is still very important in determining shape. The
joint dependence of shape parameters on pollutant levels in Figures 29 and
30 cause minor variations in curvature. As the ratio decreases, the
profiles become concave upward and most of them are still rapidly increas-
ing at ten hours; the rms ozone in these cases reflects a large contribu-
tion from the extreme of the irradiation period. The salient feature of
the dependence on absolute levels at low ratios is a tendency towards
peaking out at quite low precursor concentrations. For example, this
occurs at between eight and nine hours in Figure 32 for 0.35 ppmC and 0.09
ppm NO, giving a predicted maximum ozone concentration of 0.27 + 0.06 ppm

from reference to Figure 28.
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This view of the surrogate data forcefully brings out the intimate
relationship between hydrocarbon and nitrogen oxides contreol. The most
important implications of the analysis are illustrated by Figure 28.

The behavior at lower ratios and higher precursor concentrations has
important implications for downwind oxidant control arcund urban areas and
the effects of NOy reductions for this situation. Dilution of these
pollutant mixtures can lead to increased rms ozone levels with the major
contributions to the mean at long irradiation times (see discussion of
profile shapes above). Reduction of nitrogen oxides to increase the ratio
is always helpful for these cases although it can concurrently increase
ozone levels at moderate dilutions.

Details of Analysis Procedure. To facilitate the data analysis each

surrogate ozone profile was broken into two time segments. The rising
profile after the NO to N0y conversion pericd was linearly back-extrapo-
lated to cut the time axis at a time tgy, the "delay time."” The length of
the delay and the following profile were separately related to precursor
concentrations.
The delay time tj can be suitably represented by:
N

d (b, + poN2) + T (p, + p,N2)

Here ty = delay time in hrs; N = initial NOy concentration in ppm; C =
initial NMHC concentration in ppmC; r = precursor ratio C/N, and the p’s
are parameters. The values of P to p, as estimated by least squares

analysis of the data are:

p, = 0.19973 ppm hr—!

P, = -0.00084% ppmz pme'1 hr-l
Py = -1.06170 ppm."l nr-l

p, = 0.29840 ppmC~1 hr-l

in "units" to give delay times in hours when nitrogen oxides are expressed
in ppm and the ratio is expressed in terms of ppmC ppm‘l. Figure 33

shows delay time contours calculated from equation 1 using these parameter
estimates. Also shown are lines of constant ratio which illustrate that
the delay time decreases on dilution of the precursor mix before irradia-

tion. At low precursor concentrations the delay is determined primarily by
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the NOy concentration (90% NO, 10% NOj).

The curves of Figure 28 are drawn only for experimentally studied
precursor concentrations. Caution is advised when applying equation 1
outside of this region. Equation 1 has singularity loci which can be
expressed by

=
fl

Py + Py T

N
237.8 -
0.0530 4/
3-558 - T

This equation is satisfied by imaginary roots for all of the ratios shown

in Figure 33 except N = 0.652 ppmC = 1.304 ppmC (r = 2) indicating that the
close meighborhood of this point should be avoided in using equation 1.

The influence of the imaginary roots is manifested by the differing sense
of curvature of the contours below and above 0.053 ppm NOy, a concentra-
tion also found to be significant for chamber ozomne yields (Pitts et al.,
1975b; 1976b). ‘

Ozone profiles.after the delay time were fitted with a truncated
expansion in terms of orthonormal polynomials. Most surrogate profiles
can be regarded as modulated straight lines. The system of orthonormal
polynomials chosen to represent the profiles embodies this observation
by choosing a squared linear function of time as the weighting function
and incorporating the square root of the weighting function as a common
factor for the profile expansion. A finite time interval after the delay

was mapped onto the 0-1 interval by the transformation
x = 0.1 (t-tg) (2)

Here x is the aforementioned linear time function, t = time in hours and

tq = delay time in hours. This arbitrary choice restricts the mathe-
matical validity of the orthonormal expansion to a period of tem hours
after the delay time. The expansion is supported by experimental data over
somewhat shorter periods, ranging from about 5 to 9 hours; use of the
expansion near the upper time limit is somewhat of an extrapolation of the

data.
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The above choices (weighting function, interval of representation)
uniquely determine the orthonormal polynomials to be used for a continuous
representation of the profiles (Hochstrasser, 1965). These are a set of
Jacobi polynomials. It turns out the first three of this infinite set are
adequate for representation of all of the experimentally encountered
profiles and these are given below, multiplied by the common factor,

the square root of the weighting function.

X Go(x) = x V3 (3
x Gy (x) = x V5 (4x-3) (4)
X Go(x) = x\V7 (15 %% - 20x + 6) (5)

Graphs of the three functions are given in Figure 34.

The profiles are represented as
2= Ay X Go(x) + A x G1(X) + Ay x Go(x) (6)

where z = ozone concentration at time t and the A”s are to be determined
from the experimental data. This was done by the least squares procedure
using the discrete ozone data given in the computer printouts for each
experiment. Resynthesizing the profiles from the A estimates resulted

in calculated ozone concentrations which agreed with the experimental
data within the estimated analytical precision for concentrations of 0.05
ppm or greater. Consequently, each of the profiles after the delay are
adequately represented by a set of three numbers.

The A’s were then related to precursor concentrations by empirical
regressions. Preliminary attempts revealed that this process could be
expedited if Aj and Ay were rendered dimensionless by division by
Ay, a step tranferring some of the difficulties with A; and Aj to
regressing A, onto precursor concentrations. The final results of this

procedure are truncated expansions in negative powers of the precursor

ratio:
A =p_+ l'[p 4+ p.C] +'L [p,C +p C3/2] (7)
0 5 4F ‘Y6 7 r 8 9
A P p
1 1 12, 1 14
AO_PlO+r[pll+C]+r2[p13+C] (8)
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where C is initial NMHC concentration as ppmC. Table 34 shows estimates of
the parameters Ps to Plg along with the "units" required to rationalize

the dimensions of the A’s.

Table 32. Parameter Estimates

Parameter Estimate | Parameter Estimate
5 -0.07330 ppm ! 12 +0.06460 ppmC2 ppm~1
6 +0.39970 ppm!i/2 ppmcl/2 I 13 +3.69020 ppmC2 ppm=2
7 +1.10180 ppml/2 pme'l/2 } 14 ~1.76140 pme3 ppm’2
8 -0.68760 { 15 +0.07330
I
9 -1.22600 ppmc—1/2 | 16 -1.27478 ppmC ppm~1
10 -0.18800 1 17 +0.18066 ppmC2 ppm~l
11 +0.56240 ppmC~! ppm~l! } 18 +3.71376 ppmC2 ppm—2
: 19 ~1.07172 ppmC3 ppm—2

These parameter estimates along with the estimates of Py to p, were
checked against the complete data file of ozone profiles for the surrogate
as minimum rms percent error estimators using a nonlinear parameter estima-—
tion procedure (Bard, 1974). The result was no readjustment of parameter
values and a minimum error of estimate of 37%. The absolute error of
estimate is + 0.06 ppm indicating that most of the contributions to the
percent error arises in estimating low ozone concentrations between 0.05
and 0.20 ppm. Errors at these concentrations are strongly affected by
imprecise delay time estimates from the use of equation 1.

Nineteen parameters are required to represent the surrogate ozone
profiles. This mode of condensing the data is not frugal with parameters.
Parisimony is desirable for an empirical data reduction to ease data

interpretation and to increase the precision of estimation. This
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analysis could be regarded as an intermediate step towards a more parsi-
monious representation which is certainly possible, as indicated by graph-
ical presentation of the results in the summary above. This additional
computing effort cannot be justified before completicn of the proposed
series of long irradiation experiments which may yield different results
because of extensive precautions against chamber artifacts. The large
number of parameters in the present representation of the data indicates
that only overall predicted trends should be taken seriously; small details

are likely to be due to overrepresentation in terms of parameters.

Mathmatically the quantities Ao’ Al’ A2 represent components relative
to a Jacobi polynomial space and can be treated like vector compcnentse.
Figure 28 shows the length of this vector in ppm ozone as a function
of NMHC concentration for various precursor ratios. This quantity scales
the various ozone profiles yielding dimensionless ozone versus the time-—

proportional quantity, x. The shape of these profiles depend on two

. 2,2, .2 \/2 2, .2 ) -
quantities, AllV/Ao + A1 + A2 and A2/ A_0 + Al + Az. A third positive
quantity Ao/\/Ag + Af + A§ also contributes to the shape but is not in-

dependent of the first two since the squares must sum to one. Figures

29 and 30 show the shape-determining quantities as a function of precursor
ratio for various NMHC concentrations. The ratio of precursor concentra—
tions is the factor having the greatest influence on precfile shape.
Absolute precursor concentrations have a relatively small influence on
shape for ratios greater than 4 but a strong influence on the rms ozone

concentrations.
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XI. COMPUTER ARCHIVING OF SAPRC/ARB SURROGATE
HYDROCARBON-NO,-ATR DATA BASE

Under previous contracts with the ARB we provided detailed chemical
and physical data for more than 150 surrogate hydrocarbon-NOy-air smog
chamber irradiations, amounting to a data base of over 50,000 individual
values. Although these data are available in the previous progress reports
in printed form, such a large data base can only be efficiently and effec-
tively utilized with the aid of a computer. For this reason these data are
being archived in computer-~readable formats so that they can be dissemi-
nated on computer tapes and can be employed to their maximum potential by
any workers with access to appropriate computing facilities.

This project has been divided into four major tasks: (1) Defimition
of the organization of the data as it will be used on the computer; (2)
Processing and storing of all the data under that organization; (3) The
writing and debugging of programs for retrieving the data from the direct
access data set; and (4) Definition of the organization of the data as it
is to be stored on tape for dissemination, and writing and debugging
the programs required to move the data to the tape from the direct access
data set, and vice-versa.

At the present time, tasks (1) and (3) are largely complete,\task
(2), converting the data into the archive disc data set (ADDS) format is
currently in progress, and task (4), converting the data to computer tape
format is still in the planning stages.

In the following sections, the details of the organization of the
archive disc data set as currently envisioned and the problems involved in
converting data from past runs are described. Also given is a brief
summary of the computer programs which have been developed in this project,
and an anticipated time scale for its completion.

Organization of the Disc Data Set. In order to maximize speed and

to minimize input/output operations, the experimental data are stored on
disc or a direct access data set. The data set is maintained by FORTRAN
programs on an IBM 370 system, but the programs should be useable, with
minimum modification, on any computer system with a FORTRAN compiler which
supports direct access I/0. The data sets consist of several thousand 180

byte (180 x 8 bit) records, with the exact number of records to be deter-
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mined once all the data is read in. For each record on the data set, there
is associated record number, which must be specified when reading data from
or writing data onto the data set. In the subsequent discussion, the
"location" of data on this data set will refer to the record number for the
record where the data is stored; or in the case of data requiring several
records, the record number of the first of the several contiguous records
containing that data.

The first record on the data set gives (1) the record number above
which new data can be written without destroying the old; (2) the location
of the pointer used to locate the glass chamber (AGC) data; (3) the location of
the pointer locating evacuable chamber (EC) data (not used for ARB-surrogate
runs) and (4) the location of the array of the 16 character code names for
the measured species and physical parameters. (At the present time, the
latter is stored on separate data sets. This will be changed before
dissemination of the data.)

The records containing the pointers to the glass chamber (or evacuable
chamber) data consist of up to 315 pairs of 2-byte integers. The first
number in each pair is the AGC (or EC) run number, the second is the
location of the directory record for that rum.

The directory record for a given rum contains the following informa-
tion: (1) the run title, briefly describing the experiment; (2) the date
and time the irradiation beganj; (3) the NO, photolysis rate constant
association with the run; (4) the location of spectral distribution data
for the photolyzing light for this run, and the number of wavelengths in
the spectral distribution; (5) the total rate of sample withdrawal due to
monitoring; (6) the total number of GC samples taken; (7) the location of
the initial condition data (useful for initiating model calculations
simulating the run); (8) the location of the calibration data used for some
of the measurements; (9) the number of comments used to describe special
conditions or miscellaneous results for the run, and the location of the
comments; (10) the number of different time sets for which data monitored
in the run are reported; and (11) the number of species or physical
parameters monitored in this run (data channels), and the location of the
pointer locating the data for those measurements.

The records containing the pointer locating the data for the run
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contain the following information for each data channel: (1) the code
number for the species or the physical parameters measured. This number
can range from 0-255, and is associated with a 16 character name in an
array stored elsewhere on the data set (located as indicated on record #l);
(2) the time set number, and the location of the times for which data
points for this data channel are stored; (3) the number of data points and
the location of the data; (4) the instrument numbers. (This allows for
giving data separately for the same compound or physical parameter obtained
by more than one technique); (5) a code number giving the wmit (i.e., ppm,
%Z, liters, ppmC, etc.) in which the data is given; and (6) an indication as
to whether the data has flagged points.

For each data channel, the data and the times at which data are
taken can be rea& from the records indicated in the pointer record. If the
data is flagged, the flags are entered with the data. The flag comnsists
of one character with a standard meaning or with a meaning defined by the
comments stored with the run. (For example "?" means uncertain data.)
A data value of 1,000,000 means no data was taken at the associated time
point. |

The following example illustrates how a program could use this data
set. Suppose one wishes to retrieve the acetaldehyde data for run AGC-113.
By convention, the code number for acetaldehyde used by our data processing
programs is 99, and the 16 character name is "CCHO" (padded to the right
with blanks). If the 16 character name is input, the program could determine
the code number by finding which element of the array of names read from
the data set matches the input name; alternately, the code number could be
input directly. To obtain data for run AGC-113, the program reads the
pointer records for the glass chamber runs, searches through the first of
the pair of integers on this record for the number 113, and then reads the
run directory record from the location given by the corresponding second
number of the pair. From the run directory, the program determines the
location of the data pointer records, which is then read. (If more than
one data channel is to be read in for a given run, these steps need not be
repeated.) To read, for example, acetaldehyde data, the program then
searches through the data from the data pointer record to determine the
location of data associated with code number 99 (99 = acetaldehyde), and

then the data associated flags (if any) are read from that location.
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This organization may seem to be more complicated than necessary

for archiving purposes, but the data set is also being used for storing,
processing and editing data created in our ongoing chamber programs. This
organization appears to serve reasonably well the often conflicting re-
quirements for flexability necessary to allow for new types of data as our
chamber programs evolve, for ease of editing new data, for efficiency of
disc storage space, and for efficiency of memory and processing time for
computer programs which process and/or retrieve the data.

Archiving Data from Past Runs. The data for runs previously done in

the SAPRC-ARB (and other chamber programs) exist in a variety of forms.
For runs done before AGC 351, all data exist on computer cards created as
input to the program which printed the data for the reports. Unfortumnate-
ly, as time went on, there were modifications in our data processing
procedure, so the card data exist in several formats. For some runs, the
chromatography data are in a different format than the other data, while for
more recent runs they are not. In addition, for most runs dome after AGC
133-150, data from automatic monitoring instruments were stored on computer
tapes, which were subsequently archived on a special disc data set created
for that purpose. Thus, in order to archive these data, computer programs
which can read these data in a variety of formats had to be written.
Unfortunately, archiving the data from the past runs cannot be handled
entirely by computer programs alomne. The organization of some of the
previous data is inconsistent with the organization being used on our
current disc data set. The most serious problem arises from measurements
of the same compounds made simultaneously using different instruments or
techniques. The current organization has, for each data channel one ID
number identifying the type of compound or physical parameter measured, and
another identifying the measurement technique (if more than one used).
Previously, data channels had only one identifying number; if a compound
was measured in more than one way, some of the data were treated as a
"special channel", which was handled differently, or in some cases the data
were merged into the same channel, requiring at some time points more than
one data point or requiring the entry of two identical time points into the
format to handle both measurements. An additional complication is that it

must be decided which channel is to be used in computing totals such as
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required to obtain total carbon, total nitrogen, or to correct nitrate
interferences in NO7 measurements (Winer et al., 1974). Because of the
variety of ways this was treated, these data can only be made consistent
with the present organization on a case~by=-case basis.

Additional problems include measurements which were unknown at the
time they were made but which are now known; compounds which were previous-
ly treated as special channel which have since been given regular ID
numbers; the need to assign calibration numbers for runs done before
different calibrations were used; the necessity to input data which was
previously given only in comments, if at all (such as k values, number of
GC samples, total sampling rates, etc.); and the need to make sure the data
being archived are not based on assumptions which have since been re-evalu-~
ated. Because of the large number of runs to be archived and the variety
of ways in which data have been collected and treated, case-by-case exami-
nation is necessary before archiving; this process is quite time~consuming.

The current status of the archiving effort is that the necessary
computer programs have been writtem and are running, the cards for most of
the old runs have been modified so they can be read by these programs, and
the processing of those runs has begun. Because of the quantity of the
data and the variety of matters which must be handled, the probability for
human error —-- both in writing the programs and modifing the cards -- is
high; we are now correcting the problems one-by-one as they become apparent.
Because of this, the rate of processing the old runs is now rather slow,
but it is expected to accelerate as the problems become resolved.

Computer Programs. As discussed above, a number of computer programs

are required for preparing the archive disc data set. The programs which
have been written and are in current use for this purpose are listed
below:

A. A program to read new raw data from input magnetic tapes and
write corrected values onto the disc data set.

B. A program to read new raw data from cards and store corrected
values on the disc data set.

C. A program to comvert all old data formats (inorganic species
and measured parameters on cards or on tape, and organic species on cards)

into the new format on the disc data set.
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D. A program to write calculated species such as total hydrocarbon,
total nitrogen, total unitrate, water, etc. onto the disc data set. This
program also prints all data or select data for any run number.

E. A program to edit the disc data set.

The following has been writtemn, but is undergoing slight modifications:

F. A program to produce final printouts and/or plot for report.

The following further programs will be supplied on tape along with
the attached data:

1. A program to obtain printouts of the data for selected indi-
vidual chamber runs directly from the data archive tape.

2. A program to initialize the disc data set.

3. A program to copy data for selected individual chamber rumns
from the archive tape to the disc data set.

4. A program to read the disk data set and obtain printouts for
selected runs.

These programs are not in their final form at this time, but will be
completed prior to submission of the data. 1In addition, a users manual
will be supplied which gives a sufficiently detailed description of the
organization of the data so that other programs for specific applications
desired can be written by the user.

Anticipated Schedule for Completion. The rate of completion of

this project should be determined by the rate of archiving the data from
the past runs. The necessary procedures for this task have been worked
out, and data from representative runs have been successfully converted to
the archive format. This project is now ongoing and is expected to be com=-
pleted by December 1979. Developing and testing the programs required for
converting the ADDS data set to tape format and visa versa will occur
simultaneously with the completion of the archiving task, and these

steps are not expected to significantly affect the time of completion of

this project.
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