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SECTION I

INTRODUCTION

Daily military operations involve large quantities of aircraft fuels.

Release of a small portion of these fuels into the lower troposphere or at

ground level is an inevitable consequence of their use, storage, and

handling. In the presence of NO, (NO + NO2) and sunlight, the hydrocarbon

components of such fuels can be photo-oxidized to yield ozone and other

oxidants, as well as secondary aerosols. Although there has been much

research carried out to date concerning many aspects of tropospheric chem-

istry, there have been no investigations of the photo-oxidations of com-

plete aircraft fuels under realistically simulated atmospheric conditions

in the presence of NOx as a co-pollutant. Such simulations are required

to provide a basis for comparing atmospheric impacts of military aircraft

fuels to each other and other fuels currently used and to comply with

Federal, state, and local air quality regulations.

Kerosene-based fuels are widely employed in present military air-

craft. The most widely used military fuel for turbine powered aircraft in

the United States is JP-4. However, the Navy favors the use of JP-5,

since its narrower distillation cut gives it a higher flash point, making

it safer to use at sea (References 1, 2). Recently, there has been a

trend, particularly in United States Air Force operations in Europe, to-
ward the use of JP-8; JP-8 is a higher distillation cut than JP-4 or JP-5

and is thus somewhat less volatile (Reference 2). Although the derivation

of these fuels is similar, the distribution of their major hydrocarbon

components, particularly the ratio of higher molecular weight to lower

molecular weight compounds, is different for each of these fuels. These

differences are expected to affect their atmospheric reactivity.

A further diversity in the jet aircraft fuels arises from the need to

become independent of imported oil. This has lead to the development of

shale-oil-derived fuels (and will likely, in the future, lead to coal-

derived fuels). These shale-oil-derived fuels potentially include sul-

fur-, oxygen-, and, less likely (Reference 3) nitrogen-containing organ-

ics, together with a different distribution of molecular weight componentst1



and different relative amounts of alkanes and aromatics than in the equiv-

alent petroleum-derived fuels.

Although kerosene-based fuels are generally adequate for most present

military aircraft, the new generation of strategic weapons such as cruise

missiles require fuels which are much higher in energy content per unit

volume. In order to satisfy this requirement, high energy fuels such as

JP-iO, RJ-4, and RJ-5 (and blends thereof) have been developed (Reference

1). These fuels are hydrogenated dimers of cyclopentadiene (JP-10), meth-

ylcyclopentadiene (RJ-4), and norbornadiene (R.J-5). The chemical struc-

tures of representative isomers are shown in Figure 1. Since usage of

these and similar "high-energy" fuels is likely to increase significantly

in the future, a knowledge of the atmospheric impact of their release is

also necessary.

In order to obtain data from which the atmospheric impacts of releases

of these fuels can be assessed and compared, the United States Air Force

contracted the Statewide Air Pollution Research Center (SAPRC) to perform

a series of single- and multi-day outdoor chamber experiments. In these,

part-per-million (ppm) levels of various fuels were to be irradiated with

natural sunlight in air in the presence of NOX .  The resulting chemical

and physical transformations or reactivity were to be monitored by a vari-

ety of techniques. In this study emphasis was placed on the following

reactivity indicies: the rate of formation and the maximum yield of

ozone, the rate of NO oxidation, and the yields of secondary aerosol.

The specific military fuels specified for study were JP-4 and JP-8

derived from petroleum (as is currently used), JP-4 and JP-8 derived from

shale-oil, and the high energy fuels JP-10, RJ-4, and RJ-5. In addition,

in order that the atmospheric reactivity of the military fuels could be

directly compared with those in common use in the private sector, similar

experiments were conducted using unleaded gasoline and diesel No. 2

fuel. Thus, a total of nine different fuels were studied in this program.

The matrix of outdoor chamber experiments performed for the various

fuels is given in Table 1. The nature and purpose of the different types

of experiments are briefly indicated below:
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JP-IO

C10 H16

RJ-4 ISOMERS

CH3  CH3  CH3
CH 3 C-3

C12 H20

REPRESENTATIVE RJ-5 ISOMERS

C14 H16  C 14 HI8  C14 H2 0

Figure 1. Chemical Structures of the Major Components of
the High Energy Missile Fuels JP-1O, RJ-4 and
RJ-5.
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TABLE 1. MATRIX OF OUTDOOR ENVIRONMENTAL CHAMBER EXPERIMENTS.

Side I Side 2

Fuel NOx  Fuel NOx
Run

Run Type Days (ppmC) (ppm) (ppmC) (ppm)

Fuel A vs n-Butane I Fuel A 25 0.5 n-Butane 25 0.5

Fuel A vs Fuel B 2 Fuel A 25 0.5 Fuel B 25 0.5

Variable Initial NOx  2 Fuel A 25 0.5 Fuel A 25 0.25

Variable Initial Fuel 2 Fuel A 25 0.5 Fuel A 12 .5/50a 0.5

Four-Day Static 4 Fuel A 25 0.5 (Undivided)

Dynamicb 2-3 Fuel A 25 0.5 (Undivided)

a50 ppmC for less reactive fuels, 12.5 for more reactive fuels.

bNot done for all fuels.

(1) In order Lo determine the atmospheric reactivity of the fuels
under multi-day conditions, the standard fuel-NOx-air mixtures (-25 ppmC

fuel, 0.5 ppm NOx ) were irradiated for four consecutive days. On the

third or fourth day, depending on how long it took the initially-present

NOX to be consumed (thus rendering the mixture unreactive), additional NOx

was injected into the chamber to simulate the effects of NOx emissions

downwind of the fuel release.

(2) In order to determine the extent to which initial NOx levels

affect the reactivity of the fuel-NOx-air mixtures, dual-chamber experi-

ments were performed in which mixtures with two different initial NOx

levels were simultaneously irradiated for two days. Because of the dual-

chmmber design employed, initial fuel levels, temperature, humidity, and

lighting conditions were exactly the same, and only NO was varied.

(3) In order to determine the extent to which initial fuel levels
affect the reactivity of the system, dual-chamber irradiations were per-

formed in which mixtures with two different initial concentrations of the

same fuel were simultaneously irradiated for two days. The initial NO

x
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levels, humidity, and temperature and lighting conditions were the same

for both mixtures.

(4) In order to compare the atmospheric reactivity of the fuels with

that of n-butane, one-day dual-chamber irradiations were performed in

which n-butane-NOx-air and fuel-NOX-air mixtures (with approximately equal

amounts of n-butane and fuel on a ppmC basis) were simultaneously irra-

diated. As with the variable fuel runs, the initial NOX, temperature, and

lighting conditions were the same for both mixtures. n-Butane was chosen

as a reference organic, since its atmospheric photo-oxidation chemistry is

among the best understood of all the reactive organics (References 4, 5)

and its reactivity is known to be very sensitive to chamber effects and

variations in temperature (References 4, 6). Thus n-butane-NO.-air irra-

diations serve as useful control experiments under the same temperature,

lighting, and initial NO conditions as the fuel-NOx-air irradiations.x
n-Butane also serves as a standard for intercomparison of the reactivity

of the less reactive fuels.

(5) To directly compare the atmospheric reactivities of different

types of fuels, dual-chamber experiments were performed in which NO.-air

mixtures containing approximately equal levels of different fuels were

simultaneously irradiated for one or two days. As with the variable fuel

or the fuel versus n-butane runs, the initial NOx levels and the tempera-

ture and lighting conditions were the same for both fuel mixtures. The

following experiments were performed: (a) petroleum-derived JP-4 was

compared with all other kerosene-type jet fuels (shale-derived JP-4, and

shale- and petroleum-derived JP-8), unleaded gasoline, and diesel fuel;

(b) petroleum-derived JP-8 was compared with shale-derived JP-8; (c) JP-10

was compared with RJ-4 and RJ-5. Two experiments were done for each fuel

combination studied, with the chamber side interchanged in each case to

factor out any possible effects of chamber side inequivalency.

(6) For shale- and petroleum-derived JP-4, unleaded gasoline and

JP-10, two- and/or three-day "dynamic" irradiations were performed in

which the fuel-NOx mixture was diluted by -IOZ each hour, seven times a

* day. These experiments were intended to determine the effect of continu-

ous dilution on the reactivity of the fuel-NOx mixture. These runs were

not performed for the other fuels, since it was decided several months

into this program that the direct fuel intercomparison runs would be more
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useful for the purposes of this study. The statement of work was hence

modified to replace the remaining scheduled dynamic runs with the fuel

intercomparison runs.

In order that the outdoor chamber experiments be as useful as pos-

sible, an extensive developmental effort was required and a number of

exploratory experiments were performed. The developmental effort pri-

marily concerned optimizing the gas chromatographic techniques for the

analyses of the heavier fuel components in the gas phase, the identifi-

cation of the major fuel components, and the development of reliable and

reproducible techniques for injecting the fuels into the gas phase.

Exploratory experiments included the injection and irradiation of repre-

sentative fuels in the SAPRC -6000 £ indoor chamber. The latter were

performed in order to identify any problems that might arise in the out-

door irradiations of the fuels and to obtain a preliminary indication of

their reactivity. In addition, experiments were carried out to determine

the kinetics of the reaction of hydroxyl radicals with JP-10 in order that

the atmospheric half-life of this relatively unreactive cruise-missile

fuel could be predicted.

In the following sections, the experimental facilities and analytical

techniques employed in the outdoor chamber experiments and in the explor-

atory and developmental work are described and the results are presented.

The implications of the results obtained concerning the atmospheric reac-

tivities of the fuels studied are discussed and recommendations concern-

ing future work relevant to the problems of assessing impacts of atmos-

pheric releases of present and future hydrocarbon fuels are given.

Detailed data sheets are compiled as Volume II of this report.
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SECTION II

DEVELOPMENTAL AND EXPLORATORY EXPERIMENTS

2. 1 DEVELOPMENT OF GAS CHROMATOGRAPHIC ANALYSIS TECHNIQUES

The analyses of the fuel components in the gas phase were performed

using capillary column gas chromatographic (GC) techniques. Although a

technique for such analyses was already available from previous research,

it was found to be unsuitable for the analyses of the heavier (> C1 0 ) fuel

components present in JP-8 and in diesel fuel. To reliably and reproduci-

bly analyze these heavier compounds, modifications of the original tech-

nique were required. In this section, the techniques employed for the

analyses of the fuel components in the gas phase and the associated devel-

opmental work are described.

Three capillary column gas chromatographs with flame-ionization de-

tection (FID) were employed at various times in this program. Two of

these were HP-5710A instruments with sub-ambient temperature capabilities

and fitted with Carle micro-volume gas sampling valves. Fused silica

capillary columns (30 m x 0.25 mm) coated with a 0.25 p thick SE-52 film

were employed for these two gas chromatographs. The other gas chromato-

graph employed was a Varian 3700 instrument with sub-ambient temperature

capability, also equipped with a Carle micro-volume gas sampling valve.

Tn this case the capillary column employed was a 30 m x 0.25 mm fused

silica column coated with an 0.25 p thick SE-54 film. Nitrogen was the
carrier gas for the HP-571CK gas chromatograph used for developmental

purposes; the others used helium as the carrier gas at a flow rate of -1.4

ml min - 1  The HP-5710k instruments were each interfaced to a Spectra-

Physics model 23000-011 Minigrator , while the Varian 3700 was interfaced

to a Varian CDS-111 data system. Thus, in all cases the gas chromatogra-

phic response was reported as peak areas. Since the Varian instrument was

not acquired until several months into the program, the majority of the

developmental work was carried out on one of the HP-571OA instruments.

Most of the developmental work concerned the sampling technique, as

described below. However, regardless of the sampling technique employed,

the sample was injected onto the column by flushing a loop or trap con-

taining the mixture to be analyzed with the carrier gas, while the column
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was held at -500 C or -90'C. In most cases, although -500 C was satisfac-

tory for the C6+ hydrocarbons, the column was held at -900 C, since that

resulted in more satisfactory peak shapes for the butanes and pentanes.

Once the sampling loop was completely flushed, the column was heated via a

temperature programmed sequence to a maximum of 2009C. The exact temper-

ature program varied, depending on the instrument and the time constraints

of the analyses (the total analysis time in the experimental runs had to

be less than one hour). A typical program was a temperature increase from

-900C to 200C at 160C min - ', with the temperature then being increased at

4 °C min-1 up to 200 0 C, which was the end of the program. This resulted in

satisfactory peak separation and shape for most of the fuel analyses, as

shown in the sample gas chromatograms given in Section 2.2.

The initial sampling method consisted of withdrawing 100 ml of the

gas being sampled with a gas-tight, all-glass hypodermic syringe, passing

its contents through an -2 ml stainless steel loop filled with uncoated

glass beads, and cooled with liquid argon (Figure 2). Cooling with liquid

N2 was found to result in condensation of 02 when air samples were taken,

which usually caused the flame on the FID to blow out when the sample was

injected onto the column. The trap, which was connected to the gas sampl-

ing valve on the GC instrument, was then heated with boiling water. Si-

imiltaneously the gas sampling valve was turned so that the contents of the

trap were flushed onto the head of the column, which (as mentioned above)

was cooled to -50 0 C or -90°C.

Although this initial sampling technique resulted in satisfactory

separation and peak shapes in the fuel analyses, there were several prob-

lems associated with it. The first problem experienced was that the flame

continued to blow out during analyses of humidiAied air samples. To cor-

rect this problem, the auxillary makeup gai was changed from helium to

nitrogen and the exit end of the capillary was withdrawn from within the

base of the flame. The final conclusion was that the flame-outs were

caused by H20 concentrated from the sample; reducing the sample size from

100 ml to 50 ml corrected this problem.

The most intractable problem with the cryogenic trapping technique

was that it was found not to be satisfactory for the analyses of heavier

(Cio+) fuel components. This is illustrated in Table 2, which gives the
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VALVE 100 ml GLASS SYRINGE

STILS T--

TASPTE CONDENSIBLE MATERIAL
TTRAPPED AT -186C

LIQUID ARGON PYREX BEADS

VALVE AT LOAD POSITION

CONDENSIBLE MATERIAL
/ VALVE

A .V-E 
CARRIER 

GAS IN

GC COLUMN

A o0T WATER AT 90-100*C

VALVE AT INJECT POSITION

Figure 2. Trap Injection Technique for Capillary Column Gas
Chromatographic Analyses of Gas-Phase Samples.
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TABLE 2. DEPENDENCE OF THE CHRC1ATOGRAPHIC RESPONSE
ON SAMPLING CONDITIONS.

NORMALIZED RESPONSE (per ppbC)a

STAINLESS GLASS LOOP

STEEL

ORGANIC TRAP LOOP UNHEATED HEATED

n-C 7  100 100 100 100

n-C8  90 130 100 105

n-C 9  90 194 101 110

n-C 1 0  73 155 104 --

n-Cl 42 10 104 100

n-C 1 2  0 -- 134 105

n-C 13  0 -- 93 110

n-C 1 4  0 -- 1 7 b 119

n-C 15  0 -- 0 78 b

Benzene -- 105 90

Toluene .... 112 100

aNormalized to response for n-heptane = 100

bHighly scattered.

-- No data

FID GC area response per ppmC for the C7 to C1 5 n-alkanes and for benzene

and toluene for several of the sampling techniques examined. It can be

seen that with this sampling technique the response per ppmC decreased as

the size of the molecule increased. This is contrary to what one would

expect for flame ionization detectors, where the response per carbon is

normally constant. In addition, no response was observed for n-C 1 2 or

heavier compounds, which indicated that these compounds (concentrated by a

factor of -25 when sampling) were being "hung up" in the loop or the valve

during injection.
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VALVE 100ml GLASS SYRINGE

VENT -

I~mlSILYATED//i , \ LOOP FLUSHED WITH

UNCONCENTRATED GAS

PYREX LOOP - PHASE SAMPLE

VALVE AT LOAD POSITION

CONDENSIBLEMATERIAL VAV

.- CARRIER GAS IN

GC COUMN ,IOmI SILYLATED
AT- 50C PYREX LOOP

VALVE AT INJECT POSITION

Figure 3. Loop Injection Technique for Capillary Column Gas

Chromatographic Analyses of Gas-Phase Samples.
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An alternate technique for sampling was the "loop" method, in which a

loop attached to the GC inlet valve was flushed with the gas sample and

its contents then injected onto the cooled column without pre-concentra-

tion (Figure 3). This method should in principle have given better re-

sults, since lower concentrations of the heavy compounds were exposed to

the valve. However, it was found that, although satisfactory analyses of

the n-C 5 through n-Cll alkanes were obtained when a well-conditioned 2 ml

stainless steel loop was used, anomalous results were observed when at-

tempts were made to use a new 10 ml loop made of the same material. A

larger loop was required to obtain the sensitivity required for use in the

experimental runs.

The problem observed when the new 10 ml loop was used was an apparent

conversion of n-C11 and (to a lesser extent) n-C1 o peaks to the n-C9 peak;

i.e., the n-C 9 peak was anomalously large and the n-ClO and n-C 1 1 peaks

were anomalously small. The n-C 5 to n-C 8 peaks were not affected and the

peak shapes for all compounds were normal. Extensive tests were carried

out to elucidate the cause of this problem. It was concluded that it was

due to surface effects on the unconditioned trap, since similar results

occurred when the old 2 ml loop was replaced by a new loop of the same

volume. Furthermore, when the new 10 ml loop was conditioned by washing

it with liquid JP-8, this effect decreased markedly. The magnitude of

this effect also was significantly reduced when Teflon ® or glass loops

were used instead of stainless steel.

The best results were obtained when the 10 ml loop was made of -2 mm

t.d. Pyrex tubing, which was "silylated" by treatment with I0% dichlorodi-

methylsilane in toluene. The area response for the n-alkanes and the

representative aromatics obtained when using this loop is shown in Table

2, and it can be seen that, unlike the "trap" technique, the response per

ppmC is reasonably constant for the n-C 5 through n-Cll alkanes and the two

aromatics studied. Furthermore, good reproducibility in the analyses of

those compounds was attained. However, for n-C1 2+, the variability of the

analyses becomes significantly greater; in Table 2 the response is anoma-

lous for n-C1 2, and falls off for n-C1 3+. Unfortunately, compounds in the

n-C11 through n-C 1 4 range appear to be the major constituents of JP-8 and

compounds lighter than n-Cll are relatively minor in diesel fuel (Section

2.2). It should also be noted that the room temperature vapor pressure of
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n-C1 5 is estimated to be greater than 200 ppm and, hence, significant

concentrations of Ci through C15 compounds should exist in the gas phase.

To ascertain whether the range of this "glass loop" analysis could be

extended, the effect of heating the loop and/or valve during the injection

process was examined. Optimum results were obtained when both the loop

and the trap were heated to -750C with a heat gun during the sample injec-

tion procedure. The response per ppmC for representative compounds using

this technique are shown in Table 2, from which it can be seen that heat-

ing allows the analyses to be extended by -1-2 carbon numbers. This is

probably the best that can be reasonably expected using the loop analysis

technique.

Since manual heating of the valve and the loop during routine analyses

is impractical, an insulated and heated oven for the loop and valve was

constructed for the Varian 3700 GC used in this program. The oven for the

tnjection system for the Varian 3700 GC was generally maintained at 150 0C

for most of the routine analyses during the outdoor experiments. Using

this technique, reasonably satisfactory quantitative analyses were obtain-

ed for n-C1 3, and qualitative analyses for n-C1 4 and n-C1 5 were possible.

The Varian 3700 GC with the heated glass loop injection system was

used for the routine analyses in the outdoor chamber runs employing JP-8,

diesel fuel, RJ-4, and RJ-5. In addition, most runs employing JP-10 to-

gether with some runs using petroleum-derived JP-4 were analyzed using

this system. Most of the JP-4 runs and the unleaded gasoline runs were

conducted relatively early in the program, before the optimum sampling

technique was developed, and the analyses were carried out using the cry-

ogenic trapping technique. Fortunately for those fuels, the C12+ hydro-

carbons are of lesser importance (Section 2.2), so this did not represent

a serious problem. The only runs where the capillary column GC analyses

of the fuel components were unsatisfactory were some of the earlier JP-l0

runs. These were carried out using the Varian 3700 GC soon after it was

first set up. An improperly designed capillary column insert on the de-

tector end caused greater sampling variability (+ 10-15%) than in later

analyses. This problem was corrected before the JP-8 runs. The analysis

systems used for specific runs are given in Section 3.4 and in the data

sheets in Volume II.
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Finally, the response per ppmC for n-Cl and lighter compounds analyz-

ed using the heated loop injection technique was relatively constant and
appeared not to depend significantly on whether the compound was an al-

kane, cycloalkane, or aromatic. Concentrations of unknown compounds

expressed as ppmC could be estimated without the necessity for carrying

out calibrations using authentic samples. This was useful for estimating

the concentrations of unknowns in the kerosene-type fuels and for report-

Ing the results of analyses of the major components of RJ-4 and RJ-5,

since in the latter case the exact identities of the components were

uncertain and authentic samples of the pure compounds were not available

for this program.

2.2 IDENTIFICATION OF FUEL COMPONENTS

In order to obtain an indication of the major components of the fuels

studied in this program and to confirm the gas chromatographic peak as-

signments made on the basis of retention times, gas chromatographic-mass

spectrometric (GC-MS) analyses of the liquid fuels were carried out. The

GC-MS techniques used and the results obtained are discussed in this sec-

t ion.

The GC-MS analyses were performed using a Hewlett-Packard 5710A

capillary gas chromatograph interfaced to Finnigan Model 3200 mass spec-

trometer. This GC used a 30 m x 0.25 mm i.d. fused silica capillary

column internally coated with a 0.25 p film of SE-52. The injection port

and transfer line were maintained at 3000C. The oven was initially held

at -500C for 30 seconds after the liquid injection, followed by a tempera-

ture rise of 160C min - I for four minutes, then of 40C min -m to the final

temperature of 250 0C. The mass spectrometer was scanned at one second

intervals over the mass range of m/e 35 to m/e 350. Electron impact ioni-

zation was used at a potential of 70 volts.

Background subtracted mass spectra were generated using the Finnigan

Model 6100 data system. Interpretation was performed by comparison with

library spectra from the EPA/NBS mass spectral data base (Reference 7) or

by analogy with known fragmentation pathways.

2.2.1 JP-4, JP-8, and Commercial Fuels

The major organic compounds identified by GC-MS for the kero-

sene-type military fuels, unleaded gasoline, and diesel No. 2 are listed
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in Tables 3-8, along with the relative peak areas measured by GC-FID anal-

yses of the fuels in the gas phase. As discussed in the previous section,

the FID area response can be approximated as proportional to the ppmC gas

phase concentration of the fuel components. Figures 4-9 show typical

chromatograms of each of these fuels, with selected identified peaks

labeled.

All these fuels consisted of alkane and aromatic mixtures and in no

case were detectable amounts of alkenes or heteroatom-containing organics

identified. In terms of the types and distribution of the fuel compo-

nents, the kerosene-type military fuels are generally similar (regardless

of whether they be shale oil- or petroleum-derived), except that JP-8 has

much less of the lighter components and much more of the heavy components

than JP-4. The gas chromatograms for these fuels are characterized by the

regular n-alkane peaks, which is their most conspicuous feature. Unleaded

gasoline is markedly different, with the n-alkanes being relatively less

important and the dominant peaks being those of the various aromatic com-

pounds. Diesel No. 2 consists primarily of heavier components; probably

for this reason its gas chromatographic analyses were somewhat less repro-

ducible.

The relative amounts of the various fuel compoents (Tables 3-8 and

Figures 4-9) reflect the amounts of these species after the fuel has been

injected into the gas phase (Section 2.3) and are not necessarily the same

as the relative amounts of these species in the neat liquid fuel. To

determine if there was a significant difference in this regard, one of the

HP-5710A gas chromatographs was temporarily modified to allow direct

injection of the liquid fuels. The injection system used was based on the

standard sample splitting technique for GC analyses with capillary column

systems and is shown schematically in Figure 10. The injection port was

heated to 300 0C and fuel analyses were initiated by injecting -I ut of the

liquid fuels through this system using a microsyringe.

Three to five duplicate injections were carried out for each fuel, in

some tests using the temperature program employed in the routine gas phase

analyses and in other tests using the temperature program routinely em-

ployed on the GC-MS system. Although, as expected, the retention times

varied with the temperature program used, there was no problem in deter-

mining the peak identifications from the different temperature programs.
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TABLE 3. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN PETROLE1M-DERIVED JP-4
AND RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS.

Organic Compound G.C. Area

Compound Identification (Re lative)

C 5812 2-me thylbu tane --

r5012 n-pentanea  0.25

C014 2,2-dimethylbutane (tentative) 0.05

C6H 14  branched alkane 0.08

C6 114  2-methylpentane 0.28

C6H 14  3-methylpentane 0.19

C6 l14  n-hexane 0.48

C7H 16 2,4-dimethylpentane 0.03

C6H1 2  methylcyclopentane (tentative) 0.27

C6H 12 cyclohexane 0.24

C6H6  benzene 0.10

C7H16 branched alkane 0.44

C7H 6  branched alkane 0.41

C 7H 14  cycloalkane 0.11

CTHI6 n-heptane 0.75

C7H 14 methylcyclohexane 0.54

C8H 18  branched alkanea 0.23

CSH16  cycloalkane 0.09

C8H1 6  trimethylcylopentane 0.05

C8H18  branched alkane 0.14

C7'8 ; CSH 18  toluene + branched alkaneb 1.00

CBH116  dimethyl cyclohexane 0.07

C81118  n-octane 0.80

C9 It2 0  branched alkane 0.06

C9120 dimethyiheptane 0.10

C9H 18  cycloalkane 0.12

C9 H18 t rime thyl cyc lohexanea 0.25

C8H!0 ethylbenzene 0.10

C8H to dimethylbenzene 0.28

C9120 branched alkane 0.22

CgH18 cycloalkane 0.05
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TABLE 3. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN PETROLEUM-DERIVED JP-4
AND RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS (concluded).

Organic Compound G.C. Area

Compound Identification (Relative)

C8HlO dimethylbenzene or o-xylene 0.10

C9120 n-nonane 0.47

C9H18  cycloalkane 0.04

C9H12 1,2,4,-trimethylbenzene 0.23

Cl1H22 n-decane 0.38

C11H24  n-undecane 0.43

C 2826 n-dodecane 0.42

aNot separated from other, unidentified fuel component(s).

bNot separated.

Calibration mixtures containing known amounts of n-alkanes and selected

aromatics were also injected periodically to aid in peak identification.

The relative peak areas obtained were more variable for some fuels

than others; as expected, they were unaffected by the temperature program

employed. For diesel No. 2 and unleaded gasoline, good reproducibility in

relative peak areas was observed in duplicate injections; but, for some

:olponents of petroleum-derived JP-4 (JP-4[pet]), variability by almost a

factor of two in some ratios of peak areas was observed. The reason for

this variability is unknown. However, for most fuels, much less vari-

ability was observed.

The relative peak areas for toluene and the n-alkanes observed in the

analyses of the liquid fuels are summarized in Table 9 and compared with

the relative areas for the gas phase analyses. For n-Cl and lighter

components, there was a reasonably good correspondence between the gas-

and liquid-phase analyses, but the amounts of gas-phase species heavier

than n-C11 fell off rapidly relative to the amounts of these compounds in

the neat liquid fuel. Ihis is particularly dramatic for diesel No. 2,

whose major components in the liquid fuel were too heavy to be seen

17



IA

TABLE 4. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN SHALE-DERIVED JP-4,
AND RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS.

Organic Compound G.C. Area

Compound Identification (Relative)

C5H1 2  2"me thylbutanea 0.12

C5'112 n-pentanea 0.21

C6H14 branched alkane 0.04

C6H14  2-methylpentane 0.21

C6R14 3-methylp entane 0.11

C6H14  n-hexane 0 .26

C6in2 methylcylopentane (tentative) 0.11

C6 H12 ; C6 6  cycloalkane + benzeneb  0.14

C7H1 6  branched alkanea 0.14

C 7H 16 3-methylhexane 0.22

C7H1 4  cycloalkane 0.05

C7H16 n-heptane 0.35

C 7HI 4 2-me thyl cyc lohexane 0.4 2

C8A 18  branched alkane 0.11

C8H16  trimethylcyclopentane (tentative) 0.03

C8H18  branched alkanea 0.03

C7H8 ; C8H 18  toluene + branched alkaneb 0.65

C8H16 dimethylcylohexanec (tentative) 0.29

C8H1 6  dimethylcyclohexane (tentative) 0.12

C8H 18  n-octane 0.39

C8H1 6  cyc loalkane 0.16

C816 cycloalkane 0.07

C9H2 2, 6-dimethylheptane 0.16

C9H18  cycloalkane 0.18

C9H18  C3 alkylcyclohexane (tentative) 0.25

C9H18  1,2,4-trimethylcyclohexane 0.10

C8 H10  dimethylbenzene + m- and p-xylene (tentative) 0.29

C9820 branched alkane 0.21

C9 H 1 8  cyc loalkane 0.16

C8 H1 0  dimethylbenzene 0.11
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TABLE 4. ORGANIC CO 'UNDS IDENTIFIED BY GC-MS IN SHALE-DERIVED JP-4,
AND RELATIVE AMOUNTS , S DETERMINED BY GC-FID PEAK AREAS (concluded).

Organic Compound G.C. Area

Compound Identification (Re lative)

C9H20 n-octane 0.57

C9H18 cycloalkane 0.10

C10H2 2  2,6-dimethyloctane 0.24

C9H 12 1,2,4-trimethylbenzene 0.20

C1O22 n-decane 0.78

C11H24 4-methyldecane 0.36

C1018 trans-decahydronapthalene 0.69

C 1It124 n-undecane 1.00

C1 2H2 6  n-duodecane 0.29

C 1 3H28  dimethylundecane

aNot separated from other, unidentified fuel component(s).

bNot separated.

CMore than one isomer.

in the gas phase. The problems involved in introducing diesel No. 2 and

the other heavy fuels are discussed in more detail in Section 2.3.

2.2.2 High Energy Fuels

Representative chromatograms from the GC-FID analyses of RJ-4

and RJ-5 in the gas phase are shown in Figures 11 and 12, respectively. A

chromatogram for JP-10, the other high-energy fuel studied in this pro-

gram, is not shown since it was found to consist of a single peak corres-

ponding to the sole significant component of that fuel, namely exotet-

rahydrodicyclopentadiene (Figure I). The major peaks of RJ-4 and RJ-5,

whose observed concentrations in the outdoor chamber runs are reported on

the data sheets in Volume II, are also indicated in Figures 11 and 12 (A-G

for RJ-4 and A-C for RJ-5).

In an attempt to identify the seven major components of RJ-4 and the

three major components of RJ-5, GC-MS analyses were carried out on these

fuels. Unfortunately, mass spectroscopy is not the best technique for
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TABLE 5. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN PETROLEUM-DERIVED JP-8

AND RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS.

Organic Compound G.C. Area

Compound Identification (Relative)

C8HI8  n-octane 0.03

C8 HI0  m-xylene 0.06

C8HIO o-xylene 0.03

C9H20 n-nonane 0.12

C9 H1 2  1,2,4-trimethylbenzene 0.09

C9H12 C3-alkylbenzene 0.06

CIOH22 n-decane 0.34

C1 1 H 24  4-methyldecane 0.15

C11H24 n-undecane 1.09

C 1iH 20  methyldecahydronaphthalene 0.24

C11H16 mixture, mainly C5-alkylbenzene 0.20

C1 2 H2 4  cycloalkane 0.25

Ct 2H2 6  n-dodecane 1.00

C 1 3H 28  dimethylundecane 0.31

C14H 30 branched alkane

C 14 H2 8  cycloalkane 0.19

C1 3 H2 8  n-tridecane 0.53

a (not aromatic) 0.08

aFormula not determined

unambiguously identifying the compounds present in these fuels and the

primary information obtained using this technique was their molecular

weights.

For RJ-4, all eleven of the peaks larger than 10% of the height of

the largest GC peak had a parent MS peak at an m/e of 164. This mass is

consistent with the tetrahydrodi(methylcyclopentadiene) isomers in this

fuel (Reference 1). Since all eleven mass spectra were very similar,
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TABLE 6. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN SHALE-DERIVED JP-8 AND
RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS.

Organic Compound G.C. Area

Compound Identification (Relative)

C7H8  toluene 0.02

C8H18 n-octane < 0.01

C8Hi0  m-xylene 0.05

C8H10  o-xylene 0.03

C9820 n-nonane 0.09

C9H18  propylcyclohexane 0.04

C10 H2 2  2,6-dimethyloctane 0.08

C 0 H22  branched alkane 0.09

Cl0 H2 0  cycloalkane 0.10

C1OH22 branched alkane + alkylbenzenea 0.23

ClOH20  cycloalkane 0.13

CH C3 alkylbenzene 0.17

C10H22  n-decane 0.82

alkylbenzenea  0.26

C1 R24 4-methyldecanea

CIH methyldecanea  0.17

ClIR 24  n-undecane 1.00

C12H26 n-dodecane 0.56

C13H28 branched alkanea 0.83

C14 H30  branched alkanea  0.10

C13H2 8  n-tridecane 0.19

C 5H32  branched alkane 0.03

CIH30 n-terradecane 0.05

C 15H32 n-pentadecane 0.08

aMore than one compound.
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TABLE 7. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN UNLEADED GASOLINE AND
RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS.

Organic Compound G.C. Area

Compound Identification (Relative)

C5 HI 2  n-pentane 0.37

C5HIo cyclopentane 0.16

C6 H114  branched alkane 0.08

C6 H 14  branched alkane 0.26

C6H14 branched alkane 0.17

C6 H1 4  n-hexane 0.14

C6HI2 methylcyclopentane 0.16

C6 H I 2 cycloalkane

0616 benzenea 0.21

C7H16 branched alkane 0.22

C HL 6  3-imethylhexane (tentative) 0.17

C7H16 n-heptane 0.13

C7 H1 4  me thyl cyc lohexane 0.05

C8 H16  cycloalkane 0.03

C7H 8  toluene 1.00

C8 H18 branched alkane 0.11

C9H20 branched alkane 0.07

C8H 0  dimethylbenzene 0.18

C8H110 dimethylbenzene 0.69

C8HID dimethylbenzene (possibly o-xylene) 0.25

C9H 20 n-nonane 0.02

C 9H 1 2  C 3-alkylbenzene 0.02

C9 H12 n-propylbenzene 0.05

C9H12 methylethylbenzenea 0.22

C9 1112 trimethylbenzene 0.07

C9H12 methylethylbenzene 0.05

C9HI2 1,2,4-trimethylbenzene 0.23

C t0H22 n-decane 0.01

C1 0 4I 4  C4 -alkylbenzene 0.05

C91H12 C3 -alkylbenzene 0.02

C10"1 4  methylpropylbenzeneb  0.03

aNot separated from some other, non-aromatic cospound.

bProbably more than one compound.
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TABLE 8. ORGANIC COMPOUNDS IDENTIFIED BY GC-MS IN DIESEL NO. 2 AND
RELATIVE AMOUNTS AS DETERMINED BY GC-FID PEAK AREAS.

Organic Compound G.C. Area

Compound Identification (Re lat ive)

C5H 2 2-methylbutane 0.04

(0512 n-pentane 0.04

C01 4 branched alkane 0.04

C6H14  branched alkane 0.10

C6H 4 n-hexane 0.04

C6H1 2  methylcyclopentane 0.05

C6 812 cyclohexane (tentative) 0.05

C016  benzene 0.05

c7 16 3-,methylhexane (tentative) 0.02

C7416 n-heptane 0.02

c 7q 1 4  methyleyelohexane 0.13

C 7H8 toluene 0.14

S016 cycloalkane 0.10

8H1 8  n-octane 0.07

C8" 6 cyclohexane (tentative) 0.05

C010 dialkyl benzene 0.05

C8V10 m-xylene 0.15

C81,10 o-xylene 0.08

C9,120 n-nonane 0.13

C9H 2 C3-alkylbenzene 0.12

C0 1 I) 2 2  n-decane 0. 2 3

1 1 H24 n-undecane 0.40

ct2426 n-dodecane 0.66

C0138110 methylnaphthalene 0.37

C t 3"28 n-tridecane 1.00

C16H30 n-tetradecane 0.40

015 H 32 n-pentadecane 0.87
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Figure 10. Injection System Used for Capillary Column Gas Chromato-
graphic Analyses of the Neat Liquid Fuels.
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exact identification of the isomers would require either obtaining authen-

tic samples, or separating the components of RJ-4 and performing NMR and

IR spectroscopic analyses (which was beyond the scope of this program).

For RJ-5 the two largest peaks in the gas chromatograms (components B

and C in Figure 12) had a parent m/e of 186. This is consistent with

these being among the possible C14H1 8 isomers of the hydrogenated nor-

bornadiene dimers shown in Figure 1. Although we were unable to further

elucidate which of the possible isomers these peaks corresponded to, the

work of Ashland Oil, Inc. (Reference 8) indicates that the dominant C14R18

species are probably those shown in Figure 1.

The third largest GC peak in RJ-5 (A in Figure 12) was found to be a

mixture of at least two compounds, with molecular weights of 184 and

188. This is consistent with the C and the C1 4H2 0 isomers of the

hydrogenated norbornadiene compounds (Figure 1). As with RJ-4, the unam-

biguous elucidation of the structures of the major components of this fuel

was beyond the scope of this project.

2.3 DEVELOMENT OF FUEL INJECTION TECHNIQUES

For chamber irradiations of these fuels to be useful for comparative

purposes, it was essential that the fuels be introduced into the gas phase

in a reproducible manner. All of the fuels studied, except JP-1O, were

complex mixtures of different compounds of varying volatility, each of

which may have a significantly different atmospheric reactivity. Thus, it

was clearly not satisfactory to have varying amounts of the relatively

heavier components introduced into the gas phase in different experiments,

even if the amount of gas phase carbon was the same. For the fuels which

consist primarily of volatile components, this was less of a problem,

since the optimum technique was to assure that the fuel was completely

vaporized and that none of the light components were lost during handling

prior to injection. However, complete vaporizatior -f the heavier fuels

at roum temperature was extremely difficult, if not impossible.

It is clearly impossible to introduce all of a fuel into the vapor

phase, if the fuel contains components whose vapor pressure is lower than

their gas phase concentration would be for complete vaporization. Based

on our analyses of the liquid fuels (Section 2.2), the heaviest components

present appear to be: for unleaded gasoline, n-C9 ; JP-4, n-C 1 5 ; JP-8,

n-C1 6 ; and diesel fuel, probably n-C2 2 or n-C23. Since the vapor pressure
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I
of n-C1 6 is estimated to be -88 ppmC (based on extrapolation of the data 9
given in the CRC handbooks [Reference 91), it should theoretically be pos-

sible to introduce essentially all of unleaded gasoline, JP-4, and JP-8

into the gas phase in experiments employing 50 ppm of fuel (the highest

concentration used in this study). However, it is probably not possible

to introduce all of diesel fuel into the gas phase, no matter how effi-

cient the injection techniques employed can be made.

In order to assess the problems which might be encountered regarding

fuel volatility (or lack thereof) the following test was conducted for

each of the fuels studied in this program: (1) -An 0.25 in o.d. x 3 in

stlylated Pyrex® tube, packed with silylated Pyrexe wool previously flush-

ed with N2 , was accurately weighed; (2) This tube was dosed with the

desired volume of the fuel, using a microsyringe or micropipette, and

weighed again; (3) The tube was allowed to sit for five minutes at room

temperature and then re-weighed; (4) Finally, the tube was flushed with

N2 at 1 9 min -I for three five-minute intervals and re-weighed after each

interval. After 10 minutes of flushing, < 3% of unleaded gasoline, JP-4,

JP-10, RJ-4, and JP-8 (shale) remained, but after 15 minutes of flushing

-5% of JP-8 (pet), -68% of diesel fuel, and -83% of RJ-5 still remained.

JP-4 was the only fuel that evaporated to a significant extent at the

five-minute period before the nitrogen flush; for example, in one test -7%

of JP-4 (pet) evaporated upon standing for five minutes. These results

indicated that care had been taken to avoid evaporation of JP-4 while

handling, and that JP-8, diesel fuel, and RJ-5 could probably not be in-

jected in a reasonable amount of time without heating.

The technique employed for the injection of the more volatile fuels

(unleaded gasoline, JP-4, and J-10) is illustrated in Figure 13. The

desired quantity of the liquid fuel (normally -300 a to 1000 I for out-

door chamber runs and -100 ol for indoor chamber runs) was placed in an -1

X bulb and the bulb was then flushed for 15 minutes with N2 at 5 Z min -1 ,

while being heated with a heat gun. After this time period, all of the

liquid fuel had disappeared, and tests showed that reasonably complete and

reproducible injections could be obtained for these fuels using this tech-

nique.

These tests indicated that the technique illustrated in Figure 13 was

not satisfactory for the less volatile fuels (JP-8, RJ-4, RJ-5, and diesel
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Figure 13. Technique for Injection of the Lighter Fuels into
the Gas Phase.
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fuel), since these fuels tended to condense on the inlet tube where it

could not easily be reached with the heat gun. To circumvent this prob-

lem, the injection system illustrated in Figure 14 was developed. As

shown in the figure, this consisted of a 0.5 in i.d. Pyrex® tube wrapped

with heating tape and clamped to the pure air injection port. The appro-

priate volume of the liquid fuel was placed in the unheated tube, which

was then flushed with N2 at 5 X min -I for two minutes without heat, and

then for another -30 minutes with heat. The Variac power for the heating

tape was set to give an equilibrium temperature of 2500 C and it took -5

minutes to attain this temperature. No visible liquid fuel remained Ln

the tube after this procedure.

This procedure was tested by injecting JP-8 or diesel fuel into the

indoor Teflons chamber (ITC). The results of these preliminary experi-

ments indicated unsatisfactory reproducibility in these injections. (See

Section 2.4 for more discussion on the indoor chamber experiments). This

reproducibility problem was probably due to insufficient mixing occurring

during the injection process, thus allowing the less volatile fuel com-

ponents to condense out of the vapor phase when present in locally high

concentrations. Since rapid mixing of the reactants was easier in large

Teflon bags (such as those employed in the outdoor runs) than in the ITC

(because the sides of the outdoor bag could be agitated to a far greater

extent), it was decided to discontinue the ITC tests and concentrate on

obtaining reproducible fuel injections in the large outdoor bags.

Experiments were conducted using the outdoor chamber facility (Sec-

tion 3.1), where JP-4 and JP-8 were injected using the heated tube with

varying temperatures and N2 flow rates. The total nonmethane hydrocarbon

(MHC) levels were measured by the Byron hydrocarbon analyzer and the

individual fuel components were analyzed by gas chromatography (Section

2.1). The experimental conditions and selected results are summarized in

Table 10. As expected, reasonably reproducible injections could be

attained with JP-4 at 100 0 C, but at least 250 0 C was required to inject the

heavier components of JP-8. There appear to be no significant differences

between injections carried out with 4 Z min- 1 flow rates and those at 2 X

mL n- 1.  Thus, it can be concluded on the basis of the results of runs 5-7
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(Table 10) that satisfactorily complete and reproducible injections of

JP-8 could be obtained, providing that the injection temperature was at

least 2500 C.

Since this technique worked satisfactorily for JP-8, it was employed

for the RJ-4, RJ-5, and diesel fuels for the injection technique to be

consistent for all the heavy fuels employed in this study. An indication

of how well this worked for the kerosene-type military fuels and the

civilian fuels can be obtained from Table 9 in Section 2.2.1, where anal-

yses of the fuels injected into the gas phase are compared with analyses

of the neat liquid fuels. As noted there, the gas-liquid correspondence

was reasonably good for the n-Cll and lighter compounds, but the results

suggest incomplete injection of n-C1 2 and heavier species. However, it is

not clear to what extent the failure to observe all of the heavier com-

pounds in the gas phase was due to deficiencies in the fuel injection

technique or deficiencies in the gas chromatographic analyses of these

compounds (see Section 2.1).

An alternate way to assess how well the fuel injection technique

worked is to compare the observed total hydrocarbon measurements in the

outdoor chamber runs with the values calculated, using the mass of liquid

fuel injected together with the percent of carbon in the whole fuel and

the volume of the chamber. The ratios of observed to calculated total

hydrocarbon for all of the outdoor chamber runs in which the standard

concentration of fuel was employed (-25 ppmC, nominal) are summarized in

Table 11. These data suggest that most of JP-4, unleaded gasoline, JP-10,

and RJ-4 were injected into the gas phase. However, only -75% of JP-8 (by

comparing ratios for JP-8 with JP-4), 40-50% of RJ-5 (by comparing ratios

for RJ-5 with RJ-4), and -20-30% of diesel fuel could be injected into the

gas phase with this technique. These figures are somewhat uncertain,

since it is possible that some of the heavier components are lost in the

sample lines before they reach the total carbon analyzer detector (Section

3.2.3). However, it is reasonably clear that much of diesel No. 2 was not

being introduced into the gas phase, and it is probable that a non-

negligible fraction of RJ-5 and the JP-8 fuels were also lost. These

facts should be taken into account when comparing the atmospheric reac-

tivities observed in this fuel study.
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TABLE 11. RATIOS OF OBSERVED-TO-CALCULATED TOTAL CARBON MEASUREMENTS

IN THE OUTDOOR FUEL-NOX CHAMBER RUNS.

Observed THC

Fuel Calculated THC

JP-4(pet) 1.18 1 0.13

JP-4(shale) 1.25 * 0.30

JP-8(pet) 0.82 * 0.08

JP-8(shale) 0.97 * 0.06

Unleaded Gasoline 1.28 * 0.14

Diesel No. 2 0.27 * 0.07

JP-10 1.29 * 0.30

RJ-4 1.53 * 0.08

RJ-5 0.60 * 0.09

2.4 INDOOR CHAMBER RUNS

To determine if any experimental or analytical problems had to be

overcome before the outdoor fuel irradiations were conducted, and to

obtain a preliminary indication of the reactivity of representative fuelq

to be studied in this program, several trial injections and irradiations

ising the SAPRC indoor all-Teflon® chamber (ITC) were carried out. The

facility, procedure, experiments performed, and results are discussed

ociefly below.

2.4.1 Facility and Procedure

The SAPRC -6,000 Y indoor all-Teflon® chamber is shown sche-

vittcally in Figure 15. Like the outdoor chamber (Section 3.1), it con-

sL-ts of a replaceable 2 mill thick FEP Teflon bag which can collapse as

samples are withdrawn, thus avoiding contamination with laboratory air.

The bag is attached to a semi-rigid framework, and can be collapsed to

about 10% of its maximum volume. Irradiation is provided by two diametri-

ctally opposed banks of 40 Sylvania 40-W BL blacklights, backed by arrays

of Alzak -coated reflectors. The light intensity was determined in sepa-

rate experiments (Reference 10) by measuring the rate of photolysis of NO.

in N2 using the quartz tube, continuous flow technique of Zafonte, et al.
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(Reference 11, Section 3.2.6). This intensity corresponded to an N02 pho-

tolysis rate of 0.45 min-1 at maximum light intensity.

Before each experiment, the chamber was flushed with purified air

(Reference 12) by emptying and filling the bag three times. Unless noted

otherwise below, each fuel was injected using the same technique as

employed for that fuel in the outdoor runs (Section 23), except that JP-8

and diesel were injected with the injector heat set at 200oC instead of

2500 C. The NO and N02 were injected using gas-tight all-glass syringes

and flushed into the chamber using dry ultra-high purity N2. Commercially

available NO (Matheson, CP grade, 99.0% purity) was used without further

purification and N02 was prepared by diluting this NO with dry, pure 02 in

a syringe. After the injections, the contents of the chamber were mixed

by agitating the sides of the bag, but it took at least 30 minutes for the

N) readings to stabilize. After the readings stabilized, gas chromato-

graphic samples were taken and irradiation was begun and continued for

five to six hours. Ozone, NO, NOx, fuel components, and other organics

were monitored using the techniques described in Section 3.2.

2.4.2 Reproducibility Tests and Dark Decay of Fuel Components

In order to check the reproducibility in the chromatographic

analyses of the fuel components in the gas phase and determine if there

was any significant wall loss for these compounds over an extended period

of time, 200 pI of JP-4 (pet) was injected into the indoor Teflon® chamber

uLng the technique developed for the lighter fuels (Section 2.3). The

JP-4 components were analyzed with the HP-5710A GC system using the cryo-

genic trapping technique (Section 2.1) over a period of three days in the

dark.

The reproducibility of the chromatographic analyses obtained follow-

I ng the JP-4 injection is shown in Table 12. It can be seen that, for

a umples taken on the same day, reproducibility of better than *10% for the

tndividual peak heights was attained; but, on subsequent days the relative

amounts of the heavier compounds decreased. This was probably due to slow

idsorption of the less volatile components on the chamber walls.

A slightly different technique was used in the analysis carried out

on the second day. The sample in the trap was completely warmed (with the

trap closed off) prior to the gas sample valve being switched to the in-

ject position. It was hoped that this technique might give rise to more
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reproducible retention times than obtained when the sample was heated and

flushed onto the column at the same time. However, as seen in Table 12,

it appears that the lighter compounds might have been lost when this tech-

nique was used; hence, this procedure was abandoned.

2.4.3 Fuel-NOx Irradiations

Fuel-NOx irradiations were carried out in the indoor Teflor

chamber using shale- and petroleum-derived JP-4 and JP-8, unleaded gaso-

line, diesel No. 2, and JP-10. In each case -100 11 of the fuel was in-

jected, corresponding to -25 ppmC of the fuel in the gas phase in this

chamber. In the initial experiment, JP-4 (shale) was irradiated with -1

ppm NOx (25% N02) ; but, the mixture was observed to be extremely unreac-

tive, with only 16 ppb of 03 being formed after 3.5 hours of irradia-

tion. As a result of this run, it was decided to decrease the initial NOx

concentrations in the subsequent indoor and outdoor chamber runs, so that

more reactive (and hence more informative) mixtures could be studied.

The results of the subsequent experiments, in which -0.5 ppm of NOx

was employed, are shown on Table 13. It can be seen that the fuels varied

significantly in terms of rates of NO oxidation and 03 formation, with

unleaded gasoline being far more reactive and JP-10 being far less reac-

tive than the other fuels studied, in agreement with the subsequent

results from the outdoor runs (Section 3.4). As mentioned in Section 2.3,

a successful technique for reproducibly injecting the heavier JP-8 and

diesel No. 2 fuels into the indoor chamber was not developed (probably

because of mixing problems), so the results of runs ITC-385 through 388

should be considered as only qualitative in nature. Indeed, a comparison

of the two JP-8 (pet) runs (ITC-385 and ITC-387), in which the fuel injec-

tion in the former run was accidentally carried out with the injector heat

set at 80°C (instead of 2000C as used in ITC runs 386-388), shows the

importance of the fuel injection temperature in affecting the gas phase

fuel levels and the resulting reactivity in NO -air irradiations. How-

ever, other than this injection problem for the heavier fuels which was

solved by improved mixing and higher injector temperatures in the outdoor

* Iruns (Section 2.3), the results of these preliminary irradiations indi-

cated no significant unexpected problems to be overcome before the outdoor

irradiations of those fuels could begin. Thus, these experiments success-

fully fulfilled their primary objective.
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TABLE 12. REPRODUCIBILITY OF GAS CHROMATOGRAPHIC ANALYSES OF SELECTED

COMPONENTS OF PETROLEUM-DERIVED JP-4 INJECTED INTO THE INDOOR

TEFLONS CHAMBER.

Relative Change
b

Day 1 Day 2c  Day 3

Relative

Compound Heighta 1 2 3 1 1

n-Hexane 0.74 -- 1.0 0.98 0.58 1.05

n-Heptane 1.00 -- 1.0 1.04 0.90 0.97

n-Nonane 0.45 0.92 1.0 1.03 0.91 0.84

n-Decane 0.42 1.03 1.0 1.03 0.95 0.68

n-Undecane 0.35 1.02 1.0 1.09 0.88 0.65

n-Dodecane 0.19 1.04 1.0 1.07 0.77 0.55

SPeak height relative to n-heptane for sample two, day one.

bPeak height ratioed to height of corresponding peak of sample two, day one.

Sample on trap warmed completely prior to flushing onto column.

2.5 DETERMINATION OF THE RATE CONSTANT FOR THE REACTION OF OH

RADICALS WITH JP-10

The only homogeneous gas phase process believed to be of any signi-

ficance in removing saturated and non-olefinic aromatic hydrocarbons from

the lower atmosphere is via reaction with the hydroxyl (OH) radical (Ref-

erence 13). Hence, a knowledge of the rate constant for the reaction of

DH radicals with the major components of the cruise missile fuels allows

their atmospheric lifetimes to be estimated. Since JP-10 is comprised of

essentially a single component (exo-tetrahydrodicyclopentadiene, Reference

1), its OH radical reaction rate constant was determined using an environ-

mental chamber relative rate technique.

This technique has been described in detail (References 13, 14) and is

based on thie assumption that the test compound (JP-1O) and a reference

compound, whose OH radical rate constant is accurately known (m-xylene),

are both consumed In NOx-hydrocarbom-air irradiations only by reaction

with the OH radical. For saturated hydrocarbons and the simple aromatics,
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TABLE 13. INITIAL CONDITIONS AND SELECTED RESULTS FOR INDOOR TEFLON CHAMBER NOx-AIR
IRRADIATIONS OF SELECTED FUELS.

Fuel JP-4 JP-4 JP-8 JP-8 JP-8 Unleaded Diesel JP-10

(Pet) (Shale) (Pet) (Pet) (Shale) Gasoline #2

ITC

Run Number 372 371 3 8 5 a 387 386 373 388 374

Initial

Concentration

(,pm)

NO 0.278 0.27 0.365 0.329 0.362 0.237 0.335 0.447

NO 2  0.151 0.136 0.144 0.139 0.135 0.151 0.147 0.137

n-C 9  0.05 0.06 -- 0.08 b -- -- --

n-Cl 0  b b 0.02 0.10 0.13 b 0.02 c  
--

n-C 1 1  b b 0.09 0.15 0.18 b 0.02 --

n-C 1 2  b b 0.09 0.20 0.12 b 0.05 --

n-C 1 3  b b 0.09 0.11 0.06 b 0.05 --

-d[NO/dt 3.7 1.3 1.0 2.1 3.0 - 1 5 d 2.3 4.8

(0-60 min)

(ppb min - )

[031 (ppm)

t - I hr 0.008 -0.0 -0.0 0.002 0.005 0.567 -0.0 -0.0

t - 3 hr 0.164 0.032 -0.0 0.020 0.186 0.520 0.037 -0.0

t - 5 hr 0.34 0.098 0.030 0.215 0.476 0.486 0.164 -0.0

t - 6 hr -- -- -- 0.131 0.588 -- 0.232 -0.0

a Fuel injected at a maximum temperature of 800 C instead of 2000 C.

bNo data available.

C t - 0 GC data not available. Data is given for t - 4 hours.

diven for first 15 minutes only.
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this assumption is believed to be valid (Reference 13). The rate constant

for the compound of interest is then obtained from the relative rates of

consumption of the reference and the test compounds as described below.

If two hydrocarbons, HCI and HC2 , react solely with the OR radical,

and dilution is avoided by use of a non-rigid Teflon bag, as is the case

here, then (Reference 14):

d(HC1 ]/dt = klEHC 1] [OH] (I)

d[HC2 ]/dt - k2 [HC 2 ] [OH] (1l)

where kI and k2 are the rate constants for the reactions of the OH radical

with HC, and HC2, respectively. These equations can be integrated and

rearranged to obtain:

[HC2] o  k 2  [HC 1oI 2 I [H- ] (III)

2 tH I I i]

where [HC] o and [HC 2 ] 0 are the concentrations of HC1 and HC2 at time to,

and [HCI]t and [HC 2 ]t are the corresponding concentrations at time t dur-

ing the irradiation. Thus, a plot of in ([HC 2 ]o/[HC2 ]t) vs In ([C11o/-

[HC]t) should give a straight line with the rate constant ratio kl/k 2

being the slope. Therefore, if k, is known, k2 can be determined.

Two experiments were carried out in the indoor 6000 X all-Teflona

chamber using blacklamp irradiations (i.e., the same experimental condi-

tions as used in the other indoor exploratory runs described in Section

2.5). In the first run (ITG-375), -0.5 ppm NO, -0.2 ppm NO2 , -0.4 ppm

JP-L0, -0.2 ppm toluene, and -0.4 ppm m-xylene were injected into the

chamber. In the second run (IrC-376), the conditions were similar, except

-0.3 ppm m-xylene was used and -0.3 ppm o-xylene was also included. Both

runs were carried out at -50% relative humidity. The average temperatures

for runs ITC-375 and ITC-376 were 32.5 + LOC and 33 + 50 C, respectively.

Plots of In ([HCoI/(HClt) for JP-10 and toluene against m-xylene in

run ITC-375 and for JP-10, toluene, and o-xylene against m-xylene for run

ITC-376 are shown in Figures 16 and 17, respectively. It can be seen that

47



2.8-

S2.4- / TOLUENE

U JP-IO
z
U
-1 2.0
x
E 1.6

0
r -- 1.2

z
U

E .4-

0

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Inl (EIHC]O/[HC]t)
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m-Xylene for Run ITC-375.
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in all cases excellent linear plots are obtained. m-Xylene was chosen as

the reference compound, since its OH radical reaction rate constant is

accurately known (References 15-17). The rate constant ratios ki/k,

(Table 14) for JP-10, toluene, and o-xylene, along with the values of ki

placed on an absolute basis using a rate constant for the reaction of O11

radicals with m-xylene of k 2 = 2.43 x 10-  cm3 molecule-  sec - 1.  This

rate constant k2 is the mean of the absolute rate constant data of: Han-

sen, et al. (Reference 15) [k2 = (2.36 + 0.24) x 10- 11 cm3 molecule- I

-13

sec I; Perry, et al. (Reference 16) [k2  (2.40 + 0.25) x 10-11 cm3 mole-

cule - 1 sec- ]; and Nicovich, et al. (Reference 17) [k2 - (2.54 + 0.35) x

10-11 cm3 molecule- I sec- ]. The data of Ravishankara, et al. (Reference

18) has been neglected, due to possible wall adsorption problems in their

static flash photolysis-resonance fluorescence system (Reference 17).

While the rate constant obtained from ITC-376 for o-xylene is in excellent

agreement with the absolute literative rate constants (Table 14), the

present data for toluene are -40-40% higher than the literature data. The

data in Table 14 yield an OH + JP-10 rate constant of (1.3 + 0.2) x 10
- 11

3 - -

cm molecule sec , with the uncertainty reflecting both a 10% uncer-

tainty in the value of k 2 for m-xylene and the discrepancy between the

results of the two runs.

Rate constants for the reaction of OH radicals with unstrained alkanes

at -300C can be estimated from the number of primary, secondary, and ter-

tiary C-H bonds in the molecule using the following equation derived from

published OH + alkane rate constant measurements (References 13, 19):

101 2 x ki(30 0C) - 0.067 n, + 0.588 n2 + 2.10 n3 cm
3 molecule -  sec - I (IV)

where n,, n2, and n3 are the number of primary, secondary, and tertiary

C-H bonds in the molecule, respectively, with which OH radicals can

react. Using this formula, and the fact that JP-10 has 12 secondary and

f tir tertiary C-H bonds, the calculated OH + JP-lO rate constant is 15.5 x
0-12 3 olce-1 -1

10 cm molecule sec , which is -20% higher than the measured value.

This can be considered good agreement, especially in view of the fact that

JP-1O has several moderately strained rings and strained ring compound

are known to react with OH radicals somewhat slower than calculated from

eqtuation (IV) (References 13, 19).
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SECTION III

OUTDOOR CHAMBER IRRADIATIONS

The major effort in this program was in conducting the outdoor cham-

ber irradiations. A total of 132 experiments were performed, consisting

of irradiations of the nine fuels studied and the associated character-

ization and conditioning runs. The facility, experimental techniques, and

results obtained are discussed in the following sections.

3.1 OUTDOOR CHAMBER FACILITY

All outdoor chamber experiments were performed in the SAPRC Teflon®

bag chamber operated in either single or dual mode, which is shown sche-

matically in Figure 18. The reaction chamber consists of a replaceable

45,000-60,000 £ bag, which is constructed of 2 mil thick FEP Teflon®

sheets heat-sealed together using a double lap seam and externally rein-

forced with Mylar tape. Each bag uses nine 27 ft x 58 in Teflone

panels. As shown in Figure 18, the bags had two Teflon® flanges on the

bottom, which were used for sampling from each side.

For the first bag used in this program, the fill, injection, and

,enting of the bag contents were carried out through an open flap in the

middle of one side of the bag (not shown on the figure), which was tied

closed during the run with flexible tubing. When this bag was used, prob-

lems were experienced with excessive rates of bag deflation, which made

multi-day runs difficult. These problems were attributed to leakage

through this flap. For all subsequent bags, the open flap was not includ-

ed on the bag; the injections and the air fills were done through Teflone

flanges sealed to the bags with a design similar to that for the sampling

ports. The two opposite corners were not heat sealed to empty the bag;

but during the runs, these corners were clamped tightly shut with special-

ly designed metal clamps. In addition to reducing leakage around the

inlet and exhaust ports, these modifications had an additional advantage;

eliminating the open flap made the bags easier to construct.

A total of 11 bags were used in this program, numbered consecutively

from 14 through 24. In general, the bag was changed for each fuel

studied, though in a few cases the same bag was used for studies of

similar fuels. The bags were changed not only to minimize ontamination

problems, but also because they developed small leaks caused by creasing
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during use. This creasing was exacerbated by wind buffeting, which was

minimized when necessary by placing a transparent Teflon@ cover 'on the

framework over the bag to serve as a windbreak. Construction of these

bags so that they did not leak excessively required a certain amount of

skill and experience, and it was found that bags Nos. 18 through 24 under-

went significantly less deflation in multi-day runs than did earlier bags.

The Teflona bags were supported by ropes running across a 25 ft x 20

ft cast iron, pipe tubing frame held three feet off the ground to allow

air circulation under the chamber. No mechanical stirring device was used

in our experiments since Wilson, et al. (Reference 22) showed that mechan-

ical stirring dramatically inhibits aerosol formation in smog chambers.

Wind action on the flexible chamber and temperature gradients within the

chamber were sufficient to ensure adequate mixing during an experiment.

The chamber was held on the frame with a net connected to the frame by a

system of ropes. Between irradiations and during dark decay experiments,

the framework above the bag was covered by an opaque, white L-16 tarp

cover, which was pulled on or off the framework with a system of rollers

designed to facilitate the process. The upper framework was also used to

support the windbreak of Teflon film, when necessary.

Most of the monitoring instruments employed in these runs were housed

in an air conditioned 15 ft x 10 ft portable building approximately 10

feet from the chamber. The sample lines were constructed of 0.5 in o.d.

FEP Teflon tubing and connected to the sample ports on the bottom of each

side of the bag (Figure 18). The Teflon tubing from each side was

attached to an all-Teflone solenoid valve with an 0.5 in orifice. Follow-

ing the valves, the lines were brought together with a Teflona "IT" and led

into the glass sampling manifold within the monitoring station. The con-

tinuous monitoring instruments in the station withdrew air from that mani-

fold and the samples for chromatographic analyses were also taken through

a valve attached to this manifold. Most of the air flow through the mani-

fold went out through a 1.5 in hose leading to the analysis chamber of the

integrating nephelometer and then outside to a vacuum pump. The transit

time from the Teflon bag to the instruments was about two seconds.

A timer was built for the sampling systems so that it could operate

unattended. This timer controlled the two solenoid valves, the pump, and
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a relief port to ambient air. This device minimized the amount of sample

drawn from the chamber. The following typical sequence was used:

Time Operation

0000 Relief valve closed, solenoid valve No. 1 open, pump on

0010 Solenoid valve No. I off, solenoid valve No. 2 on

0020 Solenoid valve No. 2 off, pump off, relief valve open

This timer worked on either a 30- or 60-minute cycle.

As shown in Figure 18, the bag could also be operated in a dual mode

configuration for the purpose of conducting parallel experiments under the

same lighting and temperature conditions. This was done by means of three

1.5 in diameter cast iron pipes, two of which ran across the supports

above the bag and the third which lay below. Initially, the bag was

divided by raising the lower pipe and placing it tightly between the upper

pipes. This was thought to effectively separate the two sides. However,

in AFF-8, a JP-4 vs n-butane irradiation, significant leakage of n-butane

into the JP-4 side was observed, thus invalidating the run. The bag divi-

sion procedure was modified by taking the outer and middle two pipes as

they were after the initial division procedure and rotating the pair 180

degrees. This change doubled the number of seals between the two sides of

the bag. Using this bag-division procedure, tests were carried out by

injecting Freon 12 on one side of the divided bag, and monitoring it on

the other side by gas chromatography. The exchange rate between the two

sides was found to be < 0.1% per hour; thus, this bag-division procedure

was used for all subsequent divided bag runs.

The bag was filled and flushed with purified matrix air, which was

provided at a flow rate of 12-15 scfm by an air purification system

detailed in Reference 12. In this system, ambient air is drawn through

Purafil beds (to remove NOX ), compressed by a liquid (water) ring compres-

sor to 100 psig, and passed successively through a heatless dryer, a Hop-

calite tower (to remove CO), and a second heatless dryer packed with acti-

vated coconut charcoal. The latter acted as a pressure-swing adsorption

unit and routinely reduced the hydrocarbon levels (as measured in the

chamber) to -800 ppb methane, < 5 ppb of C2 hydrocarbons and propane, and
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< I ppb of all higher hydrocarbons. After filtering this very dry, puri-

fied air stream to remove any charcoal dust, it was heated and then divid-

ed into two metered streams, one of which passed through a spray tower

supplied with heated distilled water. The streams were recombined in the

appropriate relative amounts to give the desired humidity.

3.2 ANALYTICAL TECHNIQUES EMPLOYED

Inorganic species, physical parameters, aerosol parameters, CO and

total hydrocarbons, peroxyacetyl nitrate (PAN), formaldehyde, and indivi-

dual organic reactants and products were monitored by the appropriate

techniques, which are summarized below. Except as noted to the contrary,

all instruments withdrew the gas to be sampled from the sampling manifold

in the portable building next to the chamber.

3.2.1 Ozone

Ozone was monitored by a Dasibi model 1003AH UV absorption

ozone monitor. It was calibrated in November 1979 and again in December

1980 by the California Air Resources Board using longpath UV absorption.

It should be noted that the UV absorption technique suffers from

interferences from certain types of organic compounds which also absorb in

the 254 nm region, such as cresols (Reference 23). This interference

appears to be significant in mixtures containing JP-8 (both shale- and

petroleum-derived) and diesel fuel, since ozone readings of up to 77 ppb

were observed prior to the irradiation in runs using these fuels, even

when sufficient NO was present to suppress 03 far below detectable levels

(due to their rapid mutual reaction). In runs using these fuels, the

reported ozone values in the tables and figures showing reactivity compar-

isons in Section 3.4 were corrected by subtracting these initial ozone

readings. These readings varied from run to run even when the same fuel

was used. No such correction was made, however, in the data sheets given

in Volume II or in any ozone time-concentration plots given in this

report. This interference by fuel components did not appear to be a prob-

lem with the other fuels studied; but the possibility that products were

formed, which gave a positive response on the ozone monitor, cannot be

ruled out, particularly for JP-4 and unleaded gasoline. JP-4 and unleaded

gasoline contain aromatics which can react to form cresols (Reference

23). This is less likely to be a problem with the alkane fuels such as

JP-10, RJ-4, and RJ-5 and with n-butane.
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3.2.2 Oxides of Nitrogen

Nitric oxide and total NOx were monitored by a Bendix Model
8101 BX chemi luminescence N0-NO x analyzer. In this instrument, NO is

monitored directly, but total NOx is measured by converting it to NO with

two catalyst tubes filled with ultra-pure carbon heated to 2850 C. N02 is

assumed to be the difference between the two readings. This instrument

was calibrated approximately every three to five weeks using an NBS cali-

bration gas of known NO concentration. The gas was diluted to appropriate

concentrations and the analyzer was then adjusted to give the correct

reading. The instrument normally did not deviate more than 5% between

calibration checks. The converter efficiency was checked using NO2 gener-

ated by reacting the calibration NO with excess 03) and was always found

to be 100 + 5%.

The-analysis of NO2 and NOx is complicated by the fact that the con-

verter has been shown (Reference 24) to convert PAN, organic nitrates, and

HN0 3 to NO and thus such species give a positive interference in the NO2

analysis (the NO data are unaffected). Conversion of PAN and organic

nitrates has been shown to be essentially quantitative (Reference 24); so

in principle, NO2 can be corrected by subtracting the measured PAN and

organic nitrate concentrations. Unfortunately, although PAN was monitored

in most of our experiments, we were unable to monitor organic nitrates

with the techniques employed. Organic nitrates are known to be formed in

significant yields in NOx-air irradiations of the larger alkanes (Refer-

ence 25), which are present in all of the fuels studied in this program,

and thus significant interferences by them are expected. For this reason,

no attempt was made to correct the N0 2 data for these interferences.

Thus, the N0 2 -UNC data given in Volume II must be considered upper limits

to the true N02 values.

As mentioned above, HNO3, which is believed to be a major sink for

NOx in NO x-air photo-oxidations, also interferes with N02 readings, though

this interference is in general not quantitative (Reference 24). In our

system it is probable that h1N0 3 was absorbed on the sample lines prior to

entering the converter and thus did not interfere. This was tested by

placing a nylon filter, which is known to efficiently remove gas phase

HNO3 (Reference 26) , in the sampling line in the later stages of a typical
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fuel NOx run. No significant changes in the N02 readings were observed

(see data sheets for run AFF-8 in Volume II).

3.2.3 Total Hydrocarbons and CO

Total hydrocarbons and CO were monitored either by a Beckman

Model 6700 or a Byron Model 401 chromatographic hydrocarbon analyzer. The

Byron was not acquired and functioning properly until relatively late in

the program, while the Beckman was used throughout. For consistency in

inter-run comparisons, only the Beckman data are used.

The Beckman was not located in the building adjacent to the chamber,

but in a monitoring facility -50 feet away, so a somewhat different sampl-

ing procedure was used for this instrument. A clean, 50 ft, 0.25 in line

was installed from the sampling manifold to the Beckman. The Beckman has

a sample time of 10 minutes for a complete cycle and the injection loops

are continuously purged with sample air, except during injections. In

order to allow the air from the chamber to reach the Beckman, the sample

cycle was set to start at seven minutes and 17 minutes after the hour for

Sides A and B, respectively. This starting time enabled the instrument to

purge for seven minutes before a sample was injected and this compensated

for the distance from the sampling manifold.

The Beckman was calibrated using specially prepared calibration gases

which contained methane, CO, and n-hexane. Peak heights and/or peak areas

were determined for each component. From these and the known concentra-

tions of the components, factors were calculated for total hydrocarbons

(THC), CH4 , and CO.

The FID response of the Beckman to the heavier fuels, such as diesel

No. 2 and RJ-5, was quite low. This could be due in part to the heavier

fuels tending to adhere to the walls of the sample loop and associated

tubing, resulting in chromatographing of the fuels. In an attempt to

correct for this, peak areas rather than peak heights were used in the

total hydrocarbon measurements for diesel No. 2 fuel. However, the re-

sponse was still lower than expected based on the amount of fuel injected

(Section 2.3).

3.2.4 Temperature

Temperature was monitored by a Doric thermocouple temperature

indicator. Two thermocouples were used, one in each of the sampling
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lines, located just beneath the Teflon® sample parts. The thermocouples

were calibrated by using a distilled ice bath or boiling distilled water.

3.2.5 Humidity

Humidity was measured during the pure air fill using either

the wet bulb/dry bulb technique or an EG&G model 880 Dew Point Hygro-

meter. The wet bulb/dry bulb measurements were made using an Environ-

mental Tectonics Corporation model CP-197 automatic psychrometer. The

psychrometer is a self-contained unit with a wet-bulb thermometer, a dry-

bulb thermometer, and a battery-operated fan to pull the sample air across

the bulbs. The entire unit was placed inside the bag and allowed to oper-

ate for at least five minutes before the reading was taken.

The EG&G model 880 Dew Point Hygrometer is an automatic, optically

sensed, thermoelectrically cooled, condensation dew-point hygrometer. It

measures the dew point by presenting a cooled metal surface to the gas

sample. Part of this metal surface is a gold plated mirror on which con-

densate will form at the dew point. This condensate is monitored by an

optical system which varies the temperature until the exact dew point is

found. The temperature is then read off the meter of the instrument. The

instrument employs an internal calibration, which was used before every

reading. When in use, it was connected directly to the sample manifold.

3.2.6 Light Intensity

Light intensity was monitored by an Eppley model 14290 Ultra-

violet Radiometer located on the asphalt underneath the bag in the middle

of Side A. The radiometer was cleaned for each run to ensure correct

readings. The factor used to convert the radiometer output to cal cm 2

min - I was that given by the factory in 1977. Comparison with another

calibrated radiometer showed reasonable agreement.

A more fundamental measurement of light intensity, in terms of

affects on atmospheri,. chemistry and 03 production, is kj, the N02 photol-

ysis rate. Although it could not be monitored routinely for all experi-

ments, a comparison test was performed in which simultaneous experimental

k i and radiometer measurements were made. The technique for the k I mea-

surements is described by Zafonte, et al. (Reference 11) and is only

briefly described here. A mixture of -1.6 ppm NO2 in N2 was passed

through a 2 cm i.d. by 76.3 cm long quiartz tube at -1 Z min -1 . NO and N02

concentrations were measured when the tube was covered. The tube was then
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uncovered and the changes in NO and NO2 noted. The inlet and exit lines

of the tube were wrapped in opaque tape so that the N02 photolysis occured

only after the NO2 was fully mixed. For some measurements, a darkened

four-foot length of Pyrex tubing was placed ahead of the quartz tube in

order to assure more uniform flow characteristics. The tube was located

on top of the roof of the outdoor laboratory building, with the UV radio-

meter located next to it. The ki values were calculated from the changes

in NO and NO2 using the formula given by Zafonte, et al. (Reference 11).

Table 15 gives the results of this experiment, which was performed under

conditions of extremely clear and sunny weather.

Table 15 also gives the calculated theoretical maximum values for k I

along with the radiometer readings. The theoretical maximum value of kI

can be calculated for a clear day using the best estimate solar actinic

irradiations as a function of zenith angle of Peterson (Reference 27) and

curr, ",y accepted NO2 absorption coefficients and quantum yields (Refer-

ence ". providing the solar zenith angle (determined by the time of day

and the date) is specified (Reference 28). From this calculated maximum

kl, an expected radiometer reading can be calculated using the following

eupirical k1 -UV relations derived by Zafonte, et al. (Reference 11):

For 00 < z < 400

kl(min-1 ) - [0.079(1/cos z)+0.022] x radiometric UV (mra cm 2 )

For 400 < z < 900

ki(min - 1) - [0.16(1-cos z)+ 0.0881 x radiometric UV (mra cm-2 )

where z is the solar zenith angle. It can be seen from Table 15 that,

with the exception of the readings obtained under cloudy conditions or at

large zenith angles, the agreement for the kt values was generally within

+ 10%. This suggests that our ki measurement technique was reasonably

reliable. On the other hand, again with the exception of the readings

obtained under cloudy conditions or at high zenith angles, the experimen-

tal radiometer readings were -50% higher than the predicted values. This

could be due to the placement of the radiometer during this study, since
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TABLE 15. EXPERIMENTAL AND CALCULATED k AND RADIOMETER READINGS MADE ON
18-20 FEBRUARY 1981.

k, (min - ) UV (MW cm-2 )

Obs. Obs.

Date PST Obs. Caic.a Calc. Obs. Calc.b Calc. Notesc

2/18 1154 0.394 0.390 1.01 3.95 2.86 1.38

1326 0.343 0.367 0.93 - 2.53 -

1355 0.352 0.347 1.01 - 2.28 - A

2/19 1122 0.237 0.388 0.68 2.82 2.82 1.00 B

1321 0.360 0.372 0.97 3.68 2.59 1.42

1324 0.366 0.370 0.99 3.83 2.57 1.49

1327 0.384 0.369 1.04 3.42 2.54 1.54

1556 0.060 0.175 0.34 0.79 0.88 0.90 C

2/20 0828 0.221 0.227 0.97 1.85 1.21 1.53 C

0855 0.273 0.273 1.00 2.31 1.56 1.48 C

0914 0.324 0.300 1.08 2.77 1.79 1.55 C

0948 0.379 0.337 1.12 3.30 2.16 1.53 C

1118 0.382 0.389 0.98 4.09 2.83 1.45 C

1140 0.406 0.393 1.03 4.27 2.90 1.47 B,C

1157 0.440 0.394 1.12 4.33 2.92 1.48 C,D

1218 0.440 0.393 1.12 4.33 2.90 1.49 C

aCalculated from the actinic irradiations given by Peterson (Reference 27)
and the N02 absorption coefficients and quantum yields recommended by

Atkinson and Lloyd (Reference 5).

bCalculated from the theoretical k values (Note a) using the empirical

relationship of Zafonte, et al. (Reference 11).

CNotes for special conditions are as follows:

A - Flow rate was 2 £ rin- 1

B - Cloudy during this reading
C - Four-foot Pyrex tube in series with quartz tube
D - Flow rate was 3 X min-1
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it was located on the roof of the monitoring station instead of under the

bag as it was for the chamber runs.

A comparison between experimental and calculated maximum radiometer

readings under the actual conditions of the chamber experiments (Table 16)

lists the maximum UV radiometer reading observed for each outdoor chamber

irradiation, along with the calculated maximum radiometer reading appro-

priate for the date and time of day the reading was observed. It can be

seen that in most cases, in contrast with the results of the experiment

described above, the agreement between the observed and calculated radio-

meter readings are surprisingly good, considering the potential uncertain-

ties in applying empirical relationships such as that used here. For most

runs, the observed radiometer readings were 10% lower than the calculated

values, which is expected due to the reduction in light intensity caused

by passing through two layers of Teflon® film. The few cases where the

observed radiometer reading is significantly lower than calculated value

can be attributed to the run being performed on overcast days. These

results indicate that the empirical k1-UV radiometer relationship derived

by Zafonte, et al. (Reference 11), should be useful for obtaining esti-

mates for k i values applicable to the runs performed in this program.

3.2.7 Aerosol Parameters

Parameters relating to aerosol formation were measured by four

different instruments, which are briefly described below. Because of

equipment breakdowns and occasional temporary requirements for these

instruments for other programs, there were a number of chamber runs in

which not all four were used; though, in no case was a fuel-NOx irradia-

tion conducted without some aerosol measurement instrumentation on line.

It should be noted that accurate and quantitative measurement of aerosol

parameters is extremely difficult (in part because of deposition of the

particles on the chamber walls and in the sampling line); the aerosol data

should probably be considered qualitative in nature, though it should be

useful for comparative purposes.

The Model Rich 100 Condensation Nuclei Monitor responds to atmospheric

particles with diameters of 0.0025 iiand larger and covers a concentration

range of 300 to 107 particles cm- 3 . The instrument operates on the prin-

ciple of a cloud chamber in which water is condensed upon submicroscopic

particles to produce micron-sized droplets. The cloud which is produced
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attenuates a light beam that is then electronically monitored and display-

ed on a panel indicator. The cloud chamber is then pressurized and flush-

ed. The total measurement cycle time is approximately once per second.

The Climet Instrument Model 208A Particle Analyzer measures particles

cm- 3 in the range of 0.3 p to 1.0 p. Functionally, the components of the

particle analyzer may be divided into three major sections: air sampling,

optical, and electronic. Air is drawn into the analyzer sensor chamber by

a high-speed pump. As the air sample passes through the sensor chamber,

the optical system of the analyzer detects individual particles and pro-

duces electrical impulses. These impulses are converted to a signal,

which is displayed on the face of the instrument. Incorporated into the

analyzer is the calibrator circuit, which provides a complete check of

optical system operation and permits simple, accurate calibration. At

high particle concentrations such as those encountered with diesel fuel,

there can be a problem with coincidence, i.e., two or more particles being

counted as one. In general, coincidence was not a problem in our measure-

ments.

The TSI Model 3030 Electrical Size Analyzer is designed to measure

the size distribution of particles in the 0.0032 ; to 1 ii diameter

range. Th- instrument is based on the "diffusion charging-mobility analy-

sis" principle first described by Whitby and Clark (Reference 29). The

aerosol is sampled into an aerosol charger to expose the particles to

unipolar positive ions pr)duced by a corona discharge. The charged aero-

sol then enters the mobility analyzer, which is comprised of a precipi-

tator and an electrometer sensor. The mobility distribution is then

measured and from these data the number of particles in various size

ranges can be calculated. From this distribution, the total number of

aerosol particles ("AER. N" on the ata sheets in Volume II), the total

volume of aerosol materials ("AER. V") and the total aerosol surface area

("AER. S") are calculated. It should be noted that throughout this pro-

gram a number of problems occurred with the Model 303D and, although they

were corrected, the data should be looked upon as qualitative only.

The Meteorology Research, Inc., Model 1550B Integrating Nephelometer

is designed to measure the atmospheric extinction coefficient due to light
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TABLE 16. MAXIMUM RADIOMETER READINGS OBSERVED IN THE OUTDOOR CHAMBER RUNS AND
COMPARISON WITH CALCULATED RADIOMETER AND kI VALUES.

Radiometer (mW cm-2) Calculated kI (min
-')

Timea Observed From
Run Date (PST) Observed Calculatedb Calculated Radiometerc Maximumd

2 6/4 1200 4.03 4.68 0.86 0.413 0.479

4 6/17 1200 4.53 4.70 0.96 0.463 0.481

7 6/19 1130 4.05 4.66 0.87 0.416 0.479

8 5/20 1200 4.05 4.70 0.86 0.414 0.481

9 6/26 1300 3.83 4.53 0.85 0.400 0.474

10 7/3 1130 4.29 4.65 0.92 0.442 0.478

11 7/11 1145 4.64 4.66 1.00 0.477 0.479

13 7/15 1230 3.97 4.61 0.86 0.411 0.477

14 7/16 1100 4.37 4.49 0.97 0.460 0.472

15 7/17 1300 3.82 4.48 0.85 0.402 0.472

17 7/21 1130 3.83 4.58 0.84 0.398 0.476

18 7/23 1400 4.09 3.96 1.03 0.463 0.448

19 7/30 1205 3.69 4.57 0.81 0.384 0.457

20 8/1 1200 3.60 4.55 0.79 0.375 0.475

21 8/5 1230 4.05 4.28 0.95 0.426 0.463

22 8/6 1200 4.26 4.51 0.94 0.447 0.473

23 8/7 1215 4.03 4.29 0.94 0.424 0.463

24 8/8 1255 3.74 4.35 0.36 0.401 0.466

25 8/15 1205 4.17 4.41 0.95 0.443 0.469

26 8/20 1105 4.08 4.20 0.97 0.446 0.459

27 8/21 1340 3.99 3.85 1.04 0.459 0.443

31 8/26 1305 -4.2 4.04 1.04 0.469 0.452

32 8/28 1115 3.62 4.12 0.88 0.401 0.456

33 9/4 1205 2.95 4.08 0.72 0.328 0.454

34 9/10 1045 2.84 3.68 0.77 0.335 0.435

35 9/11 1150 3.26 3.93 0.83 0.371 0.447

39 9/15 1310 5.09 3.60 0.41 0.608 0.431

40 9/18 1105 3.02 3.62 0.83 0.360 0.432

41 10/1 1130 3.13 3.39 0.98 0.387 0.419
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TABLE 16. MAXIMUM RADIOMETER READINGS OBSERVED IN THE OUTDOOR CHAMBER RUNS AND

COMPARISON WITH CALCULATED RADIOMETER AND k VALUES (continued).

Radiometer (mW cm-2  Calculated k, (min-')

Timea Observed From
Run Date (PST) Observed Ca lculatedb Calculated Radiometerc Maximumd

42 10/3 1205 2.95 3.38 0.87 0.366 0.419

43 10/7 1205 2.50 3.25 0.77 0.317 0.413

44 10/14 1105 2.98 2.90 1.03 0.404 0.393

45 10/16 1105 2.68 2.84 0.94 0.367 0.381

46 10/20 1200 2.94 2.88 1.02 0.400 0.391

47 10/23 1145 2.86 2.79 1.03 0.396 0.386

48 10/24 1200 2.61 2.77 0.94 0.362 0.385

51 10/30 1200 2.52 2.62 0.96 0.360 0.374

52 11/7 1115 2.20 2.36 0.93 0.331 0.354

53 11/18 1215 2.20 2.23 0.99 0.344 0.343

54 12/2 1110 0.89 1.97 0.45 0.114 0.319

55 12/10 1205 1.86 2.00 0.93 0.299 0.322

56 12/16 1200 1.80 1.98 0.91 0.291 0.320

57 12/18 1200 1.18 1.98 0.60 0.191 0.320

58 1/2 1230 1.80 2.20 0.82 0.279 0.340

60 1/22 1245 1.49 2.18 0.68 0.232 0.339

61 2/3 1200 2.80 2.50 1.12 0.410 0.365

62 2/5 1215 2.63 2.53 1.04 0.382 0.368

63 3/10 1105 3.86 3.29 1.17 0.487 0.414

64 3/17 1205 3.06 3.63 0.84 0.364 0.432

65 3/24 1230 3.36 3.76 0.89 0.392 0.439

66 3/25 1130 2.79 3.79 0.74 0.324 0.440

6 8e 3/27 1530 1.17 1.92 0.61 0.191 0.314

69 4/6 1200 3.95 4.10 0.96 0.438 0.455

70 4/7 1205 3.73 4.11 0.91 0.413 0.455

71 4/9 1115 3.36 4.05 0.83 0.375 0.453

72 4/15 1205 3.47 4.26 0.81 0.377 0.462

73 4/21 1105 3.92 4.20 0.93 0.429 0.460

74 4/30 1115 3.87 4.37 0.89 0.414 0.467
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TABLE 16. MAXIMUM RADIOMETER READINGS OBSERVED IN THE OUTDOOR CHAMBER RUNS AND

COMPARISON WITH CALCULATED RADIOMETER AND kI VALUES (continued).

Radiometer (mW cm 2 ) Calculated kI Cmin
- 1)

Timea Observed From
Run Date (PST) Observed Calculatedb Calculated Radiometerc  Maximum

75 5/6 1115 3.64 4.43 0.82 0.386 0.469

76 5/7 1015 3.73 4.02 0.93 0.419 0.451

77 5/12 1105 4.14 4.43 0.93 0.439 0.469

78 5/15 1115 4.15 4.50 0.92 0.436 0.472

79 5/19 1305 3.91 4.42 0.88 0.415 0.469

80 5/21 1105 4.32 4.49 0.96 0.454 0.472

81 5/27 1115 4.00 4.56 0.88 0.416 0.475

83 6/1 1225 4.27 4.64 0.92 0.440 0.478

84 6/2 1305 3.46 4.48 0.77 0.364 0.472

86 6/4 1115 4.68 4.59 1.02 0.486 0.476

88 6/8 1110 4.27 4.57 0.93 0.444 0.476

89 6/9 1130 4.36 4.65 0.94 0.449 0.479

90 6/11 1215 3.91 4.68 0.84 0.401 0.480

91 6/12 1100 4.18 4.53 0.92 0.437 0.474

92 6/16 1105 4.45 4.56 0.98 0.463 0.475

93 6/25 1105 4.00 4.56 0.88 0.417 0.475

94 6/30 1015 3.82 4.20 0.91 0.418 0.459

95 7/2 1115 4.41 4.60 0.96 0.457 0.476

97 7/8 1105 3.69 4.54 0.81 0.385 0.474

98 7/10 1115 3.82 4.58 0.83 0.397 0.476

100 7/15 1405 3.19 3.95 0.81 0.362 0.448

101 7/17 1105 3.91 4.51 0.87 0.410 0.473

103 7/21 1415 3.37 3.80 0.89 0.391 0.441

104 7/22 1100 3.87 4.45 0.87 0.409 0.470

105 7/23 1130 3.82 4.57 0.84 0.397 0.475

107 7/27 1245 3.46 4.50 0.77 0.36-' 0.472

108 7/30 1205 4.45 4.57 0.97 0.463 0.475

109 f  8/3 1405 2.86 3.81 0.75 0.331 0.441

110 8/4 1215 4.14 4.52 0.92 0.434 0.473
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TABLE 16. MAXIMUM RADIOMETER READINGS OBSERVED IN THE OUTDOOR CHAMBER RUNS AND

COMPARISON WITH CALCULATED RADIOMETER AND k1 VALUES (concluded).

Radiometer (mW cm
- 2 ) Calculated k4 (min-l)

Timea Observed From

Run Date (PST) Observed Calculatedb Calculated Radiometerc Maximumd

ill 8/6 1115 3.55 4.41 0.81 0.377 0.469
112 8/10 1105 3.37 4.32 0.78 0.362 0.465

113 8/11 1105 3.64 4.31 0.84 0.392 0.464

114 8/13 1115 3.55 4.34 0.82 0.381 0.465

116 8/18 1215 3.05 4.36 0.70 0.326 0.466

117 8/19 1100 3.64 4.18 0.87 0.399 0.459

118 8/20 1130 4.45 4.30 1.03 0.480 0.464

119 8/21 1100 4.09 4.15 0.99 0.450 0.457

121 8/24 1100 4.55 4.11 1.11 0.504 0.455

122 8/28 1105 3.55 4.07 0.87 0.396 0.453

123f  8/31 1405 2.73 3.41 0.80 0.337 0.420

124 9/2 1205 3.64 4.12 0.88 0.402 0.465

125 9/3 1205 3.64 4.10 0.89 0.404 0.455

127 9/9 1205 4.00 3.98 1.01 0.451 0.449

128 9/11 1115 3.64 3.84 0.95 0.420 0.442

129 9/15 1205 3.09 3.84 0.80 0.356 0.443

131 9/18 1105 2.91 3.62 0.80 0.347 0.432

132 9/21 1200 3.46 3.70 0.94 0.407 0.436

aTime at which maximum radiometer reading was observed.

bMaximum radiometer reading calculated using the Zafonte, et al. (Reference 11)

equations and the calculated maximum k i value (see note d).

CCalculated from the observed radiometer readings using the formula of Zafonte,

et al. (Reference 11).

dCalculated from the actinic radiations given by Peterson (Reference 27) and the NO 2

absorption coefficients and quantum yields recommended by Atkinson and Lloyd
(Reference 5).

eOnly one value available for run.

fOnly two values available for run.

67



scattering by both gases and aerosols in the air. Sample air is contin-

uously drawn into the optics chamber where a flash lamp is mounted. With

each flash, a photomiltiplier (PM) tube detects the light scattered from

the particles in the defined sampling area. The output of the PH tube, as

well as that of a reference phototube, are manipulated electronically to

give a reading, which is displayed on the front of the instrument. The

instrument has a range of 0.1 x 10 - 4 to 100 x 10 - 4 m-i. The nephelometer

was calibrated approximately once a month using Freon 12 as a reference

standard (as per factory instructions). The major problem encountered

with this instrument was ambient air leaking into the sampling chamber;

this was corrected using silicone rubber sealant.

3.2.8 Organic Reactants and Products

Fuel components, background trace organics present in the pure

air, and a limited number of products were monitored by gas chromatography

(GC). Except as noted below, flame ionization detection was used.

Samples were taken (using 100 ml syringes from the sampling manifold in

the portable building adjacent to the chamber) and injected manually into

the various GC instruments. The syringes were flushed with the air being

sampled at least two times prior to taking the sample for analysis. Brief

descriptions of each of the GC systems, the compounds monitored, and

(where applicable) special procedures associated with them are given

below.

The C5+ hydrocarbon fuel components were monitored by capillary

coluam gas chromatography employing 30 m SE-52 or 30 m SE-54 coated fused

silica capillary columns. These systems, which are described in more

detail in Section 2.2, were capable of monitoring most of the individual

C5 -C 1 3 components of the fuels studied in this program. However, because

of the large number of individual components of the fuels (except for

JP-10, which is essentially a pure compound, and RJ-5, in which only three

components were found to be present in significant amounts), concentra-

tions of only selected fuel components are reported. The fuel components,

whose concentrations are reported on the data sheets, depended on the fuel

being used and (for the heavier components) whether the Varian gas chro-

matograph with the heated loop was employed (Section 2.2).

Calibration factors for the various alkane and aromatic fuel compo-

nents were obtained as follows. Stock calibration solutions were made by
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syringing the desired compounds into a weighed vial. Exact concentrations

were obtained by weighing the vial on an Ainsworth type 10 balance after

the addition of each compound. In general, each stock solution was made

up of six compounds. One microliter of each stock solution was added to a

46.75 X glass carboy. The carboy was cleaned before each calibration by

heating it with a heat gun for 20 minutes on hot and 15 minutes on cool,

then flushing the carboy with nitrogen for one hour. The compounds were

added to the carboy the evening before a calibration so that the compounds

would be completely mixed for the next morning. Calibration samples were

then taken directly from the calibration carboy with a 100 ml all-glass

gas-tight syringe.

Capillary column CC analyses of the fuel components were performed

prior to the irradiation in each run and once an hour during the irradia-

tion. In divided bag runs, samples alternated from side to side; for each

side, data are available at two-hour intervals.

Aromatic hydrocarbons and oxygenates were monitored using a 10 ft x

0.125 in stainless steel column packed with 10% Carbowax-600 on C-22 Fire-

brick (100/120 mesh) operated at 70°C-750 C, with an N2 flow rate of 50.5

ml min - . Using this system, samples were taken prior to fuel injection

and at the beginning, middle (in most cases), and end of each day of irra-

diation. Samples were taken using cryogenic trapping techniques similar

to those described in Section 2.2 (Reference 30).

Although this system was capable of monitoring the simpler C2-C5

aldehydes and ketones, in practice it could not be used for this purpose

in fuel runs, because of the interferences by larger hydrocarbon fuel

components having similar retention times on this system. For that

reason, oxygenate data from this system are not reported for fuel runs.

The primary utility of this system, with regard to oxygenate analyses, was

to assure that there was no significant oxygenate contamination in the

pure air used in the runs In this study.

This system was capable of monitoring toluene and the xylenes without

apparent interference (except that meta- and para-xylene have the same

retention time, so that only the sum of the two can be determined). Where

available, such data are reported. However, in many cases, a discrepancy

is noted in the toluene data between the capillary system and the C-600

system; the concentrations obtained in the capillary system are as much as
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a factor of five higher. This is probably due to toluene not separating

from some other fuel component on the capillary system.

C1 and C2 hydrocarbons were monitored prior to the fuel injection and

at the beginning and end of each day of irradiation. A 5 ft x 0.125 in

stainless steel column packed with 100/120 mesh Porapak N, held at 600C,

and with an N2 flow rate of 30 ml min- 1 was employed. This system was

useful primarily to determine that there was no significant contamination

from ambient air; except for selected control and characterization runs,

data are not reported. The sampling technique, calibration procedure, and

discussions of the accuracy of this technique are given elsewhere (Refer-

ence 30).

C3-C6 hydrocarbons and the Freon 12 tracer were monitored using a 34

ft x 0.125 in stainless steel column packed with 10% 2,4-dimethylsulfolane

(DS) on C-22 Firebrick held at 00 C, in series with 2 ft x 0.125 in stain-

less steel "soaker" columns containing 10% Carbowax 600 on C-22 Firebrick

(30/60 mesh). The N2 flow rate was 26 ml min - I . The analysis technique

and frequency of analyses depended on the type of run. For all runs,

samples were taken prior to and following fuel injection and at the end of

the run using the cryogenic trapping technique (Reference 30). For fuel-

butane runs and for dynamic runs, the n-butane or the Freon" tracer were

analyzed hourly using the loop analysis technique (Reference 30). In the

loop technique, a 2-3 ml stainless steel loop was flushed with the sample

to be analyzed and then flushed directly on the column.

Two different GC's containing DMS columns were used in this pro-

gram. One was located in the portable building next to the chamber and

set up for automatic loop analysis. This was used in some, though not

all, of the fuel-butane and dynamic runs. Most DMS analyses were done

manually using a separate instrument in one of the main GC laboratories.

In the static runs not containing n-butane, the primary utility of

this system was to assure that no contamination problem existed. Thus,

concentrations of trace species monitored with this system are in general

not reported, except for selected characterization runs.

Peroxyacetyl nitrate (PAN) was monitored using electron capture

detection and 18 in x 0.125 in Teflonf columns of 5% Carbowax 400 on Chro-

mosorb G (80/100 mesh) operating at ambient temperature (References

30-32). Analyses were done by flushing a -2 ml loop with the sample and
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then injecting the contents of the loop onto the column. The calibration

of this system and factors affecting its accuracy are described elsewhere

(Reference 30). Two instruments were employed at various times in this

program. One was located in the building adjacent to the chamber and

sampled automatically; the other was in one of our other laboratories and

sampled manually. For most runs, PAN data were reported on an hourly

basis.

In many runs, other GC peaks were observed in the PAN chromato-

grams. These were probably alkyl nitrates, for which this system is also

sensitive. However, because the exact identities of the compounds causing

these peaks were not established, they are not reported on the data

sheets.

3.2.9 Formaldehyde

Formaldehyde was monitored at the beginning, middle, and end

of the irradiations using an improved chromatropic acid technique (Refer-

ences 30, 33). Samples were taken at the rate of 1 Z min-  in a single

bubbler containing 10 ml of distilled water. The developed solutions were

read on a Beckman 35 spectrometer. A more detailed discussion of this

technique, as it is employed in our laboratories, is given elsewhere

(Reference 30).

3.3 MATERIALS

All reactants were obtained from commercially available samples with

the exception of NO2 and the military fuels. NO2 was prepared by reaction

of NO with excess oxygen in a syringe (Reference 30). The unleaded gaso-

line was obtained from the University of California, Riverside (UCR), gas

station (Chevron brand) and the diesel No. 2 from the UCR agricultural

operations gas station. The military fuels were supplied by the Fuels

Branch, Fuels and Lubrication Division of the Aero-Propulsion Laboratory

at Wright-Patterson Air Force Base in Ohio. The bulk of the Air Force

fuels were shipped in ore-gallon metal containers, but small samples of

each of the fuels in sealed glass containers were also obtained from the

same source to assure the intregrity of bulk samples. After arrival, the

fuels were immediately transferred to glass bottles with Teflon® -lined

caps. The headspace was kept flushed with nitrogen and the bottles were

stored in a refrigerator at 190C.

71



3.4 EXPERIMENTAL PROCEDURES

3.4.1 Fuel Runs

Pure Air Fill. Except as noted below the outdoor bag was

filled with air prior to injection of the reactants. After filling the

bag but before addition of the reactants, samples were taken for all ana-

lytical systems to determine background levels.

There were two types of experiments in which additional air was added

after the initial fill. These were the dynamic runs which were done for

some of the fuels and the four-day static runs. During the dynamic runs,

air was added once every hour after the bag was uncovered until before the

last sampling period. The amount added each time was calculated to make a

10-12% dilution, with the dilution being measured by changes in the con-

centration of the Freon 12 tracer. During the four-day static runs, air

was added (usually on day three or day four) if the bag needed additional

air to make it through all four days. If additional NOx was also being

added, it was injected into the pure air stream flow going into the bag.

The bag was flushed with pure air after each run, before the next

experiment. This was done by filling the bag completely, and then empty-

ing it.

Reactant Injections. Any reactants whose initial concentra-

tions were the same on both sides were injected prior to separating the

sides. The reactants were thoroughly mixed by agitation of the sides of

the Teflon® bag before dividing the bag and before sampling was begun.

Injections and dilutions of gas phase reactants were generally done

using hypodermic glass syringes (Becton-Dickerson Yale 5, 10, 20, and 100

ml). The reactants were injected from the syringe into a I Lbulb attach-

ed to the bag through the injection port by Teflon® tubing. The bulb was
flushed for two minutes with nitrogen at 5 1 min- 1. When additional NOx

was added during the four-day static runs, the nitrogen flow was 200 ml

min- ' with a 10-minute flush.

The procedures for injection of the fuels are described in Section

2.3. Briefly, the more volatile fuels (JP-4 [pet], and JP-4 [shale],

unleaded gasoline, and JP-10) were injected by placing the fuel in a 2 £

bulb (with a microsyringe) and flushing the bulb at 5 9 min-1 with nitro-

gen while heating the bulb with a hear gun for 15 minutes. The less vola-

tile fuels (JP-8 [pet], JP-8 [shale], RJ-4, RJ-5, and diesel) were placed
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in a Pyrex tube, which was first flushed with nitrogen for two minutes at

5 Xmin- 1 . The tube was then uniformly heated to 250 0 C, while continuing

the N2 flush for an additional 30 minutes.

Irradiation Protocol. Procedures for covering and uncovering

the bag for all of the fuel-NOx runs were standardized as follows: (1)

All bag ancoverings occurred at 0900 PST or as close to that as pos-

sible. (2) The bag covering on the first day of the two-day dual bag runs

was done at 1630 PST and on the second day at 1530 PST. (3) On the undi-

vided bag runs (four-da, or dynamic), the bag was not covered until the

last day of the experiment, when it was covered at 1530 PST.

Sampling. Backgrouun samples were taken on all of the instru-

ments after the pure air fill before any reactants were added. After the

reactants had been added and thoroughly mixed, and before the bag was

uncovered, another set of samples was taken on all of the instruments.

After tie bag was uncovered, samples were taken hourly on all of the inor-

ganic instruments, the PAN analyzers, and the capillary GC system. Sampl-

ing periods were standardized as follows: (1) The first sampling period

of the day started at 1000 PST. (2) The last sampling period started at

1600 PST on day )ne of dual runs and on day one, two, and three of four-

day static runs. (3) On day two of dual runs and day four of static runs,

the last sampling period started at 1500 PST. (4) On undivided bag runs,

sampling occurred from on the hour to 10 minutes after the hour. On

divided bag runs, sampling occurred on Side A from on the hour to 10 min-

utes after the hour anij on Side B from 10 after the hour to 20 after the

hour.

Formaldehyde samples were taken prior to irradiation, from 1150-1210

PST, and during the last sampling period of the day. GC sampling on the

Poropak-N, DMS, and C-nO0 columns (Section 3.2.8) was done prior to irrad-

iation and luring the last sampling period.

3.4.2 Conditioning ind Characterization Runs

After each new bag was installed, the following minimum set of

conditioning and ch, racterization runs were done.

NOx-air trradiat ions wero ,'rried out for the purpose of character-

izing excess rates t f r-,dical Initiation and NO oxidation due to chamber

effects (Referonces .34-36 . Tese rins were done after the bag was newly
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conditioned (after the propene-NOx irradiation and the 03 decay experi-

ment), after the bag had been extensively used for fuel-NOx irradiations,

and, for most bags, when it was newly installed and not yet conditioned.

The runs consisted of injecting 0.125 ppm NO, 0.3 . ppm N02, and -8 ppb

each of propene, and propane, and irradiating for 2-,-.5 hours, beginning

at 11:00-12:00 PST. In most cases the bag was undivided, though several

divided bag NOx-air irradiations were done to test side equivalency. NO,

N02, propene and propane, UV intensity, and temperature were monitored

every 15 minutes. In general, analyses were carried out for the other

species and parameters specified above at the beginning and end of the

irradiation.

Propene-NOx conditioning runs were done when the bag was new and as

necessary to condition the bag sides equally for subsequent divided bag

runs. In the latter case, these conditionings were done primarily in

association with fuel-butane runs, since the bag conditioning could possi-

bly be different following an n-butane-NOx irradiation than following a

fuel-NOx irradiation. The propene-NOX conditioning was either the first

or the second (following a NOx-air irradiation) run done for each new

bag. These conditioning runs were done by injecting -0.25 ppm each of NO

and N02 and 0.5 ppm of propene and irradiating the undivided bag for -5

hours. Because these runs were primarily for conditioning, relatively

little sampling was done, though in most cases initial and final reactant

concentrations and final 03 yields were determined.

Ozone decay determinations were done for each new bag following the

propene-NOx conditioning to determine the 03 dark decay rate in the condi-

tioned bag. Ozone (3-4 ppm) was injected into the bag and kept in the

covered, undivided bag for at least 24 hours. The ozone concentration was

measured immediately after it was injected and at the end of the run; in

general, other parameters were not monitored.

Pure air irradiations were done to characterize rates of ozone forma-

tion in the bags in the absence of added reactants. The irradiations were

generally carried out for five hours. Ozone and NOx were monitored at

least hourly; other parameters were measured at the beginning and end of

the irradiations. These runs were usually done following the ozone decay

determinations in the newly conditioned bags, though in some cases they
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were not carried out until several fuel runs in the bag had been complet-

ed.

An NO dark oxidation run was done around the beginning of the program

as a test of the validity of our NOX data. Approximately 1 ppm of NO was

injected in the covered, undivided bag. NO and NO2 data were taken at

hourly intervals throughout the day as well as the following morning.

Temperature and aerosol parameters were also monitored.
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SECTION IV

RESULTS OF THE OUTDOOR CHAMBER IRRADIATIONS

A total of 132 single and multi-day outdoor chamber irradiations were

performed during the 18 months of this program. These included 63 fuel-

NOx runs, 48 characterization experiments, 19 conditioning runs, and two

runs which were aborted. Table 17 gives a chronological listing of the

outdoor runs, showing for each the date the run started, the description

of the run, the number of run-days, the bag number, the overall average

temperature and UV intensity, any problems encountered, and an indication

of which analytical systems were or were not used. Unless otherwise noted

on this table, all of the analytical systems described in Section 3.2 were

employed.

Detailed data tabulations for the runs listed in Table 17 are given in

Volume II. In addition to tabulating the relevant experimental measure-

ments made during each run, these data sheets indicate which instruments

were used and give the daily and overall averages of the major physical

parameters (temperature and UV intensity). Comments taken from the labor-

atory notebooks describing general weather conditions and any relevant

problems or special situations which occurred during the run are also

included on these data sheets. For the characterization runs, the rele-

vant calculated results (e.g., decay rates, radical levels, etc.) are also

briefly summarized along with the comments. A number of measurements were

also carried out, which, because of relevancy considerations and space

limitations, are not included in the tabulations. These include gas chro-

matographic measurements of the part-per-billion concentrations of trace

compounds present in the pure matrix air used for the fuel runs, as well

as measurements of methane (which is inert, and was always present at

approximately its atmospheric background levels), and unidentified or

minor fuel components. These data are kept on file at the Statewide Air

Pollution Research Center (University of California, Riverside, CA 92521),

and are available upon request.

The major results obtained in these experiments are summarized in the

following sections.
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4. 1 RESULTS OF CHARACTERIZATION EXPERIMENTS

Four types of characterization experiments were performed in the

outdoor chamber in this program. These included: (1) pure air irradia-

tions to determine the rate of 03 formation due to irradiation of back-

ground species or bag contaminants; (2) ozone decay determinations, to

determine the ozone dark decay rate due to destruction at the bag surface;

(3) NO x-air irradiations, to determine the rates of radical input from

chamber-dependent sources and of NO oxidation caused by contamination by

reactive organics; and (4) an NO dark oxidation experiment, to assure that

the NO x analytical system was functioning correctly. The results of these

experiments are summarized below.

4.1.1 Pure Air Irradiations

Table 18 gives the conditions, bag numbers, and selected re-

sults of the pure air irradiations done in this program. Most of the pure

air irradiations were carried out immediately after a new bag was condi-

tioned, but prior to any irradiations. The gradual formation of ozone was

observed in all of these irradiations. As can be seen from Table 18, for

unused bags the ozone formation rate was in the 2-9 ppb hr - 1 range, cor-

responding to a maximum ozone production of 60-70 ppb per day. Run AFF-

14 was carrie? using bag No. 15, which was not used in any experimental

fuel-NO x run since it exhibited severe leakage problems. Furthermore, bag

No. 15 also appeared to be highly contaminated, as indicated by the re-

sults of this and other characterization runs. Runs AFF-109 and AFF-123

were carried out after bags Nos. 23 and 24, respectively, had been used

for fuel runs (RJ-5 and diesel fuel, respectively); their higher rate of

03 formation reflects this fact. Since RJ-5 and diesel fuel were the

heaviest fuels studied, contamination effects from the other, lighter

fuels should have been much less.

4.1.2 Ozone Decay Determinations

Table 19 gives the ozone dark decay rates, which were observed

in the bags employed in this program. With the exception of the ozone

decay rates observed in bags Nos. 15 and 16, there was relatively little

variation, with the average ozone decay rate being 0.42 + 0.08% hr - 1. The

variation observed could be attributed to variations in temperature, since
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TABLE 18. EXPERIMENTAL CONDITIONS AND SELECTED RESULTS OF THE
OUTDOOR PURE AIR IRRADIATIONS.

Average 03
AFF Irradiation Final Formation

Bag Run T UV Rad RHa Time 0 Conc. Rate
No. No. (0C) (am, cm-) (%) (min) (ppb) (ppb hr" ) Notes

14 230.5 3.10 15 300 8 1.6 b

15 14A 41.7 3.36 30 390 97 14.9 c

15 lAB 42.6 3.36 30 400 160 24.0 c

16 17A 37.0 3.07 30 280 43 9.2 c

16 17B 37.6 3.07 30 290 37 7.7 c

17 30 .... 30 300 32 6.4

18 38 .... 30 214 11 3.1

19 50 27.5 -- 30 300 21 4.2

20 60 23.3 0.93 30 302 22 4.4

21 68 17.7 1.17 48 300 11 2.2

22 91 31.0 3.22 44 300 36 7.2

23 109 32.8 2.66 25 305 64 12.6 d

24 123 34.8 2.34 32 305 88 17.3 e

aApproximate

bRun for two consecutive days. 03 formation rate on day two - 1.0 ppb hr-1 .

CDivided bag run. A/B indicates side.

dBag previously used for RJ-5-NOx run.

eBag previously used for diesel-NO run.

x

this is expected to affect the decay rates. The ozone decay rates in bags

Nos. 15 and 16 were significantly higher than in the other bags.

4.1.3 NOx-Air Irradiations

These experiments consisted of irradiating -0.5 ppm of NOx in

air containing added trace levels of propene and propane in order to moni-

tor the hydroxyl radical (OH) concentrations from their relative rates of

decay (Reference 36). Under these experimental conditions, the only sig-

nificant sink for propene and propane is via reaction with the OR radical.
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TABLE 19. RESULTS OF OZONE DARK DECAY DETERMINATIONS IN THE OUTDOOR CHAMBERS.

First Measurement Second Measurement
AFF Initial Elapsed Decay Elapsed Decay

Bag Run 03 Time 03 Rate Time 03 Rate
No. No. (ppm) (hours) (ppm) (Z hr- 1) (hours) (ppm) (1 hr-1 )

14 3 3.398 25.72 4.150 0.29 .. ..

14 6Aa 0.274 6.92 0.266 0.43 13.80 0.249 0.48

14 6Ba  0.277 6.83 0.263 0.76 13.90 0.240 0.66

15 12 1.960 23.40 1.345 1.6 -- -- --

16 16 2.991 3.53 2.879 1.1 63.42 1.334 1.2

17 29 4.591 48.15 3.498 0.56 15.02 3.277 0.43

18 37 4.361 63.67 3.373 0.40 -- - --

19 49 3.597 18.50 3.247 0.55 44.92 2.808 0.32

20 59 2.552 6.50 2.505 0.29 15.50 2.342 0.43

21 67 2.168 14.50 1.992 0.58 6.17 1.959 0.27

22 87 2.282 67.50 1.738 0.40 -- - --

23 106 3.896 20.30 3.685 0.27 44.33 3.278 0.26

24 120 3.010 42.30 2.498 0.44 -- - --

aDivided bag run. A/B indicates side.

Hence, (References 34 and 36) the OH radical concentration is given by

1 d _n ([yropanel/rDropenel)
tOH] - (k- k) dt

a b

where ka and k are the rate constants for the reactions of the OH radical

with propene and propane, respectively (Reference 13). Based on the known

reactions occurring when NOx is irradiated in air (References 4, 5, 23,

37, 38), radical sources in these systems should be negligible. However,

significant radical levels are observed in NOx-air irradiations (Refer-

ences 34-36), from which it has been concluded (References 35, 36) that

radicals are produced from unknown, chamber-dependent sources. These

NOx-air irradiations were carried out to measure the rates of radical

production from this source (or sources). Since radical initiation and
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termination must balance and since, after the initial 30-60 minutes of the

irradiation, the only significant radical sink is the reaction of OH radi-

cals with NO2 (References 34, 36), then

radical initiation rate Fkc [OH] (NO2 ]

where kc is the known rate constant (References 5, 37, 38) for the reac-

tion of OH radicals with NO2.

Table 20 lists the experimental conditions, the calculated average

hydroxyl radical levels, and radical input rates for the NOx-air irradia-

tions carried out during this program. These irradiations were conducted

(a) when the bag was new, (b) after it had been conditioned but prior to

any NOx-fuel-air runs, and (c) after the bag had been extensively used for

NO -fuel-air irradiations. For each bag, this latter NO -air irradiationx x
was usually carried out immediately before the bag was finally removed.

Except for bag No. 15, which appeared to be unusually contaminated and was

not used for any fuel-NOx runs, the radical input rate ranged from 0.02 to

0.13 ppb min for new or newly-conditioned bags. The conditioning appar-

ently had little effect on the observed radical levels. Following the

fuel runs, the radical input rates when corrected for differences in light

intensity (References 34-36), were approximately the same for bag No. 18

(used for unleaded gasoline). The rates were higher by factors of 1.5 to

3.5 for bags Nos. 21 and 24 (used for JP-8 and diesel No. 2, respective-

ly), for bag No. 22 (used for JP-10 and RJ-4), and for bag No. 23 (used

for RJ-5). It is not clear whether these differences were due to differ-

ences in the nature of the fuels or the intrinsic variability of the cham-

ber-dependent radical sources. However, it is obvious from Table 18 that

exposure of the bag to fuel-NO mixtures tended to increase the radical

input rate in subsequent runs.

The consumption rate of NO observed in these runs served as a measure

of the extent of contamination of the bag by reactive organics, since the

oxidation rate of NO in NOx-air irradiations is essentially totally due to

the presence of R02 radicals formed from reactive organics (References 34,

36). In the presence of a reactive organic, the peroxy radicals (R02)

formed during its atmospheric degradation react to convert NO to N02 and

thus cause NO consumption:
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TABLE 20. EXPERIMENTAL CONDITIONS AND SELECTED RESULTS OF NO-AIR IRRADIATIONS IN

THE OUTDOOR CHAMBER.

A.rr Bad. -d[NOI

Bag Run T UV raj 0"a NO NO2  [OH]b Input~c dt

No. No. (0 C) (w cu) (2) (ppm) (ppm) (ppt) (ppb min
- ') (ppb uin

"1 )

New Bax

15 11 39 3.9 50 0.485 0.124 0.076 0.16 0.52

17 27 36 2.7 30 0.283 0.092 0.027 0.04 0.10

19 47 34 2.3 <10 0.394 0.144 0.026 0.06 -0

21 65 29 2.7 20 0.321 0.092 0.012 0.02 0.27

23 104 ,-35-40d 3.7 35 0.358 0.108 0.020 0.04 -0

24 118 40 4.2 20 0.391 0.119 0.033 0.06 0.13

Conditioned bag

18 39 36 4.1 65 0.380 0.128 0.067 0.13 0.09

19 51 33 1.8 <10 0.404 0.133 -0.03e -0.07 0.03

20 61 22 2.5 20 0.418 0.160 0.02 0.05 0.01

21 69 32 3.6 35 0.371 0.125 0.033 0.07 0.08

22 89 34 4.1 30 0.350 0.118 0.055 0.10 -0

23 107 34 3.1 30 0.307 0.081 0.032 0.04 0.06

24 121 41 4.0 25 0.360 0.125 0.032 0.06 0.07

Used bat

16 26Af  41 3.2 50 0.461 0.138 0.093 0.23 0.86

16 24B 41 3.2 50 0.461 0.138 0.080 0.27 0.73

16 35 26 3.1 25 0.402 0.146 0.047 0.11 0.13

18 41 43 2.7 45 0.398 0.139 0.0o7 0.11 0.10

18 46 32 2.7 <10 0.370 0.147 0.037 0.08 -0

21 83 31 3.9 30 0.410 0.130 0.045 0.11 0.33

22 95 39 3.7 20 0.440 0.120 0.083 0.19 0.51

23 117 36 3.4 35 0.380 0.118 0.081 0.16 0.13

24 128A 37 3.1 25 0.339 0.100 0.032 0.08 0.68

24 128B 37 3.1 25 0.339 0.100 0.030 0.07 0.43

24 1321 36 3.2 25 0.356 0.111 0.040 0.09 0.59

24 132B 36 3.2 25 0.356 0.111 0.031 0.07 0.33
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TABLE 20. EXPERIMENTAL CONDITIONS AND SELECTED RESULTS OF NOx-AIR IRRADIATIONS IN

THE OUTDOOR CHAMBER (concluded).

aApproximate RH at beginning of run.

!Calculated using: [OH] (ppt) - 30.8 x d[In (propane/propene)I/dt, based on published
OH + propene and propane rate constants (Reference 13).

cCalculated using: radical input rate (ppb min - l) - 16.0 x [OH] (ppt) x [(60 + minute

average NO2 (ppm)], based on recommended I atm, 300 K OH + NO2 rate constant
(Reference 5).

dNo temperature data available. Estimate based on weather conditions.

eData highly scattered.

fDivided bag run. A or B indicates for which side data is given. Sides A and B
have same average and initial conditions.

02
Organic + OH + RO 2

RO + NO + RO + NO
02  2

RO + 02 +HO + Products2 2

HO + NO +OH + NO
22

While essentially no NO oxidation was observed during several of these

NOx-air irradiations, In most cases measurable NO consumption did occur,

indicating some contamination by reactive organics. As expected (Table

20), the NO consumption rate was highest in the bags previously used for

fuel-NOx irradiations, except for bag 18, which had been used for unleaded

gasoline (the most volatile of the fuels studied, but also the most reac-

tive with respect to NO oxidation [Section 4.2] ). It should be noted that

the very high NO oxidation rate observed in run AFF-24 appeared to be

anomalous, since a subsequent NOx-air irradiation usiag the same bag

(AFF-35) yielded a relatively low NO oxidation rate. It may be that some

of the high NO oxidation rates observed were due to an incomplete flushing

of the bag between experiments.
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4.1.4 NO Dark Oxidation

At the beginning of this program, an NO dark oxidation experi-

ment was carried out to test the validity of our NOx analytical system.

For this experiment, the initial NO and N02 concentrations were 0.86 and

0.06 ppm, respectively. After 20 hours the respective concentrations were

0.62 and 0.24 ppm. These data yielded an average NO loss rate of 2.0 x

10- 4 ppm min- I and an average N02 formation rate of 1.5 x 10- 4 ppm

min- '. The discrepancy between the NO loss rate and the NO2 formation

rate amounted to a total NOx loss rate of 0.1% per hour, which was not

considered excessive. The theoretical NO oxidation rate at 300 K, calcu-

lated from the thermal NO oxidation rate data of Hampson and Garvin (Ref-

erence 37), is 1.6 x 10- 4 ppm mole - I (in agreement with the result of this

run).

4.2 RESULTS OF FUEL-NOx EXPERIMENTS

A total of 62 useable fuel-NOx-air outdoor chamber runs were per-

formed in this program, including 45 which were carried out with the cham-

ber in divided mode. Including the n-butane-NOx-air experiments, this

means that 107 different fuel-NOx-air mixtures were irradiated during this

program. Tables 21-30 summarize the relevant conditions and major results

of the static irradiations for each fuel, including n-butane; Table 31

summarizes the conditions and results of the dynamic runs. As discussed

in the Introduction, the outdoor fuel-NOx-air runs can also be further

categorized into four-day runs, dynamic runs, runs with variable initial

NOV runs with variable initial fuel runs, and fuel versus fuel (or

n-butane) runs. In the following sections, the results of these different

types of runs are discussed.

4.2.1 Four-Day Irradiations

For each fuel, the conditions and selected results of the four-

day runs are summarized in Tables 21-29. Concentration-time profiles for

selected monitored species and parameters are plotted in Figures 19-27.

As discussed in Section I, these runs consisted of irradiating the stan-

dard fuel-NOx mixture (-25 ppmC fuel, 0.5 ppm NOx ) for four days, diluting

at the beginning of the day if necessary to maintain the bag volume, and

adding NOx at the beginning of the third or fourth day, depending on how

long it took for the mixture to become unrea:tive.
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In terms of reactivity with respect to 03 formation and NOx consump-

tion on the first two days, these runs can be classified into two

groups: (a) those which exhibit greatest 03 formation and NOx consumption

on the first day, have essentially all of the NOx consumed by the begin-

ning of the second day, and are consequently photochemically unreactive

until additional NO is injected; and (b) those which exhibit relatively

little 03 formation and NOx consumption on the first day, but rapid 03

formation on the second day. The runs involving the JP-4 and JP-8 fuels

(Figures 19-22), unleaded gasoline (Figure 23), diesel No. 2 (Figure 24),

and RJ-4 (Figure 26) fall in the first category, while the JP-10 (Figure

25) and the RJ-5 (Figure 27) runs fall in the second group. In either

case, the mixture was essentially unreactive with respect to 03 formation

on the day following that of most rapid 03 formation. This behavior is

expected, since NO is required for significant 03 formation to occur, andx

the ozone formed on the previous day reacts with and consumes the remain-

ing NOx (if any) during the night. For the less reactive runs, the amount

of 03 formed on the first day is insufficient to consume all of the NOx

during that night (instead, it is the 03 which is consumed). The next

morning NOX remains to allow 03 formation to occur during the second day.

Following the consumption of the initially-present NOx, by the begin-

ning of the third day (at the latest), the mixtures appeared to be photo-

chemically unreactive. In some runs (those employing unleaded gasoline,

diesel No. 2, and RJ-5), the 03 levels dropped slowly on these days at

rates approximating those observed in the 03 dark decay runs. In other

runs employing JP-4 (pet), JP-8 (shale), and JP-10, the 03 levels increas-

ed slowly at rates in the range observed in the pure air irradiations. In

the JP-4 (shale), JP-8 (pet), and RJ-4 runs, the 03 was essentially con-

stant on the day following NOx consumption. It is probable that the beha-

vior of 03 on the photochemically unreactive days was more a function of

the conditions of the run (temperature, UV intensity, amount the mixture

was diluted, bag conditions, etc.) and not the nature of the fuel, since

there appears to be no obvious relation botween the type of fuel and the

behavior of 03 on those days.

It was clear that relatively little additional information could be

obtained by irradiating a photochemically unreactive mixture for more than

one day. Hence, in order to simulate an aged fuel mixture passing a fresh
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TABLE 21. INITIAL CONDITIONS AND SELECTED RESULTS FOR STATIC JP-4 (PETROLEUM-DERIVEDj-NO x

AFF Run No. 22 23 78 79 76 77 127 129 62 63 20
Side A B B A B A B A A B A

Run Type Std. Std. Std. Std. Std. Std. Std. Std. Std. Std. Std.

vs JP-4(s) JP-4(s) JP-8(p) JP-8(p) JP-8(s) JP-8(s) Diesel Diesel U. Gas U. Gas n-C 4

Dav I

Avg. T (
0
C) 34±8 37±7 23±2 24±3 31±2 30±2 38t2 36±2 18±7 24±6 37±6

UV. Int. (r cm
- 2 

) 3.0+0.6 2.9±0.6 1.7±0.6 2.2±0.7 2.8*1.0 3.0±1.0 2.6±1 2.1±0.8 1.8±0.6 2.5±0.9 2.9t0.5 2

Init. Fuel (calc) (ppmC) 27.5 27.7 21.2 19.6 21.2 22.3 18.8 19.9 22.7 23.3 25.8

Fuel (obs) (ppmC) 35.2 31.8 24.5 21.7 24.5 23.3 21.1 27.5 24.1 22.7 33.0

NO (ppm) 0.461 0.455 0.291 0.278 0.292 0.309 0.323 0.350 0.344 0.357 0.416

NO2  (ppm) 0.157 0.152 0.102 0.091 0.101 0.102 0.103 0.119 0.131 0.140 0.154

Final NO 2 (uncorr) (ppm) 0.132 0.098 0.232 0.209 0.122 0.142 0.092 0.139 0.329 0.17L 0.112

d(O3:-NO]) /dt(ppb min- 1
) 4.26 4.67 1.63 1.12 2.68 2.78 3.11 2.60 1.43 2.58 .. 69

%.me 03 max (PST) 1405 1315 Final Final 1515 Final 1415 1505 1505 1515 1405

Maximum: 03 (ppm) 0.81 0.57 0.29 0.41 0.71 0.74 0.84 0.68 0.15 0.54 0.99

PAN (ppm) 0.023 0.021 0.054 0.045 0.145 0.148 0.083 0.080 0.014 -- 0.024

HCHO (ppm) 0.061 0.138 0.038 0.036 0.061 0.068 0.115 0.050 0.024 0.052 0.134

Aerosol Vol. (_m cm
- 

) 148 119 8 10 21 21 45 62 34 107 -

3scat (1O-
4
m
-1
) 18.8 15.2 1.2 3.8 4.1 8.0 20.0 16.4 -- -- --

-,ndens. Nuc. (10
3
counts) 100 88 42 40 42 51 47 49 50 83 78

Aerjsol No. (103 cm
- 3

) 110 140 120 110 180 L90 88 75 88 113 --

";o. Particles -0.3 u (cm
- 

) 354 31 6 33 214 215 317 303 1 338 347

";o. Particles >1 (cm
- 3  

37 0 0 0 0 0 0 0 0 0 0

Davs 2-4: Day -- -- (2) (2) (2) (2) (2) (2) (2) --

I t' i-ion (final/initial) .-- -- -- -- -- -- --.

Avg. T (C) .. .. 24±1 24±2 32±2 30±2 37±2 38±3 18t5 .. ..

lit. (-w cm
2
) .. .. 2.7±0.9 2.5±0.P 3.2±0.6 3.3±1.7 2.7±0.8 2.3±0.6 1.5±0.6 -3

, i:. Fuel (ppmC) .. .. 21.8 18.7 19.2 17.8 .... 22.5 ....

93 (ppm) .. .. 0.109 0.205 0.509 0.53;0 0.581 :).437 -) ....

NO (ppm) .. .. -0 0 -0 1) -0 -0 -O ....

N) (uncorr) (ppm) .. .. 0.062 0.063 0.062 0.062 0.038 ).048 0.145 .. ..

).nAl NO, , Incorr) (ppm) .. .. 0.082 0.090 0.074 0.083 0.052 0.052 3.1)2 .. ..

Te 23 ma x (PS) .. .. Final Final Init. It. Tnit. Init. Final .. ..

' - in [3 (ppm) .. .. 0.27 0.30 (0.51) (0.53) )).5) (0.44) 3.30 ....

PAN (ppm) .. .. 0.083 0.065 0.661 0.071 0.021 ).029 --..

HCHO (ppm) .. .. 0.058 0.070 0.100 0.10) 3.107 1.100 3.242 .. ..

- r VI h1. (. cm
" 

3) .. .. 5 7 5 5 9 7 7 ...

S(1) -  
m

- 1
) .. .. 1.1 1.7 2.0 2.2 3.6 4.1 ......

(Indeq. N; ([0
3
counts) .. .. 1 3 1 i -4) -0 0 ....

Aer , No. (103 cm
- 3

) .. .. 5.2 12 5.0 6.5 3.7 4.5 1.3 ....

Th. P rrt -le3 >0.3 L (cm
- 3

) .. .. 179 105 223 162 !98 282 159 ....

. Part c Ies >I (cm
-

3) .. .. 0 0 0 0 2 ",2 -4) ....



I[TIONS VND SELECTED RESULTS FOR Sr.TIC JP-4 (PEIRO.LEUM-DER[VED -NOx-AIR OUTDOOR CHAMBER RUNS.

79 7o 7; 127 129 b2 63 20 32 34 25 32 34
A B A B A A B A A A - B B

Std. Std. Std. Std. Std. Std. Std. Std. Std. Std. Std. Low NOx Low Fuel
8(p) JP-8(s) JP-S(s) Diesel Diesel U. Gas U. Gas n-C4  Low NO, Low Fuel -- Std. Std.

24±3 31±2 30-±2 38±2 36±2 18±7 24±6 37±6 37±3 30t4 39±3 37±3 30±4

2-0.7 2.8±1.0 3.0±1.9 2.6±1 2.1±0.8 1.8±0.6 2.5t0.9 2.9±0.5 2.4±1.0 2.±O.6 3.0±.5 2.4±1.0 2.1±0.6

19.6 21.2 22.3 18.8 19.9 22.7 23.3 25.8 25.0 25.3 23.7 25.0 12.6

21.7 24.5 23.3 21.1 27.5 24.1 22.7 33.0 29.3 36.0 25.4 29.0 20.6

.278 0.292 0.3JQ 0.323 0.350 0.344 0.357 0.416 0.3-' 0.372 0.342 0.161 0.367

.091 0.101 0.101 3.103 0.119 0.131 0.140 0.154 0.135 0.149 0.135 0.107 0.150

-.209 0.122 0.142 ,. )92 0.139 0.329 0.171 0.112 0.10 0.!8 0.088 0.063 0.243

1.12 2.68 2.78 3.11 2.60 1.43 2.33 ..69 3.58 2.95 3.36 3.29 2.11
ThIai 1515 Final 141!5 1535 1505 1313 1405 1505 1505 1405 1415 1515

0.41 0.71 0.74 0.84 0.68 3.15 53.34 '.99 0.86 0.60 0.93 0.64 0.33

.045 0.145 0. 1- 8 ). 083 0.080 .014 -- 0.024 -- 0.006 0.019 -- 0.003

.036 O.Ool 0.3t9 0.115 0.050 0.02, 0. 052 3.134 0.130 0.0375 0.134 0.098 0.075

1o 21 21 45 62 3- 107 -- 164 180 191 ill 63

3.8 4.1 8.n 20.0 16.4 -- -- -- 15.5 9.8 12.8 6.0 2.8

40 42 31 -7 49 53 S3 78 53 53 73 52 74

110 180 L93 38 75 38 ,i) -- 9 W10 65 91 96

33 214 2.5 317 303 1 338 347 340 211 264 81 6

0 0 3 3 0 0 ) 3 3 0 0 0

(2) (2) (23 (2) 32) (2 .. .. (2) (2) (2) (0) (4) (2) (2)

-- -- 0.224 0.178 0.084 0.048 -- 0.339

24±2 32±2 3 72 37±2 38±3 :At -- . . 37±4 31±4 31±6 29±5 30±5 37±4 31±4

•5±0.8 3.2±0.6 3.3t'. . ±0.3 2.3±n.5 ,.5±0.4 -- - 3.2±0.-, 2.3±0.5 2.6±0.9 2.5±1.0 3.1±0.8 3.2±-0.6 2.3±0.5

18.7 19.2 17." .. .. 22.5 .. .. 22.6 7.2 ..35 2.49 1.73 24.0 6.6

.205 3.509 0.51) ).331 3.!37 3 -.. 0.643 0.061 0. 097 0.003 0.058 0.476 0.033

- -4 -J) 93 0 '2 .. .. -0. -. 0 0.093 -3 -0 -0

.063 0.362 3.04 8. 13 j.3'.3 3. .7 -- . . 0.039 0.024 0.008 0.120 0.024 0.032 0.033

.090 ).37 3. 9 ). 3 1 . --.. . 0.350 0.061 0.020 0.161 0.032 0.048 0.038

naL InL. It. .I t. ,a .. .. Tnit, Final Final Final Final Init. Final

0.3) ' 1l33.{3 0.1 r ' 39 .. .- ' 0.186 0.200 0.136 0"262 (0.476) 0.199

.065 -.-,: 3.07 .221 '. :!'- .. .001 3 0 0.002 -- 0.001

• .07) .'.60 3. ., . . -- . . 0.167 0.042 0.145 -- -- 0.121 0.067

7 5 7 --.. . 7 25 12 2 7 7 23

1.7 2.0 2.4 . ,.i -- .. .. 1.8 1.9 1.1 -0 -)0 1.0 1.4

3 1 ,3 0 .. .. -0 3 3 z 1 12

12 5.0 6.-, 3.7 4. 5 . -.. 4.6 ... 8 7.1 0.8 3.9 4.Q 20

105 223 l)2 .9 792 :%9 .. .. :19 . -. 3 1 2(

0 '3 a) 3, , .... 0 ) ' 0 0 0 0
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TAIF 27. INITIAL, CONUIrIONS AN) SKIECFiII RvSI'.r FO S R A 1 I -, 1IA) -41I -\K I mRIINMJR (HAMIO'8 1iN1.

AFF Aun No. 22 23 1 -i '. 10- 9
Side I A A A A R B

Rn Type Std. Std. Std. Sd. 1 td. d. I " I NO. I.- Fll
V , JP-4(p) JP-4(p) a-C4 - Lo)w N0 x ". F., Std. Std.

Day I

, g. T (
0
C) 34f8 366 38i 3411 3813 4 ",4 34,l 3813

1V Int. (w cm
"
-2) 3.00.6 2.9i0.b 2.7±0.5 3. 3±0.8 3.211.8 2.8±0.3 3.3tQ0.R 3.2±0.8

Init. Fuel (cale) (ppmC) 28.5 28.7 30.0 22.9 19.5 25.2 2Z.9 9.76

Fuel (obs) (ppeC) 33.0 32.4 33.1 26.5 33.1 24.9 26.5 21.0

NO (ppm) 0.461 0.452 0.465 0.372 0.102 0.341 0.11,2 0.305

R02 (ppM) 0.152 0.153 0.168 0.125 0.100 0.133 0.075 0.10O

Final N02 (uncorr) (ppm) 0.150 0.100 0.1L7 0.288 0.280 0.078 0.080 0.262

d([0 3 J-[NO])/dt(ppb min
-
') 2.65 2.79 3.00 2.10 1.22 2.31 1.54 1.40

Time 03 max (PST) Final 1505 Final Final FinaL 1505 Final Final

Kaxl.mum: 03 (ppm) 0.62 0.58 0.90 0.360 0.342 0.78 0.337 0.297

PAN (ppm) 0.022 0.013 0.005 0.015 0.007 0.018 0.021 0.008

HCHO (ppM) 0.079 0.096 0.048 0.031 0.033 0.096 0.036 0.061

Aerosol Vol. (sm' cw.
5
) 11 69 - 9 4 -- 18 20

Bacat (10-4 m-l) 7 26 -- 6 2 24 10 2

Condens. Nuc. (lO
3 

counts) 0 17 11 -- -- -- -- --

Aerosol No. (103 ct
- 3
) 1.6 35 -- 6.1 1.7 -- 8.4 18

No. Particles >0.3 p (cm
- 
3) 372 430 450 255 190 441 342 S

No. Particles >1 I. (cm
- 3
) 37 40 7j 0 0 35 4 0

Days 2-4: Day -- -- (2) (2) (2) (3) (4) (2) (2)

Of luton (final/initial) .. ...-- -- 0.58 0.296 0.160 -- --

Avg. T (1c) . . . 3Ot5 32±5 3415 3515 38±7 3O-5 32±5

UV Int. (Mw cm
- 2
) .. .. 3.4*1.0 2.5ir).4 2.7±9 2.0±0.7 2.7±0.5 3.4J1.0 2.5-0.4

lnit. Fuel (ppmC) .. .. . 22.9 21.9 13.5 7.0 3.2 22.9 18.2

03 (ppm) .. .. .. 0.059 0. 102 0.26 0.008 0.126 0.056 0.015

NO (ppm) .. .. . .4) 41 0.1b7 '0 -0 -0

NO, (anorr) (ppm) .. .. .. 0.048 0.0 Ili 0.024 0.313 0.042 0.028 0.063

Final NO2  (uncorr) (ppm) .. .. .- 0.072 0.056 0.027 0.299 0.037 0.039 0.064

Time [031 max (PST) - . .. .. Fiaa I Ftn,! 1305 Final Final Final Final

nlwimum: 03 (ppm) .. .. .. 0.280 0.191 0,.280 0.387 0.375 0.273 0.250

PAN (ppm) .- .. .. 0.010 0.0i 1 0.002 0.009 0.009 0.006 0.015

HCHO (ppm) .. .. . .-- 0.10) 0.0q2 0.052 0.042 -- --

Aerosol Vol. (I.n em')
.  

- -... . 3 3 .-- -- 9 17
8
. sc (1 '

1- 
) .. .. .. I I I -0 1 1 1

IC, nden . N,'. (I0
1  

r o nts) .. .. ... .. ..- .- --

A'rool No. (1,11 m
- 3
) . 6.'. -- Is-... 18 24

No. P:rt ,Ielea cO. I 1 (cm
-
3 .. .. . hi laS I 12 21 97 6% 1O

No. Prtlcl' >1 u (em
3
) .. .. .. 0 0 I I 0 0 0

94 "
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TABER 25. INITIAL CONDITIONS AND SELKCTED RESULTS FOR STATIC IP-8 (SHAI.R-DERIVED)-NO-AIR OUTDOOR CHAMRR RUNS.

AFT Run No. 62 h3 i 40 42 43 40 42
Side B A A A A - B B

Run Type Std. Std. Sid. Std. Std. Std. Low NO. Low Fuel
vs Jp-6(p) JP-4(p) n-C4  Low NOx Low Fuel - Std. Std.

Avg. T (
0
C) 18*7 24t6 21t3 37J3 38*4 3460 37*3 38*4

IV Int- (o ca
-2
) 1.8*0.6 2.5-0.9 1.6±0.7 2.3-0.6 2.0*0.6 1.720.6 2.3*0.6 2.0*0.6

Init. Fuel (calc) (ppmC) 25.7 26.4 26.8 27.6 26.8 24.0 27.6 13.4

Fuel (obs) (ppOC) 29.3 27.6 36.9 35.2 36.7 32.6 35.4 19.8

NO (ppm) 0.333 0.338 0.367 0.321 0.332 0.293 0.119 0.329

NO2  (pp) 0.13Z 0.140 0.140 0.162 0.129 0.121 0.133 0.132

Final NO2 (uncorr) (pp.) 0.229 0.200 0.232 0.097 0.083 0.076 0.060 0.098

d([O 3]-[NO])/dt(ppb min
-
I) 11.7 4I1.3 15.7 13.5 20.8 16.7 6.2 12.9

Tim 03 max (PST) 1115 1105 1105 1205 1305 1305 1215 1315

Maximum: 03 (ppa) 0.475 0.542 0.528 0.658 0.650 0.600 0.433 0.758

PAN (pp.) 0.195 -- 0.177 0.041 0.079 0.041 0.019 0.086

HCHO (ppm) 0.118 0.213 0.179 0.313 0.30S 0.324 0.255 0.217

Aerosol Vol. (Gm
3 
cm

- 3
) 207 225 179 119 138 135 84 70

8
9cat (10

-  
m-1) -- -- 6.7 -- 4.7 4.1 -- 2.8

Condens. Nuc. (103 counts) 110 100 96 92 108 110 9.8 72

Aerosol No. (103 cm
-3
) 140 190 180 280 250 240 220 160

No. Particles >0.3 1 (cm
- 3
) ISO 125 72 62 34 27 3 15

No. Particles >1 m (cm
- 3

) 0 0 0 0 0 0 0 0

Days 2-4: Day (2) -- -- (2) (2) (2) (3) (4) (2) (2)

Dilution (ftnal/initial) .-- -- - -- 0.80 0.80 -- -

Avg. T (
0
C) 18*5 .. .. 34t2 36±5 34t5 32*5 285 34*2 36*5

UV Int. (wn cm
- 2
) 1.5*k0.6 .. .. 2.2*0.5 2.4*0.4 1.5±O.7 1.4*O.6 1.5*0.6 2.2*0.5 2.4*0.4

Init. Fuel (ppEC) 24.7 -- - 26.7 26.9 24.6 L6.4 14.0 27.6 13.6

03 (ppm) 0.333 .. .. 0.436 0.419 0.390 0.071 0.45t 0.255 0.506

NO (ppm) -0 .. . -0 0 '0 0.042 '0 .0 0

NO2 (uncorr) (ppm) 0.199 .. .. 0.052 0.047 0.058 0.381 0.103 0.038 0.048

Final NO2 (uncorr) (ppm) 0.192 .. .. 0.051 0.050 0.043 0.170 0.096 0.053 0.049

d((03}-1NO1)/dt(ppb min-I) --. -- -- 4.34 -- -- --

Time [031 max (PST) [nit . .. Innit. In. mIt. 1405 Init. Int. Init.

Maxinum: 03 (ppm) (0.333) .. .. (0.436) (0.419) (0.390) 0.678 (0.451) (0.253) (0.506)

PAN (ppm) 0.086 .. .. 0.009 0.012 O.015 0.088 0.054 0.010 0.010

"CHO (ppm) 0.156 .. .. 0.370 0.369 0.355 0.341 0.304 0.266 0.258

Aerosol Vol. (win cma ) 8 .. .. 3 6 14 24 10 2 6

"scst (1O
-
4 0

-
1 .. .. .. .- 1.6 1.4 1.7 1.0 -- 1.7

Condenn. Nuc. (103 counts) -0 .. .. -0 2 0 7 I -0 1

Aerosol No. (103 cm
- 3
) 1.8 -- - 1.4 1.6 14 13 6.1 1.3 0.9

No. Particles >0.3 u (cm
- 3

) 139 .. .- 67 4e 89 15 27 2 22

No. Particles 11 P (cm
- 3

) 0 .. .. 0 I) 0 0 0 0
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TABLE 26. INITIAL CONDITIONS AND SELECTED RESULTS FOR STATIC DIKSFL NO. 2-N0 -AIR OUTOOR CHA RFR RUNS.

AFF Run No. 127 129 131 124 125 64 R 12/. 12

Side A B A A A - B B
Rum Type Std. Std. Std. Std. Std. Std. Std. LOW N0 Low Fuel

vs JP-4(p) JP-4(p) n-C 4  Low NOR Low Fuel - Std. Std.

Day 1

Avg. T (
0
C) 38J2 36,2 36t3 372 34*3 24*3 44t2 37*2 343

UV lot. (1m, cm
2

) 2.6*1.0 2.1*0.8 2.0-O.8 2.6*1.O 2.5*0.9 2.0-0.8 2.Sil.0 2.6*1.0 2.5*0.9

Init. Fuel (calc) (ppmC) 29.5 31.2 31.7 34.8 32.8 43.3 38.6 34.8 16.4

Fuel (obs) (ppmC) .9 .. .. 0 -7 8 44 10 -5

NO (ppm) 0.329 0.349 0.341 0.377 0.359 0.308 0.348 0.132 0.362

NO2  (ppm) 0.106 0.114 0.111 0.143 0.119 0.113 0.125 0.071 0.118

Final U02 (uncorr) (ppm) 0.052 0.070 0.053 0.059 0.075 0.091 0.022 0.033 0.142

d(0 3 ]-[NO))/dr(ppb min
" I
) 3.74 3.27 2.97 4.72 4.05 2.48 5.04 3.48 2.17

Time 03 max (PST) 1405 1415 1405 1405 1405 Final 1205 1315 Final

Maximum: 03 (ppm) 0.494 0.415 0.428 0.470 0.493 0.345 0.451 0.344 0.413

PAN (ppm) 0.053 0.060 0.048 0.061 0.064 0.000 0.036 0.041 0.061

UCHO (ppm) 0.094 0.063 0.050 0.088 0.105 0.065 0.092 0.044 0.042

Aerosol Vol. (U 0 c
-

) 158 148 112 10 119 42 127 65 85

Bscat (10
- 4 

m
-1

) >100 >100 71 >100 >100 -- >100 99 s8

Condens. Nuc. (103 counts) 15 18 6 8 10 2 30 8 21

Aerosol No. (103 ci
- 3
) 91 88 47 63 130 5.6 160 64 80

No. Particles >0.3 p (cm
3

) 516 528 551 542 537 554 541 517 498

No. Particles >1 u (cm
3
) 334 348 358 323 373 367 378 272 229

Days 2-4: Day (2) (2) -- (2) (2) (2) (2) (3) (4) (2) (2)

Dilution (final/initial) -- . .. .. .. .. . .. 0.84 0.84 - -

Avg. T (°C) 37*2 38*3 -- 36*3 34t3 24*4 42±5 445 425 36*3 34*3

UV tnt. (m cm
- 2

) 2.7*0.8 2.3*0.6 - 2.9*0.7 2.6*0.6 1.610.8 2.3*0.9 2.4*0.9 24*0.7 2.9*0.7 2.6*0.6

[nit. Fuel (ppmC) .. .. .. -9 -- -8 -10 0 - -9 -

03 (ppm) 0.241 0.202 -- 0.227 0.258 0.142 0.159 0.023 0.497 0.153 0.208

NO (ppm) -0 -0 -- 0 -0) 0 0.151 -4 -4 -4

N02 (uncort) (ppm) 0.021 0.030 -- 0.022 0.033 0.057 0.020 0.260 0.030 0.016 0.038

Final M02 (uncorr) (ppm) 0.042 0.038 -- 0.041 0.050 0.057 0.020 0.039 0.037 0.030 0.058

d(10 3 1[NO')/dt(ppb mn
- I
) -

Time 1031 max (PST) [nit. 1315 -- Final [n/t. 1405 Init. 1305 Init. 1315 1415

Maximum: 03 (pp.) (0.241) 0.215 -- 0.229 (0.258) 0.206 (0.159) 0.815 (0.497) 0.167 0.282

PAN (pp.) 0.020 0.025 - 0.027 0.034 0.000 0.007 0.043 0.009 0.018 0.040

IICHO (ppm) 0.113 0.092 -- 0.172 0.190 0.111 0.387 0.178 0.222 0.056 0.073

Aerosol Vol. (1m' cm
- 

) 66 27 -- 46 71 43 tS 30 14 35 52

ascat (10
"4 

0-) 40 26 -- 48 446 -- 17.0 50 12.2 33 37

Condens. Nue. (103 counts) 11 2 -- 19 1o 4 2 3 2 8 12

Aerosol No. (103 cm
-3

) 37 17 -- 77 53 8.-, II 24 7.7 30 48

No. Particles >0.3 p (cm
" 3

) 438 468 -- 452 451 494 fl5 516 439 436 444

No. Part tries >1 p (cm
3
) 79 110 -- 80 89 64 1f, 212 49 55 67
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TABLE 28. INITIAL CONDITIONS AND SELECTED RESULTS FOR STATIC RJ-4-NO-AIR OUTDOOR CHAMBER RUNS.

AFF Run No. 90 94 98 97 100 93 97 100
Side A B A A B - B A

Run Type Std. Std. Std. Std. Std.* Std. Low N t Rah Fuel
va JP-10 JP-IO n-C4  Lov N0x High Fuel - Std. Std.'

Day I

Avg. T (
0
C) 34+5 39+2 35+6 37: 38+2 40.-2 37+2 38+2

UV Int. (flu cm
- 2
) 2.9W0.9 3.2+0.8 2.9+0.7 2.8+0-.8 2.1+0.8 3.0-0.7 2.8+0.5 2.1+0.8

Init. Fuel (talc) (ppmC) 21.6 22.1 22.5 22.9 22.2 20.5 22.9 44.4

Fuel (obs) (ppmC) 31.1 35.6 34.3 33.9 36.2 30.3 34.7 63.3

NO (ppm) 0.363 0.345 0.366 0.380 0.102 0.400 0.196 0.101

NO2 (ppm) 0.118 0.150 0.121 0.121 0.372 0.110 0.065 0.372

Final NO (ppm) 0.120 -0 '0 '0 '10 '0 0 -0

N02 (uncorr) (ppm) 0.282 0.090 0.242 0.261 0.041 0.320 0.037 0.023

d([0 3]-1NOJ)/dt(ppb min
-1

) 0.465 1.728 1.330 1.341 1.253 1.24 1.221 1.538

Time 03 max (PST) Final Final Final Final 1515 Final Final 1405

Naximsm: 03 (ppm) 0.008 0.472 0.303 0.278 0.449 0.212 0.382 0.482

PAN (ppm) 0.002 0.012 0.013 0.009 0.014 0.005 0.011 0.013

HCRO (ppm) 0.004 0.042 0.040 0.029 0.027 0.025 0.019 0.042

Aerosol Vol. (psm
9 
cm

-
) 16 35 33 26 48 28 30 52

Bsent (10
- 

i
-1
) 6.6 2.1 53.0 50.0 87.0 10.5 53.0 98.0

Condens. Nuc. (10
3 

counts) 13 15 24 12 20 16 11.3 13

Aersol No. (103 cm
- 3
) 51 67 76 47 81 84 49 75

No. Particles >0.3 u (cm 
3
) 308 495 465 465 483 452 465 494

No. Particles >1 p (ca
- 3
) 0 149 84 81 161 62 86 192

Day 2-4: Day (2) (2) - (2) (2) (2) (3) (4) (2) (2)

Dilution (tinal/initlal) -- -- -- -- -- 0.72 0.72 -- --

Avg. T (oC) 32+4 37+5 - 37+2 32+4 40+4 40+5 39+4 37+2 32+4

UV Int. (m cm
- 2
) 3.0+0.8 3.1+0.5 -- 2.7+0.5 1.4+0.7 2.80.7 2.70.8 2.6+0.7 2.70.5 1.40.7

Init. Fuel (ppEC) 30.1 27.1 -- 25.9 27.8 23.6 15.4 8.9 28.8 54.8

03 (pp.) -0 0.289 - 0.044 0.345 0.189 -0 0.475 0.278 0.326

NO (ppm) 0.100 -0 -- 0 -0 -0 0.260 '0 -0 '0

802 (uncorr) (ppm) 0.294 0.015 - 0.018 0.019 0.010 0.220 0.020 0.011 0.015

Final N02 (uncorr) (ppm) 0.265 0.040 - 0.028 0.030 0.010 0.095 0.030 0.027 0.029

d((O3]-(NOI)/dt(ppb win
- 1
) 0.457 .. .-- -- 1.81 -- -- --

Time (031 max (PST) Final Initial - Final Initial 1305 Final Init. Init. Tint.

maxima: 03 (pp.) 0.164 (0.289) - 0.175 (0.345) 0.202 0.654 (0.475) (0.278) (0.326)

PAN (ppm) 0.00? 0.009 -- 0.007 0.005 0.006 0.030 0.011 0.006 0.005

HCHO (pp") 0.029 0.038 - 0.059 0.031 0.050 0.073 0.077 0.031 0.059

Aerosol Vol. (us' cm
-
) 4 13 - 11 7 10 18 I 6 7

8%cat (10
-4 

m
1
) 2.0 1.7 -- 20.0 5.8 3.6 7.0 2.4 7.2 3.8

Condens. Nuc. (10
3 

counts) -0 -0 -- 6 -0 4) 1 '0 '0 '0

Aerosol No. (103 cm
- 3

) 10 4.6 -- 28 3.7 3.5 19 4.7 5.3 3.6

No. Particles >0.3u(c
- 3
) 220 362 - 400 337 134 451 324 338 273

No. Particles >1 M (cj
- 3

) 92 14 -- 14 6 21 149 16 8 2
'Error in NOx injection resulted in initial NO and W02 being interchanged. relittve to the standard amounts.
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rABL.E 29. INMtAL CONDITIONS ANiT) SKI.ECM~) IIESiII~fS FORK STAric Ri1-5-HO -AIR OUTDOOR CHAHI4I'RUNS09.

MV

APP Run No. 113 114 116 110 111 108 110 Ili
Side A B A A B - B A

Run Type Std. Std. Std. Std. Std. Std. Low NO~ High Fuel
V9JP-10 JP-l0 n-C4  Low Nox High Fuel - Std.x Std.

Day 1

Avg. T (on) 31+3 36+3 34+3 37+2 394-3 3644 37+2 39+.3

UV Int. ('d em-
2
) 2.5+0.9 2.$5+0.8 2.4+0.7 2.8+1.0 2.5+0.8 2.6+0.8 2.8+1.0 2.5+0.8

Init. Put' (catc) (ppkC) 22.2 21.4 22.3 22.8 22.8 34.5 22.8 46.0

Fuel (obs) (PPOC) -15 -15 -14 -10 -13 -20 -10 -20

NO (ppm) 0.348 0.336 0.354 0.348 0.367 0.353 0.159 0.362

NO2  (Pp. 0.110 0.107 0.109 0.152 0.111 0.121 0.055 0.108

Final NO (ppm) 0.062 0.048 0.070 0.089 0.029 0.062 0.013 -0
9
(uncorr) (ppm) 0.307 0.300 0.291 0.311 0.324 0.288 0.145 0.159

d((0 3(-INO))/dt(ppb mln-
1
) 0.811 0.866 0.805 0.724 1.026 0.795 0.487 1.276

Time 03 Max (PST) Final Final Final Final Ftnal Final Final Final

M~aximuma: 03 (ppm) 0.022 0.027 0.020 0.021 0.040 0.026 0.066 0.270

PANl (ppm) 0.002 0.001 0.002 0.001 -43 0.004 -o 0.001

HCROI (ppm) 0.017 0.004 0.017 0.006 0.025 0.048 0.006 0.038

Aer.4ot Vol. GVcmY'-a 41~ 41 35 28 42 62 30 34 100

8s (10- a)- 28 28 28 26 44 29 23.5 80

Condena. Nuc. (10) counts) 17 17 13 it 22 21 12 13

Aerqol No. (103 cM3 43 38 45 50 53 60 39 78

No. Particles >O.3wo(cm-
3  

4219 429 435 415 455 419 395 516

No. Particles >1 (cm
3
1 28 28 36 18 68 22 8 219

Days 2-4: Dlay (2) (2) -- (2) (2) (2) (3) (4) (2) (2)

Dilution (finalnitial) -- -- - -- -- -- -- 0.78 -- --

Avg. T (,C) 34+3 39+2 1- 8+4 39+2 33+5 32+7 32+7 38+-4 39+2

UV tot. (aw cm-
2

) 2.9+0.6 2.6+0.6 -- 2.9+0.7 2.7+0.7 2.540.9 2.8+-1.1 2.640.9 2.9+0.7 2.7+0.7

mnIt. Fuel (PP.C) -13 -13 - -- -1I -20 -18 -12 -- -15

03 (ppm1) 0.005 0.005 -- 0.005 0.009 0.053 0.298 0.017 0.004 0.135
NO (ppm) 0.02) 0.015 -- 0.049 0.009 0.038 -0 0.162 -2 0.008

HO2 (unvorr) (PPM) 0.330 0.327 0.342 0.280 0.272 0.011 0.278 0.079 0.012

Final NO2 (unc-,rr) (pm -0131 0.031 - 0.172 0.020 0.019 0.011 0.325 0.016 0.015

d(103 ]-1NO((/dt(ppb mn-
t  

- - - 0.514 0.408 -- 0.483 --

Time 1031 max (1IST) Final 1415 -- Final 1415 1405 Initial Final Final Intral

m~axims.: 01 (Pl'M) 3.35? 0.431 - 0.317 0.409 0.407 (0.298) 0.086 0.205 (0.135)
PAN (ppm) 0.004 0.002 -- 0.002 0.002 0.005 0.003 0.003 -0 0.002

91111 (pm) 0.015 0.0")a - 0.015 0.313 93.067 0.050 0.006 0.008 0.017
Aerosol Vol. ( -m' cm' 23 60 -- 18 47 43 14 28 26 96

Bacat (10-1 M-1) 23 50 -- 20 50 49 15 21 22 32
Conden.,. Noc. (I03~ c-ints) 4 5 -- 3 10.% 6 5 3 4 50
Aeromol No. (1,11 c.-3) 19 21 -- 23 20 28 15 13 239 92

No. FArtil'les >(). I (cm-3) 462 493 -- 395 .9' 481 369 469 426 419
No. Fa,ile 1 1,I. , (,,-3) 101 149 -- 93 1' 126 7 39 47 9
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Figure 20. Concentration-Time Profiles for Selected Species, and Physical

and Aerosol Measurements for the Four-Day, JP-4(Shale)-NOx
Outdoor Chamber Run AFF-18.
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109



I m OZONE NO * N02-UNC

0.6a

o.2

.e[

89g t288 I8an 8e 1298 l68s 8 128 168 888 129 288

n-Cl I oFREON 12
0.215' 400

__._ see "

0. 1s

200

0.95S

0.00
8"8 2288 168 8US 1290 2689 889 1280 2689 8a8 1229 t6o"

x " V UVRAD
50.09I

40.0

30. 0'

'20. 0 2 C

-5

0.0
8 229 1see a8 1298 le8s 888 228 168 8 129 1889

TIME CPST :>

Figure 22. Concentration-Time Profiles for Selected Species, and Physical

and Aerosol Measurements for the Four-Day, JP-8(Shale)-NO

Outdoor Chamber Run AFF-73. X

110



V AEROSOL VOL = CONDENS.

ISO- 30

25
U

N, 120-
MN

9 20

so I
-JU

01

> 80 15 ,.

S

e 10288 188 88 1280 1608 888 128 1888 88e 128 l8

*AEROSOL VOL. 0 PART.>0. 3 APART.>0.S 4'PART.>l.O

- 40+ 4003030

20 200 CL- I NO

too

w 1292 1 an 1209 1 We 8ft 1228 8880 gas 1299 low

TIME CPST)

Figure 22. Concentration-Time Profiles for Selected Species, and Physical

and Aerosol Measurements for the Four-Day, JP-8(Shale)-NO

Outdoor Chamber Run AFF-73 (concluded).

ill



W OZONE A NO * N02-UNC

0 a- -

CK0.0.

BO 129 16 IG 1290 160 80 1206 1609 890 1209 Is6@

"TOLUENE 0 FREON 12
8.208 t.6

0. 1 a- 1.2

0.12 0.

8.8 , .O,,j,, .6

0.04 .S

0.84- 0.8

u 129 1ee aion 12 16 Ueals 12 0 16 an Ps 120a 16

S T vUV RAD
6.2.

40.80 2.8

C.)Y

30.0.1.

~20.0 1.0

10.0 0.5

see 1209 606ll so 120 t 1608"0 1 29e IGas8we 120 1"@
TrZiE CPST3

Figuire 23. Concentration-Time Profiles for Selected Species, and Physical
and Aerosol Measurements for the Four-Day, Unleaded Gasioline-

NO Outdoor Chamber Run AFF-43.

112



Y AEROSOL VOL S CONOENS.
1 50 158

U 120' 120'-Ic

00 90 -

g . g0

80,

30 30

0 0
129 188 8 128 I6O8 888 1288 a68 88 1288 1888

x BSCAT 0 PART.>0. 3

S ISI

No eF n60

Ux

31as

22

.. . .. .. .... . .'

".0
899 1288 888 8as 1290 1189 888 1288 188 888a 1288 1888

TIME CPST:)

Figure 23. Concentration-Time Profiles for Selected Species, and Physical
and Aerosol Measurements for the Four-Day, Unleaded Gasoline-

NO Outdoor Chamber Run AFF-43 (concluded).
x

113



OONE~J ANO *N02-UNC

LW 0.64

0. 2

0.02' 0

0.00

.0

69 1266 16986on 1266 26so8se6 290 16986 1298 l666

x T v UV RAD
50.0 4

..

20.0

on I26 a66 6m0 1266 1 6w 898 122 169 866 2266 1666
TIME CPST)

Figure 24. Concentration-Time Profiles for Selected Species, and Physical
and Aerosol Measurements for the Four-Day, Diesel No. 2-NO
Outdoor Chamber Run AFF-122.X

114



Y AEROSOL VOL w CONDENS.

I SO .30

-~..25
120

QU(n

38 
S

30 S

s 1290 Me see 1280 lose e 1200 eewe see 120 I160

x 8SCAT 0 PART. >0.3
100. . e00

400

U< 40 -

40 CL

asU 120 16"3 MO 1290 IM on 1290 1600 see 120e lo

TIrME (PST3

Figure 24. Concentration-Time Profiles for Selected Species, and Physical

and Aerosol Measurements for the Four-Day, Diesel No. 2-NO
Outdoor Chamber Run AFF-122 (concluded).

0 115



* OZONE NO b N02-UNC

0.5

0.0

M. 1266 I66 M 6 16 861266SW mse 1266 low

JP-10 o FREON 12
2.S 0

2.0

-See

104)
0.5

as 3 in@ two 12z6 to"6on 1233 low ef6 12ug low
TIME CPST>
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NOX source (e.g., dowinwind of the original fuel release), additional NOx

was injected into the mixture on the third or fourth day, depending on the

time required for the initial NOx to be consumed. In all cases, rapid

formation of additional ozone occurred with the resulting maximum 03 con-

centration generally being greater than that which had occurred on the

first or second day. For the two JP-4 runs (particularly JP-4 [pet]),

less 03 was formed, since the mixtures were diluted to a far greater

extent by the time the supplemental NOx was injected than in the runs

using the other fuels. The dilution factors, as measured by the ratio of

the final-to-initial concentrations of the Freon @ 12 tracer, were 0.084

and 0.30 for JP-4 (pet) and JP-4 (shale), respectively, compared with an

average of 0.77 ± 0.07 for the other fuels. The 03 maximum resulting

after the second NOx injection was also less than the first ozone maximum

for JP-10 and RJ-5. However, both of these fuels were relatively unreac-

tive and it generally took at least two days for the maximum 03 to form.

Significant aerosol formation was observed to occur from all fuels in

these runs, although the pattern observed using the various aerosol moni-

toring instruments was quite variable from run to run and for a given run

from day to day. For the JP-4 and JP-8 runs, aerosol formation, as mea-

sured by aerosol volume, occurred essentially only on the first day of the

run and its formation did not appear to be affected by the injection of

NOx on the third or fourth day (Figures 19-22). However, for JP-8, the

particle numbers measured by the optical particle counter increased on all

days of the runs.

For unleaded gasoline, the maximum light scattering occurred on the

first day; but, it also increased somewhat on the third day after the

second NOx injection (Figure 23). In contrast, particle numbers in the

unleaded gasoline run, as measured by the optical particle counter, in-

creased most rapidly on the second day and went up significantly on the

fourth day. Both of these days were those for which the mixture was unre-

active with respect to 03 formation.

For diesel fuel (Figure 24), the behavior of light scattering measure-

ments was similar to that observed for unleaded gasoline (except that much

higher light scattering values were observed). However, data from the

optical particle counter showed the opposite behavior; the highest values

were attained when the mixture was photochemically reactive. For JP-1,
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light scattering and optical particle counter readings increased each day

of the irradiation (Figure 25), while for RJ-5, aerosol readings were

generally the same on each day (except for condensation nuclei, which were

always highest at the start of the first day for the heavier fuels). For

these two fuels, there was no obvious correlation of the aerosol parame-

ters with the 03 forming reactivity of the mixtures. Finally, for RJ-4,

slightly higher rates of aerosol formation were observed on days which

were photochemically reactive.

It is difficult to generalize about the patterns of aerosol formation

observed in these multi-day irradiations, except to point out that if

there was any relationship between ozone formation and aerosol formation,

it depended either on the fuel employed or the conditions (temperature,

etc.) under which the runs were conducted. A discussion of how the vari-

ous fuels differed in the amounts of aerosol they formed is given of the

standard runs and the inter-fuel comparison runs.

4.2.2 Dynamic Runs

For JP-4 (pet), JP-4 (shale), unleaded gasoline, and JP-10,

one- to three-day dynamic runs were performed in which the mixture was

diluted by -10% each hour during the day, with no dilutions being carried

out at night. The conditions and results of these runs are summarized in

Table 31. Figures 28-31 give the 03 and N0x concentration-time profiles

observed in a selected dynamic run for each of these fuels. Also shown in

those figures are the concentrations of the inert Freon® 12 tracer, which

was added to the mixture to monitor the dilution rate.

The results of these runs generally followed the same patterns as the

four-day runs discussed above except that (as expected) less 03 and aero-

sol were formed, because of the dilution of the reaction mixture. Because

of the non-linearity of the chemistry involved, it would not be expected

a priori that the maximum 03 yields would be reduced by exactly the amount

the mixture was diluted. In fact, however, when the observed maximum

ozone yields are divided by the dilution factor, they are generally within

the range of the ozone yields observed in the static runs carried out

under similar temperature and lighting conditions. However, because of

the variability observed in the outdoor chamber runs (Section 4.2.3) and

the relatively small number of dynamic runs conducted, the present data

are inadequate to conclude that this is generally true. As with the
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static runs, the dynamic runs fell into two categories, depending on whe­

ther the maximum 03 formation occurred on the first or the second day 

(with no significant 03 formation occurring after that). The ozone maxi­

mum occurred on the first day in the JP-4 (pet) and the unleaded gasoline 

runs and on the first day in one of the two JP-4 (shale) two-day runs 

(Figures 28, 29). The maximum 03 yield occurred on the second day of the 

JP-10 dynamic run (Figure 31) (as observed for most of the other JP-10 

runs). This was also the case for the JP-4 (shale) run (AFF-56, Table 

31)~ which was carried out under conditions of unusually low light inten­

sity. 

For the unleaded gasoline three-day dynamic run (Figure 30), NOx was 

injected at the beginning of the third rlay (after the initially-present 

NOx was consumed) and, as observed in the four-day runs, rapid 03 forma­

tion then resulted. In general it can be concluded that, apart from lower 

yields of the products and a more rapid decrease in the concentrations of 

the reactants, dilution does not appear to have any qualitative effect on 

the pattern of results in these multi-day irradiations. 

4.2.3, Standard Runs 

The experimental protocol for the outdoor chamber runs in this 

program called for a minimum of six repeats of a standard run to be carri­

ed out for each fuel. These standard runs consisted of irradiations of a 

nominal 25 ppmC fuel and 0.5 ppm NOx mixture, without dilution in air.for 

at least one day. Most of these runs, except for the four-day, undivided 

bag run, were conducted with the bag in a divided mode, with the two sides 

of the bag having either different reactant concentrations or· different 

fuels. These six repeats consisted of the four-day run, the variable NOx, 

the variable fuel, the fuel versus n-butane, and the two fuel versus JP-4 

(pet) or JP-10· runs. The largest number of repeats were for JP-4 (pet) 

and JP-10, since they were used as the standard fuels against which the 

other fuels of the kerosene or high energy type were compared. In addi­

tion, a number of replicate irradiations were conducted for n-butane, 

which was used aa a model hydrocarbon fuel for compnrison purposes (s':'e 

Section I). Furthermore, the standard JP-4 (pet), JP-10, and n-butane 

runs w~ra performed under n variety of weather conditions, thus showing 

the effects of meteorological variables on the reactivity of the.:~'' tht'ee 

fuels. 
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In this section, some of the major results of these standard runs are

summarized. This discussion will focus primarily on the following three

important aspects of reactivity of these fuels under atmospheric condi-

tions: (1) the rate of NO consumption, and the initial rate of 03 forma-

tion, which is measured by the quantity d([O 3J-[NO)/dt, hereafter refer-

red to as the "NO oxidation rate"; (2) the maximum amounts of 03 formed on

the first two days of the irradiation; and (3) aerosol formation, as mea-

sured by various experimental methods. The significance of these and

other aspects of fuel reactivity in atmospheric systems, and their impli-

cations in terms of the effects of fuel reactivity on air quality impacts,

will be discussed in Section V.

Table 32 gives the ranges of the experimental conditions employed,

together with averages of selected results of the standard runs for the

fuels (including n-butane) studied in this program. These results exhibit

significant variability, particularly for the aerosol parameters measured,

but also for the rates of NO oxidation and (for the less reactive fuels),

for the maximum ozone yields. The variability of the initial reactant

concentrations was - t 20% (the reasonable expectation when a non-rigid

chamber of varying volume is employed). The variability in temperature

and UV intensity (as measured by the standard deviation of the averages)

was ± 2-4°C and t 0.2-0.4 mW em- 2 , respectively, for fuel runs performed

around the same time of the year during stable weather conditions. The

variability in temperature and UV intensity was * 70 C-i 0 °C and 0.5-0.9 mW

cm , respectively, for fuels used as comparison standards (JP-4 [pet],

JP-10, and n-butane), or for a fuel studied at two different times of the

year (diesel No. 2) or during a period of variable weather (unleaded gaso-

line).

In order to examine the effect of the variability in meteorological

conditions on the reactivity data from these replicate irradiations, cor-

relation coefficients between selected reactivity parameters and tempera-

ture and UV intensity were calculated for the three fuels used as compari-

son standards. These correlation coefficients are listed in Table 33. In

general, except for the 03 yields on the first day of the JP-10 runs

(which were < 0.07 ppm, even tinder favorable conditions), the ozone yields

and NO oxidation rates correlated reasonably well with temperature and UV
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TABLE 33. CORRELATION COEFFICIENTS BETWEEN MEASURED REACTIVITY AND AEROSOL

PARAMETERS AND TEMPERATURE AND LIGHT INTENSITY FOR THE JP-4 (PET),

JP-10, AND n-BUTANE OUTDOOR CHAMBER RUNS.

PHYSICAL PARAMETER TF.MPERATURE UV RADIOMETER

FUEL JP-4 JP-10 n-C 4  JP-4 JP-10 n-C 4

(Pet) (Pet)

Correlation Coefficients:

Maximum 03, Day One 0.88 0.53 0.86 0.76 0.45 0.89

Maximum 03, Day Two 0.59 0.57 -- 0.60 0.58 --

NO Oxidation Rate 0.79 0.84 0.95 0.73 0.81 0.91

Aerosol Volume 0.53 0.10 -- 0.33 -0.09 --

No. Particles > 0.3 o 0.61 0.47 -- 0.50 0.48 --

Aerosol Number -0.12 -0.32 -- 0.35 -0.13 --

Bscat 0.86 0.32 -- 0.39 0.24 --

UV Radiometer 0.65 0.94 0.87

intensity. The correlation with temperature was observed to be somewhat

better. The correlation between aerosol parameters and meteorological

conditions was not as good; there appears to be no significant correlation

for the aerosol parameters in the JP-10 runs, or for the aerosol number

measurements in the JP-4 (pet) runs. Because the influence of meteoro-

logical conditions on aerosol measurements appears to be substantially

less than on the NO oxidation rates and ozone yields, these will be con-

sidered separately.

NO Oxidation and Maximum Ozone Formation. Plots of the NO oxidation

rates and maximum ozone yields for days one and two against the average

temperature for JP-4 (pet), JP-10, and n-butane are shown in Figures 32

and 33. The rates of NO oxidation and the first day ozone yields could be

fit reasonably well to the following relations (which are shown as lines

on the figures):
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JP-4 (pet):

NO oxidation rate - 0.13 T - 1.14, 20 < T < 40

Day one 03 maximum - 0.032 T - 0.36, 20 < T < 40

n-Butane:

NO oxidation rate - 0.104 T - 1.72, 20 < T < 40

Day one 03 maximum 0.0 T 30

- 0.077 T - 2.36, 30 < T < 40

JP- 10:

NO oxidation rate - 0.028 T - 0.27, 20 < T < 40

Day one 03 maximum 5 0.0 T < 40

where T is the average temperature (°C), the NO oxidation rate is in ppb

min - , and the 03 maximum is in ppm. From these relationships, the reac-

tivities (in terms of the first day 03 maxima or in terms of the NO oxida-

tion rates) of the standard 25 ppmC fuel-0.5 ppm N0x mixtures involving

JP-4 (pet), JP-10, and n-butane can be estimated for any temperature over

the range 20°C-400 C and used to compare these three fuels. From these

relations (also Figures 32, 33), the obvious order of reactivity is JP-4

(pet) > n-butane > JP-10. However, the relationships suggest that the

differences in maximum ozone yield, at least between JP-4 (pet) and

n-butane, become significantly less as the temperature is increased.

For most of the other fuels studied in this program, the number of

replicate irradiations are insufficient (given the variety of meteorologi-

cal conditions under which the irradiations were performed) to derive

similar relations between the reactivity parameters and the meteorological

conditions. Thus, intercomparisons for these fuels are more difficult.

Figures 34 and 35 give plots of the NO oxidation rates, and Figures 36 and

37 give plots of first and second day ozone maxima for all of the repli-

cate standard runs. The data are plotted such that the average tempera-

ture and UV intensity is shown for the run from which each point was

taken. Because of their significantly lower overall reactivity, the

results for the high energy fuels (JP-10, RJ-4, and RJ-5) are shown on

plots separate from those for JP-4, JP-8, and the commercial fuels.

The data shown in Figures 34 and 35 suggest that, in terms of NO oxi-

dation rates in the standard fuel-NOx mixtures, the approximate order of
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reactivity is: unleaded gasoline >> diesel No. 2 > JP-4 (pet) > JP-8

(shale) > JP-4 (shale) > n-butane I JP-8 (pet) > RJ-4 > RJ-5 JP-IO.

Unleaded gasoline is far more reactive in this respect than even diesel

No. 2 and its NO oxidation rates are not shown in Figure 34, since they

would be offscale.

From Figures 36 and 37, the order of reactivity in terms of 03 yields

is not necessarily the same as that derived from the NO oxidation rates.

Figure 36 shows that, i. terms of the first and second day 03 yields,

diesel No. 2 appears to form somewhat less 03 than JP-4, JP-8, and unlead-

ed gasoline. For these latter fuels, the data do not suggest any signifi-

cant differences in the first day 03 yields. The first day 03 yields for

JP-8 (per) were the lowest on average. However, most of these latter runs

were carried out under low temperature and light intensity conditions,

relative to the other fuels, and the second day 03 yields for JP-8 (pet)

were more similar to those for the other fuels. For JP-4 (shale), the 03-

yield data are too scattered for useful comparisons.

The relative 03 yields contrast with the reactivity ranking obtained

from NO oxidation rates, since unleaded gasoline, by far the most reactive

fuel in the latter regard, forms about the same amuunt of ozone as the

JP-4 and JP-8 fuels. Moreover, diesel No. 2, the second most reactive

fuel with respect to NO oxidation, forms less ozone, especially on the

second day.

For n-butane and the less reactive, high energy fuels (Figure 37), the

first day ozone yields correlate well with the rates of NO oxidation.

This is as expected, since ozone yields in less reactive hydrocarbon-NOx

mixtures are determined by the rates of NO conversion rather than by the

ozone-forming potential (since tle 03 maximum is generally not reached,

Section 5.1). On the other hand, the second day ozone yields for the high

energy fuels were not well correlated with the NO oxidation rates (in

contrast to JP-4, JP-8, and the commercial fuels). Thus, RJ-5 formed more

03 on day two than did RJ-4; and JP-10, probably the least reactive fuel

in terms of NO oxidation rates, formed more 03 on day two in some cases

than did all of the fuels on the first or second day, except JP-4 (pet).

In general, in terms of the 03-forming potential on the second and subse-

quent days of irradiation, these data indicate that all of the fuels
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studied in this program are surprisingly similar, despite wide differences

in their NO oxidation rates.

Aerosol Formation. The aerosol measurements obtained in these experi-

ments varied widely and, unlike 03 formation and NO oxidation rates, did

not appear to be strongly correlated with meteorological conditions.

While the cause of these variations is presently unknown, there are in

some cases distinct differences in the distributions of these measure-

ments, allowing some inter-fuel comparisons to be made. In Figure 38, the

distributions are shown of four different types of aerosol measurements

from the replicate runs for all of the military and commercial fuels

studied in this program. Aerosol data for the n-butane runs are not shown

in this figure, since the irradiation of n-butane-NOx mixtures resulted in

essentially no aerosol formation measured by any of the techniques employ-

ed. It should be noted that aerosol formation in the NOx-air or pure air

irradiations was also negligible. The lack of aerosol formation in the

n-butane or control irradiations indicates that the aerosol formation

observed from irradiation of NOx-air mixtures containing the military and

commercial fuels is real and not a chamber effect or other experimental

art if act.

Figure 38 shows that fuels which formed more aerosol measured by one

technique were not necessarily those which gave the highest aerosol read-

ints as measured by another technique. The most dramatic examples of this

were unleaded gasoline and diesel fuel. Generally, unleaded gasoline

formed the highest aerosol volume (i.e., mass of aerosol) and condensation

nuclei (i.e., number of particles), yet it was about average in light

scattering (Bscat) capacity and appeared to form the smallest number of

large particles (> 1 p). On the other hand, diesel No. 2, which was also

relatively high in the volume of aerosol formed, was by far the highest in

terms of light scattering and in the formation of large (> 1 p) particles,

but was only average in terms of condensation nuclei formation. This

suggests that while these two commercial fuels form similar amounts of

aerosol material, unleaded gasoline produces a large numbers of small

particles; diesel No. 2 produces a relatively small number of very large

particles.
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In general, the military fuels formed a somewhat lesser volume of

aerosol material than the commercial fuels and their size distribution

appeared to be intermediate between the extremes defined by unleaded gaso-

line and diesel No. 2. In terms of aerosol volume, JP-4 (pet), both types

of JP-8, RJ-4, and RJ-5 were similar; JP-4 (shale) appeared to form

slightly less and JP-10 formed the least. The aerosol formed from JP-4

(pet) appeared to have more small particles, relative to the other mili-

tary fuels. What little aerosol was formed from JP-10 appeared to have

more large particles. When the variability of the aerosol results are

taken into account, the particle size distributions for the remaining

military fuels appear not to differ dramatically from each other and are

probably in an intermediate range between those for JP-4 (pet) and JP-10.

4.2.4 Fuel Versus Fuel Runs

Because of the inherent variability of meteorological and

physical parameters in outdoor chamber irradiations, experiments in which

near-equal amounts of two different fuels are simultaneously irradiated in

the chamber under dual-mode conditions are potentially the most useful.

Dual chamber experiments compared all fuels to n-butane and compared JP-4

(shale), JP-8 (pet and shale), and commercial fuels with JP-4 (pet) (Sec-

tion I). JP-10 was also compared with the other high energy fuels, RJ-4

and RJ-5. The major results of these direct intercomparison experiments

are discussed in this section.

Since n-butane formed no observable aerosol and was sufficiently unre-

active that n-butane-NOx mixtures generally did not form their maximum

ozone during the first day of irradiation, the results of the one-day fuel

versus n-butane experiments were primarily useful for comparing NO oxida-

tion rates. The observed NO oxidation rates, relative to that for

n-butane, for all of the fuel-butane runs are shown in Figure 39. Since

only one usable fuel-butane run was carried out for each fuel, the vari-

ability in these results cannot be assessed. However, these data indicate

that the order of reactivity is: unleaded gasoline >> diesel No. 2 > JP-4

(pet) > JP-8 (shale) > JP-4 (shale) > JP-8 (pet) > n-butane > RJ-4 E RJ-5

> JP-10. This order is consistent with the ranking obtained from compar-

ing the NO oxidation rates observed in the full sets of standard runs

(Section 4.2.3), except that the data from the standard runs could not be
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used to determine if JP-8 (pet) was more reactive than n-butane or whether

RJ-5 was any more reactive than JP-10. While the standard runs employing

RJ-4 had, as a group, considerably higher NO oxidation rates than those

employing RJ-5 (Figure 35), the data from the fuel-butane runs for RJ-4

and RJ-5 gav.t similar ratios of reactivity relative to n-butane (Figure

39). Because the replicate runs for RJ-4 and RJ-5 were generally done

under similar meteorological conditions (Figure 35, Tables 28, 29), it can

be concluded that RJ-4 produced somewhat higher NO oxidation rates than

RJ- 5.

Figures 40 and 41 show the ratio of the NO oxidation rates to the

maximum 03 yields observed in the fuel versus JP-4 (pet) and in the fuel

versus JP-10 runs, respectively. Since two runs of each type were carried

out, some indication of the variability of the data can be obtained,

though it should be noted that in most cases the two runs couparing a

given set of fuels were conducted at approximately the same time under

similar meteorological conditions. It can be seen that reasonably good

agreement between relative NO oxidation rates were obtained in the repli-

cate runs and the order of reactivity is consistent with that derived by

comparing either the replicate standard runs or the fuel versus n-butane

runs. The maximum 03 yield data were more variable, and it is probably

more useful to use the results of the replicate standard runs for compar-

ing the maximum 0 3 -forming potential of the fuels. This is because,

depending on the relative NO oxidation rates of the two fuels being com-

pared and the meteorological conditions of the particular fuel versus fuel
runs, the observed ratios of the 03 yields could reflect two things: (a)

the relative NO oxidation rates, if the run was done under conditions of

low temperature and light intensity and/or if both fuels have relatively

low NO oxidation rates; or (b) the NO oxidation rate for one fuel and the

0 3-forming potential for the other (i.e., if one fuel reaches maximum 03

while the other does not). Thus, only under certain conditions would the

ratio of ozone yields reflect the 03-forming potentials for both fuels.

Since the replicate standard runs were generally carried out under a wider

variety of conditions, it is likely that at least one run for any fuel

would he done under conditions favorable for maximum 03 formation.
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The ratios of selected aerosol data obtained from the RJ-4 and RJ-5

versus JP-IO runs are shown in Figure 41. These results indicate JP-10

formed less aerosol volume than did RJ-4 or RJ-5, but JP-10 formed rela-

tively large (> 0.3 p) particles. This I.4 consistent with the results of

the replicate standard runs shown in Figure 38 (Section 4.2.3), since the

differences between the JP-1O and the other high energy fuels were less

when the number of particles > 0.3 w was measured than when aerosol volume

was measured.

Ratios of selected aerosol data from the fuel versus JP-4 (pet) runs

are shown in Figure 42. These data are reasonably consistent with the

results of the replicate runs shown in Figure 38, when the variability

inherent in the aerosol measurements is considered. The data confirm that

unleaded gasoline and diesel No. 2 formed measurably more aerosol material

than did the other fuels, while JP-4 (pet) and the two JP-8 fuels formed

comparable amounts of aerosols. Furthermore, the data in Figure 42 indi-

cate that JP-4 (shale) formed measurably less aerosol than the other fuels

from the replicate runs are more ambiguous regarding this point (Figure

38). These data also indicate that JP-4 (pet) formed fewer larger par-

ticles as well as particles in the light scattering range than the other

fuels, with the possible exception of JP-4 (shale). However, in many

cases the inherent variability of the aerosol data from only two runs

clearly precludes drawing any firm conclusions about differences in aero-

sol size distribution.

4.2.5 Effect of Initial Reactant Concentrations

For each of the nine fuels studied in this program, one two-

day dual-chamber experiment was performed in which the initial concentra-

tion of the fuel was varied, while the NO x was held constant; another two-

day dual-chamber experiment was performed in which the initial NO, was

varied, while the fuel concentration was held constant. In all cases, a

standard run (-25 ppmC fuel, 0.5 ppm NO x ) was carried out in one side of

the chamber, and the variable-NO runs were conducted by injecting half

the normal amount of NO X in the "low NO x I side. In the variable-fuel runs

employing JP-4, unleaded gasoline, and diesel No. 2, the fuel was varied

by injecting half the standard amount of fuel on the "low fuel" side. For

the other, generally less reactive fuels (JP-8, JP-10, RJ-4, and RJ-5),
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Figure 43. Concentration-Time Profiles for 03, NO, and N02 for the
JP-4 (Pet) Variable Initial Fuel Run AFF-34.
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Figure 46. Concentration-Time Profiles for 03, NO, and NO2 for the
JP-8 (Shale) Variable Initial Fuel Run AFF-81.
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TABLE 34. RATIOS OF SELECTED REACTIVITY PARAMETERS OBSERVED IN THE VARIABLE INITIAL
FUEL AND VARIABLE INITIAL NOx DUAL-OUTDOOR CHAMBER RUNS.

Relative Reactivity

High Fuel/Low Fuel ... ,'Lov NO,

NO Oxid. 03 Maximum Aerosol NO Oxid. 0 Maximum Aerosol
Fuel Rate ay I Day 2 Volume Rate Day I Day 2 Volume

JP-4 (pet) 1.4 2.6 0.9 2.6 1.1 1.3 1.3 1.5

JP-4 (shale) 0.9 1.2 0.8 0.2 1.4 1.1 1.0 0.5

JP-8 (pet) 1.3 1.2 1.3 1.8 1.3 0.7 1.9 0.8

JP-8 (shale) 1.0 0.9 0.9 1.5 0.6 1.3 1.3 1.1

Unleaded gasoline 1.6 0.9 0.8 2.0 2.2 1.5 1.7 1.4

Diesel No. 2 1.9 1.2 0.9 1.4 1.4 1.4 1.4 1.5

JP-10 1.0 2.6 0.9 0.6 1.4 a -0b  0.6

RJ-4 1.2 1.1 0.9 1.1 1.1 0.7 0.6 0.9

RJ-5 1.2 6.8 0.3 1.6 1.5 0.3 1.5 1.2

aNegligible amounts of ozone formed on both sides.

bNegligible amounts of 03 formed on higher NOx side; 59 ppb formed on the lower NO

side.

twice the standard amount of fuel was injected for the "high fuel" side.

Plots of the concentration-time profiles for 03, NO, and NO2 (uncorrected

for interferences from PAN and other nitrogen-containing compounds) are

shown in Figures 43-51 for the variable-fuel runs and in Figures 52-60 for

the variable-NOx runs. Summaries of the results of these non-standard

runs are given for each fuel in Tables 21-29. Table 34 sumarizes the

major aspects of these results by giving the ratios of selected reactivity

parameters observed in the variable-fuel and the variable-NOx runs.

Increasing the initial fuel tended to increase the rates of NOx oxida-

tion and hence caused 03 formation to occur earlier (Figures 44-51). The

magnitude of this effect varied from essentially negligible for JP-4

(shale) (Figure 44) to causing the ozone maximum to occur one full day
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earlier for RJ-5 (Figure 51). On the other hand, increasing the NOx con-

centration (Figures 52-60) tended to delay 03 formation. In most cases,

it also caused higher ultimate 03 formation, either on the first day for

the more reactive fuels (JP-4 (pet], JP-8 [shale], unleaded gasoline and

diesel No. 2) or on the second day (JP-8 (pet] and RJ-5). For the JP-4

(shale) and RJ-4 variable NOx runs, the ozone on the high NOx side ap-

proached that of the lower NOx side by the end of the second day. Only in

the JP-10 variable-NOx run was the reactivity so low that 03 formation on

the high NOx side did not approach or exceed that of the lower NOx side by

the end of two days.

It can be seen from Table 34 that the ratios of the reactivity para-

meters resulting from changing the initial fuel or the initial NOx were

variable. However, a number of generalizatons can be made. Increasing

either the initial fuel or the initial NOx tended to result in increased

NO oxidation rates, though this increase was generally less than the

factor of two increase in the concentration of the reactant. Increasing

the fuel resulted in higher ozone yields on the first day, though for all

runs, except JP-8 (pet) and unleaded gasoline, lower ozone yields on the

second day were observed. Decreasing the NOx resulted in decreased ozone

on both days (less than a factor of two), except for RJ-4 and RJ-5, which

were less reactive, and JP-8 (pet), whose variable-NOx run was done under

low temperature conditions.

As expected, the aerosol data were the most variable, though they were

consistent with the assumption that increasing the fuel concentration will

result in increased aerosol levels. Unfortunately, because of the vari-

ability characteristic of outdoor chamber runs, more variable-fuel and

variable-NOx runs would have been required to more quantitatively and

unambiguously determine the effects of changing the initial reactant con-

centrations, and to determine if there were any significant differences

between the fuels regarding these effects.
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V. DISCUSSION AND CONCLUSIONS

When released into the atmosphere, organic compounds such as those

contained in hydrocarbon fuels can affect air quality both in the vicinity

of their release and, with transport, in downwind regions. Adverse air

quality impacts include the formation of ozone and a wide range of other

photochemical oxidants, the formation of secondary aerosols, and in cer-

tain cases the formation of toxic organic products. In the following

sections, the implications of our results with respect to the atmospheric

releases of these fuels are presented. Some of the chemical and physical

factors which affect the results of smog chamber experiments designed to

investigate such air quality impacts are discussed.

5.1 FACTORS AFFECTING ATMOSPHERIC IMPACTS OF FUEL RELEASES

5.1.1 Ozone Formation and NOx Removal

The primary process forming 03 in the lower troposphere is the

photodecomposition of N02 forming 0( 3 P) atoms. These O( 3P) atom then

combine with molecular 02 to form 03 (Reference 5). In the absence of

other reactants (i.e., in a NOx-air system), this is balanced by the rapid

reaction of 03 with NO, so that there is no net buildup of 03•

3NO2 + hv ( X 400 nm) + NO + 0( P) (1)

O( 3p) + 0 2 + M + 03 + M (2)

0 3 
+ NO + 02 + N02  (3)

The rates of reactions 1-3 are rapid compared to most other atmospheric

processes and, to a reasonable approximation, 03 can be considered in a

photostationary state with N02. The following relation can then be deriv-

ed (Reference 28):

[03] = k 1 [NO2 ] /k 2 [NO]. (I)

From this equation it can be seen that any process that converts NO to NO2

will cause 03 to increase. Thus, when organics are added to a NOx-air

mixture, ozone formation occurs, because intermediates which convert NO to

NO2 are formed from the oxidation of the organics.

169



The only types of organic compounds identified as present in the

fuels investigated in this program are saturated or aromatic hydrocar-

bons. The only significant process which consumes such organics is via

reaction with hydroxyl radicals (Reference 13). The major features of the

large number of individual reactions that follow initial attack by the OH

radical (References 4, 5, 13, 23) can be represented as shown below:

0O 2 M
Hydrocarbon + OH 2 R 2  (4)

M
RO2 + NO + RONO2  (5)

RO2 + NO + RO + NO2  (6)

RO + (products) + R'O2  (7)

RO + 02 + HO2 + (products) (8)

HO2 + NO + OH + NO2  (9)

(Products) + OH + R"O2  (10)

The peroxy radicals (R02 and HO2 ) formed in the oxidation mechanisms lead

to NO oxidation and thus are responsible for enhanced ozone formation.

In discussing 03 formation caused by atmospheric releases of a given

organic or mixture of organics (such as the fuels studied in this pro-

gram), the concept of reactivity is frequently useful. However, among the

many reactivity parameters employed, at least two must be considered:

(1) how rapidly a given fuel causes ozone to be formed and (2) the maximum

amount of ozone that can be formed from a fuel, given a sufficient time

for reaction. The first of these is the most important in determining the

impact of a fuel release in the immediate and neighboring downwind areas

on the first day. The second aspect will generally be more important in

determining the impact of the fuel release on subsequent days (i.e.,

multi-day episodes) and in downwind regions. Entirely different chemical
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factors affect these two aspects of reactivity and are discussed sepa-

rately.

NO Oxidation Rate. How rapidly a fuel causes ozone to be formed is

directly determined by how rapidly its oxidation causes NO oxidation.

From the point of view of ozone formation, reactions 4-10 can be repre-

sented the single overall process

(Fuel) + OH + a NO + (products) + NO2  (11)

where 5 a for fuels not containing nitrogen, a is the amount of NO oxi-

dized for a given amount of fuel consumed, and kil is an overall rate

constant measuring how fast the major fuel components, on average, react

with OH radicals. If reactions of ozone, other than its rapid reaction

with NO, are ignored and if it is assumed that the only significant reac-

tions of NO are with 03 (reaction 2) or with the fuel kitermediates (reac-

tion 11) (both of which are reasonable assumptions when 03 levels are

relatively low), then the following kinetic differential equations can be

derived:

d[O3 ]

dt kI [NO 2 - k 2 [0 3 [NO] (II)

dt k1 [N0 2 ] - k 2 [0 3 ] [NO] - a k [Fuel] [OH]. (III)

Subtracting (III) from (II) yields:

d( [03 ]-[NO])
dt ak 1 I [Fuel] [OH] (IV)

Equation IV suggests that the quantity d([0 3]- NO])/dt, referred to as the

"NO oxidation rate" in discussion of the results of the fuel runs in Sec-

tion 4.2, can be used as a direct measure of how rapidly the fuel converts

NO to N02, at least in the initial stages of the irradiation before signi-

ficant quantities of 03 are formed. When higher concentrations of 03 are

present, its other reactions (e.g., photolysis, reaction with N0 2, wall

decay) become sufficiently important that equations I-IV are no longer
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valid. The NO oxidation rates listed or shown in the tables and figures

in Section 4.2 were calculated using A[O 3]-A[NO from the beginning of the

irradiation to 1200 PST, or to the time of the last measurement when [03]

< 0.1 ppm (whichever came first), and is thus a reasonably good approxima-

tion of the true NO oxidation rate during the initial stages of the irra-

diation.

From equation IV it can be seen that how rapidly an organic or mix-

ture of organics causes ozone to be formed depends on three factors: (1)

a, the number of molecules of NO oxidized per molecule of organic consumed

in the oxidation mechanism; (2) kll, the rate constant (or set of rate

constants) for the reaction of OH with the organics; and (3) the OH

levels. The latter may be enhanced or suppressed by the addition of the

organics relative to those in NOj-air mixtures, depending on details of

the oxidation mechanisms of the organics and the reactions of the secon-

dary products formed.

The number of molecules of NO oxidized per molecule of organic con-

sumed, a, will vary depending on the detailed oxidation mechanism of the

organic, but in general the variation is small. Thus, values of a = 2-3

have been determined for many alkanes and aromatics (References 39, 40).

For this reason, the other two factors (kll and [OH]) are probably more

important in influencing differences in reactivity between different

fuels.

Data are available concerning the rate constants for reactions of

hydroxyl radicals with the hydrocarbon constituents of the fuels studied

in this program (Reference 13). For saturated hydrocarbons, the rate

constants are generally proportional to the number of primary, secondary,

and tertiary C-H bonds (Section 2.5); for most of straight-chained,

branched, and reasonably unstrained cyclic alkanes present in the kerosene

type fuels, the rate constant per carbon does not vary greatly and is

generally in the range of 0.9 to 1.5 x 10- 12 cm3 carbon-atom- ' sec - 1 (Ref-

erences 13, 41, 42). In addition, JP-10, a polycyclic alkane whose OH

rate constant was measured as a part of this program (Section 2.5), also

has a rate constant per carbon atom, which falls within this range. It is

probable that RJ-4 and RJ-5 have rate constants of a similar magnitude.

The range of rate constants per carbon atom for the aromatics is

greater, ranging from (in units of 1012 cm3 carbon-atom -1 sec-l): 0.2
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for benzene; 0.7-0.9 for monoalkylbenzenes, 1-3 for dialkylbenzenes, and

4-7 for trialkylbenzenes (Reference 13). The OH radical rate constants

for the napthalenes are unknown. However, since the major components of

all of the fuels studied here are alkanes, except for unleaded gasoline,

it appears probable that the fuels investigated in this program have a

similar average rate of reaction with the hydroxyl radical.

A third factor affecting the rates of NO oxidation and ozone forma-

tion concerns the impact of the fuel oxidation on radical levels. The

atmospheric oxidation of a given organic can either enhance or suppress

radicals depending on its photo-oxidation mechanism and the reactivity of

the products formed. If a compound reacts to form a product or products

which undergo rapid photodecomposition to radicals, then the presence of

this compound in a fuel would tend to enhance radical levels and, in turn,

rates of NO oxidation. If, on the other hand, the photo-oxidation mecha-

nism of a compound includes significant radical termination reactions,

then the presence of the compound would tend to suppress rates of NO oxi-

dation. The fact that the fuels studied in this program exhibited wide

differences in NO oxidation rates during tLel-NOx irradiations (Section

4.2) suggests that most of the differences in these rates are primarily

due to factors involving radical initiation and/or termination. In view

of our knowledge of the composition of these fuels and of photo-oxidation

mechanisms of alkanes and aromatics, this is not unexpected.

Recent studies of the NOx-air photooxidation of aromatic hydrocarbons

such as toluene and the xylenes have shown that their reaction mechanisms

involve a significant amount of radical initiation (References 23,

43-45). These photooxidation mechanisms involve the formation of a-dicar-

bonyls such as glyoxal, methylglyoxal, and biacetyl (References 5, 23,

43-45). For example, a series of reactions accounting for the formation

of methylglyoxal from toluene (Reference 23) are shown in Figure 61.

Through similar mechanisms, methylglyoxal and/or biacetyl are formed from

the xylenes, ethylglyoxal from ethylbenzene, etc. (References 5, 23). The

formation of significant yields of biacetyl in o-xylene-NOx-air irradia-

tions has been directly observed (References 43, 44).

The formation of ot-dcarbonyls from aromatics is significant, since

these compounds absorb strongly in the 340-460 nm wavelength region (Ref-

erence 46) where solar radiation is relatively intense. The substituted
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Figure 61. Representative Fragmentation Pathway Forming Methylglyoxal
in the Toluene-NOx-Air Photo-oxidation (from Reference 23).
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glyoxals (though not glyoxal) undergo rapid photodecomposition to radicals

when photolyzed in this region (References 5, 23):

00 0ItII II
CH3 CCH + hv (340-460nm) * CH3 . + HCO (12)

HCO + 02 + HO2 + CO (13)

0 0 0 0
I 2 11 NO 1t

CH3C --- CH3C-00. 4- CH3C-0. - CH3. + CO2 (14)
3 3 '3 2 (14NO 2

°2 NO 02
CH 3 . -- CH 300. - * CH 30. - HCHO + HO2 (15)

NO 2

Computer kinetic models employing such a mechanism have been shown to give

good fits to data from toluene-NOX-air (Reference 23) and m-xylene-NOx-air

(Reference 47) smog chamber experiments.

The results from the present outdoor chamber, fuel-NO x irradiations

are consistent with mechanisms which predict significant radical input

from aromatics (especially from alkylbenzenes). First, the NO oxidation

rates for the aromatic-containing JP-4, JP-8, and commercial fuels are

significantly higher than those for the high-energy fuels (JP-10, RJ-4,

RJ-5) , which do not contain aromatics. Second, for the fuels containing

aromatics, the order of NO oxidation rates (Section 4.2) is: unleaded

gasoline >> diesel No. 2 > JP-4 (pet) > JP-8 (shale) > JP-4 (shale) > JP-8

(pet). The alkylbenzene content of these fuels can be obtained from the

identified fuel components given in Tables 3-8 of Section 2.2.1 and (for

the military fuels) from the volume percent of alkylben7enes specified in

analyses supplied by the Air Force. These alkylbenzene contents are sum-

marized in Table 35, with the fuels listed in the order of their reacti-

vity. Unleaded gasoline is far :igher in alkylbenzene content than the

other fuels and thug -he reaison for its high reactivity is evident.
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TABLE 35. ALKYLBENZENE CONTENT OF SELECTED FUELS.

Mole Fraction of Volume % Alkylbenzenes
Alkylbenzenes Among from USAF Mass Spectro-

Identified Components Metric Analysis

Unleaded Gasoline 54.8 --

Diesel No. 2 10.0 --

JP-4 (Pet) 17.6 8.2

JP-8 (Shale) 9.9 10.5

JP-4 (Shale) 12.0 7.4

JP-8 (Pet) 9.2 6.7

For the military fuels, the order of reactivity roughly corresponds with

the measurements of their alkylbenzene content, though there are some

discrepancies.

In contrast with the aromatics, the NOx-air photo-oxidations of the

higher alkanes are expected to suppress radical levels. Thus, the major

oxygenated products formed from the large alkanes are expected to be high

molecular weight bifunctional compounds which, if they photolyze at all,

do so far more slowly than the a-dicarbonyls. Such bifunctional compounds

are also expected primarily to condense into the aerosol phase before they

can undergo subsequent reaction (Secton 5.1.2). More importantly, it has

been shown that radical termination from the reaction

M
RO +NO +RONO 2  (5)

can compete significantly with the normal radical propagation reaction

RO2 + NO +RO + NO2  (6)

if the size of the molecule is sufficiently large (References 4, 5, 25,

48). Current data concerning the ratio k5/(k5 +k6) are summarized in Table

36. It can be seen that the ratio generally increases with the size of
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TABLE 36. RATE CONSTANT RATIOS k 5 /(k 5 + k 6 ) DERIVED FOR THE REACTION OF
R02 RADICALS WITH NO.

Alkane kj/(kj + kA)

propane 0.04 a

n-butane 0.083 ± 0 .02b 0 .08 6a; 0.05 c

n-pentane 0.14 * 0 0 5 b; 0.ic

n-hexane 0.37 * 0 .0 8b; 0 .19c

aReference 4
bReference 25

CReference 48

the molecule, being -0.04 for C3 radicals and increasing to -0.2 for the

C6 system. Although the importance of reaction 5 for the larger n-alkanes

(i.e. , including those found in the high-energy fuels) is presently un-

known, it appears probable that this reaction is at least as important as

in the case of n-hexane. Even if the ratio is no higher than that for

n-hexane, significant inhibition of radicals is expected, since in

n-hexane-NOx-air smog chamber irradiations radical levels are much lower

than those in similar experiments using n-butane. Reaction (5) is also

required in chemical computer model calculations to fit other alkane-NOx -

air smog chamber data (Reference 48).

The NO oxidation rates observed in our fuel-NO x irradiations are also

reasonably consistent with mechanisms predicting significant inhibition of

radicals due to alkyl nitrate formation from larger (C6 +) alkanes and

cyclo-alkanes. In particular, this reaction can account for the fact that

n-butane-NOx runs have significantly higher NO oxidation rates than those

employing JP-10, RJ-4, and RJ-5, despite the fact that n-butane has a

lower OH radical rate constant per carbon atom than does JP-10. These

* high-energy fuels consist exclusively of C1 0, C 12 , and C 14 cycloalkanes,

which should have much higher efficiencies for nitrate formation than the

5-9% (Table 36) for n-butane. Inhibition of radicals due to alkyl nitrate

formation from larger alkanes can also account in part for the fact that
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JP-8 (pet) appears to be only slightly more reactive than n-butane, des-

pite the fact that the former contains aromatics.

Finally, the substantial variability in NO oxidation rates observed

in replicate irradiations of the same fuel-NOx mixture (Section 4.3.3)

clearly indicate that these rates are strongly influenced by the condi-

tions under which the irradiations were performed. Except for fuels with

extreme differences in reactivity (e.g., unleaded gasoline and JP-10),

conditions under which the irradiations were carried out appeared to be

the most important factor influencing the NO oxidation rates.

Of the factors involved in equation IV, both the OH radical reaction

rate constants, k1l, and the number of NO molecules oxidized per organic

molecule consumed, a, are not expected to vary significantly with temper-

ature (nor with light intensity) (Reference 5). Hence, the observed vari-

ability in the NO oxidation rates are attributed to changes in the radical

levels caused by light intensity and/or temperature irradiations.

Both meteorological parameters are known to affect radical levels in

environmental chamber irradiations. Changes in light intensity will

affect radical levels since, except in aged smog systems containing per-

oxynitrates or in systems containing 03 and alkenes, in which radicals are

formed almost exclusively from photolytic reactions. Temperature has been

observed to significantly affect the photochemical reactivity in NOx-air

irradiations for a number of different types of organics in indoor, con-

stant light intensity, smog chamber experiments (Reference 49). This

temperature dependence, at least for the alkane-NOx-air irradiations, has

been subsequently shown to be primarily due to the fact that the unknown

chamber radical source increases with temperature (References 34-36).

Data from our NOx-air irradiations (Section 4.1.3) indicates that this

radical source is non-negligible even in our large outdoor chamber. How-

ever, significant temperature effects have also been observed in toluene-

NOx-air irradiations (Reference 49). Since in these systems radical input

from methylglyoxal photolysis makes the chamber radical source somewhat

less important, temperature may also affect some aspects of the organic

photo-oxidation mechanisms which influence radical levels. Because, in

general, the temperature and light intensity both vary (usually together)

in outdoor chamber irradiations, the data from this program are not parti-

cularly suitable for elucidation of the relative importance of these two
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meteorological parameters in determining the rates of NO oxidation and 03

formation.

Maxiimm Ozone Formation. Ozone formation in hydrocarbon-NOx-air

systems continues as long as there are reactive organics, NO., and sun-

light present. However, since NO1 is generally removed from the atmos-

phere far more rapidly than the organics, it is effectively the NOx supply

and length of the day which determine how long 03 formation can con-

tinue. This is consistent with observations that the major hydrocarbon

fuel constituents were present at significant concentrations, even after

several days in multi-day irradiations.

The inorganic reactions responsible for the removal of NOx from NOx-

organic-air systems are (References 4, 5, 23, 37, 38):

M
OH + NO2 + HNO 3  (16)

0 3 + NO2 + NO3  (17)

NO3 + NO + 2 NO2  (18)

NO + NO - N0 (19)
3 2 2 5

surface
N0 + H20 - 2 HNO (20)
2 5 2 3

Reaction 16 is an important NOx sink during the daytime and its rate

increases with the overall radical levels in the system. Thus, if a fuel

has a high rate of NO oxidation due to enhanced radical levels, it also

has an increased rate of NOx removal due to reaction 16. Consequently,

providing that there is sufficient time for the maximum 03 to be attained

and that there are no significant NOx sinks which are independent of radi-

cal levels, higher NO oxidation rates do not necessarily imply higher 03

yields.

Unlike reaction 16 and most of the NOx-removal reactions in the

organic oxidation mechanisms (see below), reactions 17-20 can occur at

night. These reactions account for observations that, if 03 and NOx are

present at the end of the day, both are observed to decline at night.
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Usually only the species present in excess on the previous evening remain

to any significant extent on the following morning. If NO is absent at

the end of the day, the overnight decline in 03 is relatively modest and

can be accounted for by its dark decay. If 03 is absent at the end of the

day, the NOx levels are largely unaffected. It should be noted that the

rate-determining step in this process is reaction 20, which is thought to

be heterogeneous and, hence, chamber dependent (Reference 4). If reaction

20 was negligible in the ambient atmosphere, then NOx would be "stored" as

N205 (in equilibrium with NO2 and NO3) and would be regenerated after

sunrise by N03 photolysis (References 5, 50)

NO3 + hv + NO + 02 (21a)

+ N02 + 0( 3P) (21b)

together with reaction 18. Reaction 18 also converts NO to N02, which

would cause at least some of the lost 03 to be re-formed as well. In view

of the potential importance of nighttime NOx removal, the importance of

reaction 20 and other possible dark NOx removal reactions in the ambient

atmosphere must be determined.

Such nighttime reactions in the chamber clearly have a significant

impact on the next day's maximum 0 3 -forming potential, since not only is

03 removed, but NOx (which otherwise would permit 03 formation to occur)

is also removed. The impact is greatest in the runs where 03 formation

and NOx consumption occur at moderate rates, such that both 03 and NOx are

present in significant amounts at the end of the day. For extremely reac-

tive mixtures (where NOx is essentially completely consumed and the maxi-

mum 03 is already formed by the end of the first day) or for extremely

unreactive runs (where essentially no 03 is formed on the first day to

react with the NOx at night), nighttime NOx and 03 removal is less impor-

tant in affecting the maximum 03 yields.

This nighttime chemistry, combined with the changes in NO oxidation

and 03 formation rates caused by variations in temperature and light

intensity, accounts for the wide variability in 03 yields observed in the

multi-day runs. For the more reactive fuels, maximum 03 formation occur-

red on the first day under favorable weather conditions. If meteoro-

logical conditions were less favorable, the 03 formation may have h
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insufficient to remove NOx in one day. If this were the case, then the

ultimate 03 yields would be lower because of the nighttime reactions of

the remaining NOx with 03. Since unleaded gasoline and diesel No. 2 form-

ed sufficiently high radical levels that maximum 03 formation usually

occurred on the first day, the maximum 03 yields for these fuels fell in

comparatively narrow ranges, relative to the other fuels (Figure 36,

37). For the less reactive fuels, a negative correlation between favor-

able conditions and ultimate 03 yields sometimes occurred. If the weather

was favorable for rapid 03 formation, then partial 03 formation occurred

on the first day and it reacted with the remaining NOX at night so that

little additional 03 was formed on the second day. Conversely, if the

weather was less favorable and little 03 formation occurred on the first

day, then much less 03 and NOx was consuned on the first night, allowing

03 formation to occur on the second day. Similar considerations also

account for the fact that, in some dual chamber runs involving the less

reactive fuels, more 03 was present at the end of day two on the side with

either less fuel or the less reactive fuel (Figure 51).

Although the reactivity with respect to rates of NO oxidation and the

meteorological conditions were clearly very important in affecting the

maximum 03 yields, they were not the only factors which must be consid-

ered. In particular, if the N0x-air photo-oxidation mechanism of a parti-

cular fuel consitutent includes reactions which remove NOx from the

system, the rate of NOx removal relative to the rate of 03 formation is

enhanced. This causes the maximum amount of 03 which can be formed under

favorable conditions to be reduced. One important atmospheric NOx sink in

the oxidation of organics arises from the formation of peroxyacetyl

nitrate (PAN) and its analogues (reaction 21) (Reference 49).

0 0
II + II

RC-00. + NO2 + RCOON02 (21,-21)

PAN is formed in the photo-oxidations of both alkanes and aromatics (Ref-

erences 4, 5, 23), and was observed in our outdoor chamber experiments for

all fuels except JP-10 and RJ-5. PAN, however, is only a temporary NOX

sink under multi-day conditions, since it undergoes thermal decomposition
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back to its precursors (reaction -21) (Reference 5). If NO is introduced

into mixtures containing PAN, the PAN is destroyed and NOX is regenerated,

due to reaction -21 followed by reaction 22:

0 0II II
CH C-OO. + NO + CH3C-0. + NO (22)

A potentially more important process for removing NOx from the system

is alkyl nitrate formation via the reaction of R02 radicals with NO:

M
RO2 + NO + RONO 2  (5)

This reaction, which is also radical terminating (as are many of the NOx

removal reactions), is important in the NOx-air photo-oxidations of the

larger alkanes (Reference 25). In addition, there is indirect evidence

that reaction (5) is important in the NOx-air oxidations of the aromatics

as well (Reference 23). Thus, it was necessary to assume -25% alkyl

nitrate formation in the toluene system in order for model calculations to

fit the 03 yields observed in indoor smog chamber irradiations (Reference

23). Alkyl nitrates are much more stable than PAN or its analogues, and

although they do react slowly with OH radicals, kinetic evidence indicates

that the probability of OH radical attack occurring near the nitrate group

is relatively low (Reference 51). Thus it is likely that little, if any,

NOx is released in the subsequent reactions.

Finally, recent laboratory and smog chamber modeling studies have

indicated that there are additional, significant NOx sinks in the aromatic

photo-oxidation mechanism (References 23, 52, 53). Although aromatics

exhibit extremely high rates of NO oxidation and 03 formation in N0 1-air

irradiations, their maximum 03 yields are relatively low, compared to

other classes of organics. In a recent study performed in ttis labora-

tory, it was observed that the addition of small amounts of toluene to an

organic-NOx-air mixture tended to decrease the maximum 03 yields. This

can be accounted for only in part by assuming that significant alkyl

nitrate formation occurs; there must be other NOx sinks in the mechanism

in order for model calculations to fit the data (References 23, 53).

Although it is probable that not all of the NO sinks in the aromatPt
x
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photo-oxidation have been identified, an important process is undoubtedly

the rapid reaction of NO3 with phenolic compounds (Reference 54), which

are formed in an -20% yield from the toluene system.

R-4 H+ NO3 + + HNO 3  (23)

0 +NO M 002 and/or RH (24)
02 NO2

It can be seen that reaction of one molecule of cresol consumes two mole-

cules of NO In addition, benzaldehyde and its analogues are also formed

in aromatic systems (References 5, 23), and their subsequent reactions

also cause NOx consimption:

00 0 0
cI 0I. o II.OONO

CH OH C. 0-o NO ,-,C 2
H+ (25)

2

0 0

C-00. NO C-0. 0 NO
_L + 0 4- (26)

NO -ONO
2 -CO2  2

0 + NON2 2  and/or (24)
NO2

In general, NO consumption processes appear to be more important in the
x

NOx-air photo-oxidation of aromatics than for other classes of organics.

Thus the presence of aromatics in fuels is expected to suppress maximum 03

yields, despite the fact that they enhance the rates of 03 formation.

Unfortunately, the variability in the 03 formation rates and the

coqplicatione introduced by the nighttime chemistry make outdoor chamber
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irradiations not well suited for comparison of maximum 03 forming poten-

tials, particularly for the less reactive fuels. Only the JP-4 fuels,

JP-8 (shale), unleaded gasoline, and diesel No. 2 were sufficiently reac-

tive so that there were runs where the maximum (or near-maximum) ozone

yield was attained in one day. Unleaded gasoline has by far the highest

aromatic content; the maximum one-day 03 concentrations observed with that

fuel were considerably less than those obtained in the most favorable JP-4

runs (Figure 36). The maximum 03 yields from JP-8 (shale) were also lower

than those for JP-4 and were about the same as those for unleaded gaso-

line. JP-8 contains larger alkanes than JP-4 and unleaded gasoline and

thus may have higher rates of NOx removal by alkyl nitrate formation. It

is possible that the lower 03 yields from JP-8 (shale) could also be due

to less of this heavy fuel being injected into the gas phase, relative to

JP-4 or unleaded gasoline (Section 2.3, Table 11). This may be the reason

for the low 03 yields from diesel fuel, since from Table 11 less than one-

third of the liquid fuel was introduced into the gas phase.

5.1.2 Reaction Products and Aerosol Formation

Ozone formation, though important, is not the only factor

which must be considered in assessing environmental impacts of fuel

releases. The atmospheric fate of the fuel components themselves must

also be considered. For example, air quality in the vicinity of the fuel

release would be adversely affected, if the fuel components oxidized to

form toxic products or products which condense into the aerosol phase

causing visibility degradation. In addition, the ultimate atmospheric

fate of the carbon-containing products, particularly the ultimate parti-

tioning of the oxidized fuel material between the gaseous and aerosol

phase, must be considered.

Unfortunately, the product data which were obtained in the smog cham-

ber experiments performed in this program were very limited. However,

when examined in terms of what is currently known about the oxidation

mechanisms of compounds such as those contained in the fuels, the results

of these experiments do yield information as to the nature and ultimate

fates of the products formed. This is discussed below.

Products Expected in the Atmospheric Oxidation of Larger Alkanes.

Normal, branched, and cyclic alkanes are major constituents of the kero-

sene-type fuels studied in this program (Section 2.2) while the high-
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energy fuels studied consist almost exclusively of various polycyclic

alkanes. The oxidation mechanisms of the smaller alkanes are reasonably

well understood (References 4, 5); they involve formation of PAN, for-

maldehyde, and simple aldehydes and ketones. These products eventually

react further to give rise to CO and C02 , with negligible aerosol forma-

tion (see, for example, the results of the n-butane-NOx irradiations per-

formed in this program). However, recent research has indicated that the

oxidation mechanisms of the larger (C6+) alkanes are significantly dif-

ferent (References 25, 55).

All alkanes are consuned primarily by reaction with hydroxyl radicals

and the resulting peroxy radicals react primarily (though not exclusively)

with NO to form alkoxy radical,: (reactions 4-6, Section 5.1.1). Unlike

the smaller alkanes, where the alkoxy radicals primarily react with 02 to

form simple aldehydes or ketones or undergo fragmentation by -scission

(Reactions 7, 8), the larger alkoxy radicals can undergo rapid isomeriza-

tion via a six-member ring transition state (Reference 55) to ultimately

give rise to bifunctional products. For example, for the 2-hexoxy radical

formed in the n-hexane-NOx oxidations, the following reactions are believ-

ed to occur (Reference 5, 55):

I0CC .0OH

+ + C-C-C-C-C-C (27,

OH OH 0
1 0 NO

C-C-C-C-C-C + C-C-C-C-C-C (28)
NO2

OH 0 H-._ OH OH
I I +"0 I

C-C-C-C-C-C + HO + C-C-C-C-C-C (29)
C

OH OH 0 OHI I II I
C-C-C-C-C-C + 0 - C-C-C-C-C-C + HO (30)

2 2
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Until recently there was some uncertainty concerning reaction (30). Reac-

tion (31) appears to be equally reasonable,

OH OH OH OHI I M
C-c-c-c-c-c.+ 02 C-C-C-C-C-C (31)

00.

but recent laboratory studies (References 56, 58) of cv-hydroxy-alkoxy

radicals have shown that abstraction (e.g., reaction 30) is by far the

more important process. Although the occurrence of this isomerization

does not significantly affect considerations regarding 03 formation and

radical levels discussed in Section 5.1.1 (since reactions 27-30 still

convert NO to NO2, and do not remove or add radicals), it does affect the

type of products formed. In particular, the isomerization competes with

fragmentation or the formation of products, which subsequently undergo

fragmentation, and has the effect that the integrity of the carbon skele-

ton tends to be preserved as the alkane is being oxidized. The bifunc-

tional products formed will have much lower vapor pressures than the

parent alkane and, for the heaviest alkanes, they will probably condense

into the aerosol phase without reacting further. For moderate-sized

alkanes, the bifunctional products may remain in the gas phase long enough

to undergo reaction. It is probable that many of the subsequent reaction

pathways will involve additional isomerizations, resulting in formation of

even less volatile polyfunctional compounds with the carbon skeleton still

intact.

For the cycloalkanes, particularly the polycyclics such as JP-10 and

the RJ-4 and RJ-5 isomers, steric considerations make isomerizaton of the

initially-formed alkoxy radicals less likely. However, reactions which

cause fragmentation in a polycyclic system will cause ring opening and

subsequent formation of bifunctionals in a cyclic system. For example,

while 1-scission of alkoxy radicals is a common mode of fragmentation in

the oxidation mechanisms of smaller acyclic alkanes, in cyclohexane (for

example) it gives rise to trifunctional compounds,
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00

1111 -- NO O" ccc..-2~N

+oH No 0-2NO 11+ -C-c-c-c-c -T* C-C-C-C-C-C (32)
NO 2 NO 2

0 0 0 OH 0 OH 0
S1(isom)J, . 1 NO (isom1

C-C-C-C-C-C -- * C-C-C-C-C-C -C - * -C-C-C-C-C (33)
NO 2 NO 2

and in one (of the seeral) major oxidation pathways of JP-1O, it gives

rise to a bicyclic dialdehyde.

0 HC=O
OH NO 0 0 NO0

-* - ,- 2 + (34)
H20 NO . NO2 HO2 HC=O

The trifunctional compound formed in reactions 32 and 33 may condense into

the aerosol phase and so may the bifunctional compound formed in reaction

34 or its products.

As discussed previously in conjunction with impacts on 03 formation

and radical levels, alkyl nitrate formation is also an important process

in the oxidation of larger alkanes (References 5, 25, 48). For a suf-

ficiently large system, the monofunctional nitrates themselves will pro-

bably condense into the aerosol phase without undergoing subsequent reac-

tion. If they do react, the considerations discussed above regarding

isomerization (in acyclic systems) or ring opening (in cyclic systems) to

form bi- or poly-functionals will probably also be applicable to the alkyl

nitrate oxidation mechanism, and thus aerosol formation is expected to be

their major fate.

Products Formed in the Atmospheric Oxidation of Aromatics. The

atmospheric chemistry of the aromatic hydrocarbons, which are present in

the commercial and the kerosene-type military fuels studied in this pro-

gram, is not completely understood. However, more information is avail-

able concerning the produrts frvied in their NOx-air photo-oxidation than
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is the case for the larger alkanes. The most studied aromatic compound to

date is toluene and measurements of a number of products have been made.

Products observed which retain the aromatic ring include benzaldehyde,

cresols, nitrotoluene, and nitrocresols in the gas phase (Reference 23 and

references therein) and dihydroxynitrotoluenes in the aerosol phase (Ref-

erence 59). Fragmentation of the aromatic ring forming methylglyoxyl (for

toluene) and 2-butene-1,4-dial is expected to occur -60% of the time (Ref-

erences 5, 13). The observation of PAN, HCHO, and CO (References 23, 52)

as secondary products from toluene, together with biacetyl as a primary

product from o-xylene (References 43, 44), is consistent with this. The

mechanism for the formation of some of these products has been discussed

briefly in Section 3.1.1, and has been discussed in detail by Atkinson,

et al. (Reference 23).

Most of the published product studies report very poor gas phase

carbon balances, and it appears that some of the reacting aromatics form

aerosol (Reference 59). From a mechanistic point of view, the products

retaining the aromatic ring may form the bulk of the aerosol material,

since the fragmentation products (Figure 61) are known or expected to be

extremely reactive (Reference 23). On the other hand, as discussed in

Section 5.1.1, the principal aromatic products are expected primarily to

give rise to nitrocresols via reactions 23-26 (Reference 23, 59). As with

the phenols and the cresols (Reference 54), the nitrocresols are expected

to react rapidly with NO3 to give rise to further substituted aromatics

through reactions analogous to 23 and 24, in the aerosol phase.

Gas Phase Products Observed in the Fuel-NO0 Irradiations. Although

attempts were made, using GC-FID, to look for product formation in the

NOx-air photooxidations of all the fuels studied, the major result was

negative. No products were detected except formaldehyde, PAN, and several

GC peaks on the GC-FID instrument used to monitor PAN, the latter being

attributed to alkyl nitrates. The SAPRC technique for analyzing oxygenat-

ed products (the C-600 GC system, Section 3.2.8) was not useful for this

purpose, because of interference by the fuel components. However, if

significant formation of gas phase oxygenated products (other than formal-

dehyde) occurred, additional growing peaks should have been observed on

the capillary GC system. Despite a careful search, no peaks were observ-

ed.
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The only gas phase products for which concentration-time data were

obtained were PAN and formaldehyde, though measurements for the former are

somewhat uncertain because of possible interferences by 2-butyl nitrate;

the reported data must be considered upper limits to the true yields. The

averages of the maximum one-day yields of these products are summarized in

Table 32. As with the ozone, NOx, and aerosol data, the results were

quite variable; but, it can be seen that the kerosene-type and commercial

fuels give significantly more of these products than the high-energy

f uels.

The formaldehyde and PAN yields from RJ-4 were higher than from the

other high-energy fuels. This can be explained by the fact that RJ-4

contains methyl groups, while JP-10 and RJ-5 do not (Figure 1). Any

methyl radicals produced from fragmentation reactions will be oxidized

primarily to formaldehyde. In addition, the lack of PAN formation from

JP-10 and RJ-5 can be attributed to the fact that PAN contains a methyl

group; there are no known mechanisms for forming new C-H bonds in atmos-

pheric oxidation systems in the concentration range employed in this

study.

The fact that other gas phase products were not observed may be in

part due to deficiencies in analytical techniques used, but is probably

due primarily to such products being removed from the gas phase by conden-

sation on the walls or into the aerosol phase. The maximum total aerosol

volume (measured by the electrical aerosol size analyzer) formed in a

typical fuel run was approximately 1% of the total volume of fuel inject-

ed. This estimate of -1% is a lower limit to the gas-to-particle conver-

sion efficiency, since only a fraction of the total fuel reacts each

day. Aerosol materials formed in environmental chambers are known from

previous unpublished work at SAPRC to be rapidly deposited on the walls.

Additional evidence for a rapid loss of aerosol material to the walls was

shown by the near loss of aerosol materials during the night in multi-day

runs. Thus, -1% conversion to aerosol is in fact a relatively large

amount. Clearly, aerosol formation is important for these fuels at the

precursor concentrations employed.

Aerosol Formation. As discussed above, aerosol formation was impor-

tant for all of the fuels studied in this program. In particular, the

aerosol volume, light scattering, and nunbers of larger particles measured
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by various techniques in these experiments were frequently higher than

observed on the worst days in polluted urban atmospheres. For example,

based on our measurements in the California South Coast Air Basin (CSCAB),

light scattering on the worst days ranges from (5-10) x 10 4 m -  (Refer-

ence 60) and aerosol volume rarely exceeds "50 P 3 cm-3. For comparison

(Figure 38), light scattering frequently exceeded 10 x 10- 4 m -I and aero-

sol volume frequently exceeded 100 tm3 cm 3 .

It should be noted that the hydrocarbon concentrations used in these

runs is considerably higher than is typical of urban atmospheres and much

less aerosol material may be formed if lower concentrations are employ-

ed. On the other hand, it should also be noted that no measurable aerosol

is formed in "surrogate" hydrocarbon-NOx-air irradiations in SAPRC

chambers, where the surrogate hydrocarbon mixture consists of 14 lighter

alkanes, alkenes, aromatics, and oxygenates, designed to represent hydro-

carbon emissions into the CSCAB from all sources (Reference 61). In addi-

tion, much of the aerosol formed in the CSCAB is believed to be inorganic

(e.g., H2S04, NH4NO3, NH4So4 ) (Reference 60); in our experiments it is

probable that the aerosol formed in the present experiments was primarily

organic (see above). Thus, release of these fuels even into already pol-

luted atmospheres may result in a degradation of air quality due to

increases in levels of organic aerosol.

5.2 SUMMARY AND CONCLUSIONS

Results with considerations concerning the known and expected atmos-

pheric chemistry of the fuel components allow a number of conclusions to

be drawn. These concern the atmospheric reactivities of the fuels which

have been studied, the methodologies for determining such reactivities,

and the utility of ulti-day outdoor chamber organic-NOx-air irradiations

in general. Conclusions are summarized briefly below:

0 Results obtained in outdoor chamber irradiations exhibit signi-

ficant variability. Much of this variability can be attributed to day-to-

day and season-to-season variations in temperature and light intensity,

both of which are known to affect rates of transformations in organic-NOX -

air irradiations. For example, NO oxidation rates and ozone yields were

found to correlate moderately well with temperature and light intensity
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(Figures 32-37). On the other hand, some measurements of aerosol forma-

tion did not correlate with these factors. In a number of cases, differ-

ences in NO oxidation rates and 03 yields were observed which could not be

accounted for by known differences in meteorological parameters. In gen-

eral, for fuels not greatly different in reactivity (e.g., JP-4 and JP-8),

the variability of results from run-to-run for a given fuel was comparable

to, or greater than, the differences between runs employing different

fuels. This presents a severe methodological difficulty in using such

experiments for fuel intercomparison purposes.

0 Because of the inherent variability of the results of outdoor

chamber irradiations, it is concluded that the only way to reliably use

such irradiations for fuel reactivity comparisons is to perform a large

number of irradiations under a wide variety of meteorological condi-

tions. If the dependence of results on meteorological parameters can be

determined, then corrections for variations in these parameters could be

made. Despite the large number of runs performed in this program, it is

probable that only for petroleum-derived JP-4 and, to a lesser extent,

JP-10 were an adequate number of experiments done for this purpose.

0 There is evidence that nighttime removal of NOx and 03, when both

are present together, can be important in outdoor chamber irradiations.

This is believed to be due to N20 5 formation from the reaction of N02 with

03, followed by heterogeneous hydrolysis of N2 05 to HN0 3. Because of the

heterogeneous nature of N2 0 5 hydrolysis, it is not clear whether this

process is as important in ambient air as it is in chambers. If the

hydrolysis is slow in the ambient system, N2 0 5 may remain to react the

following morning to regenerate NO and at least some of the reacted 03.

This nighttime removal of NOx and 03 has interesting implications

concerning maximum 03 yields in multi-day irradiations. In particular,

these reactions will significantly reduce 03 yields in moderately reactive

situations (e.g., a reactive fuel together with unfavorable weather, or a

less reactive fuel with favorable weather) where both 03 and N02 are pre-

sent at the end of the first day. On the other hand, these reactions will

not be important in high reactivity situations where all of the NOx is

removed and the maximum 03 is formed on the first day, or in low reac-

tivity situations where substantial 03 formation does not begin until the

second day. This can result in a negative correlation between reactivity
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and 03 yields as observed in a number of instances. One implication of

this is that fuel A may form more 03 in good weather than fuel B, while

fuel B may form more 03 in poor weather. This is another reason for con-

ducting outdoor chamber irradiations under a variety of weather condi-

t ions.

* For JP-4 (pet), JP-10, and n-butane, adequate data were obtained

to determine the dependence of their reactivities on meteorological condi-

tions. In general, the rates of NO oxidation and 03 formation increased

monotonically with temperature and UV intensity, with the differences

between the fuels decreasing as the temperature and/or UV intensity

increased. The effects of temperature and UV intensity could not be

separated, since they generally varied together. However, for all temper-

atures in the 20 0C-400C range, the order of reactivity with respect to NO

oxidation rates was JP-4 (pet) > n-butane > JP-10.

The first day ozone yields also had strong temperature dependen-

cies. The data indicate that when the standard 25 ppmC fuel, 0.5 ppm NOx

mixture is irradiated, no significant 03 formation will occur on the first

day at temperatures below -10 0 C for JP-4 (pet), below -30 0 C for n-butane,

and below -450 C for JP-10. For JP-4 (pet) and n-butane, the 03 yields

increased monotonically with temperature above these temperatures, at

least up to -40 0 C. However, since these data were obtained in Teflon®

bags which are known to exhibit significant temperature dependent chamber

effects (Reference 49), extrapolation of these conclusions to the ambient

atmosphere may not be valid.

* The high-energy fuels, JP-10, RJ-4, and RJ-5 (which consist almost

entirely of various polycyclic C10 to C14 isomers) are much less reactive

with respect to NO oxidation rates than is n-butane (which in turn is less

reactive than the kerosene-derived fuels). The low reactivity of these

polycyclic alkanes is attributed to the fact that they do not form many

photoreactive products. Furthermore, there is probably more radical inhi-

bition resulting from alkyl nitrate formation in these systems than for

n-butane. Among these fuels, RJ-4 appears to be significantly more reac-

tive than the others, with JP-10 being possibly slightly less reactive

than RJ-5. The relatively high reactivity of RJ-4 may be due to photoly-

sts of formaldehyde formed from the methyl groups present in that fuel.
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It can be concluded that pure alkane fuels such as these will, in general,

lead to only slow formation of 03 in NOX-air mixtures.

9 For the other fuels studied which were complex mixtures containing

primarily alkanes and aromatics, the rates of NO oxidation appeared to

correlate with the aromatic content. Unleaded gasoline had the highest

aromatic content of any of the fuels studied and formed 03 at the fastest

rate. Diesel No. 2 was also more reactive than any of the military fuels,

even though it was too heavy for all of it to be injected into the gas

phase. This suggests that, although its actual aromatic content relative

to the other fuels was uncertain, the fraction of diesel No. 2 fuel suc-

cessfully injected was also relatively high in aromatics. For the kero-

sene-based military fuels, the order of reactivity appears to be: JP-4

(pet) > JP-8 (shale) > JP-4 (shale) > JP-8 (pet), which agrees with the

order of alkylbenzene content measured by several techniques. Therefore,

it is concluded that, as the aromatic content of a fuel increases, its

reactivity with respect to 03 formation in NOx-air mixtures will also

increase.

* Despite wide differences between how rapidly the fuels studied

formed 03, the results of this study suggest that the total amount of 03

that can be formed from each of these fuels under optimum conditions may

not be greatly different. However, the conditions under which optimum 03

formation will occur will vary from fuel to fuel, because of the effect of

nighttime NO, and 03 removal (see above). Unfortunately, outdoor chamber

irradiations are not particularly well-suited for determining maximum 03

yields since for many fuels, particularly those which form 03 more slowly,

optimum conditions do not occur very frequently. The runs giving the

highest 03 yields were those for petroleum-derived JP-4. This is probably

because more runs were done using that fuel than any of the others; thus

the probability of optimum conditions occurring was higher. For some of

the other fuels, no runs were done under optimum conditions; even for a

highly unreactive fuel such as JP-10, high 03 yields comparable to those

obtained from the most reactive fuels were occasionally observed on the

second day.

Diesel No. 2 is the only fuel which our data clearly indicates forms

less 03 under favorable conditions. This is probably because less of it

can be injected into the gas phase. It is probable that unleaded gasoline
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may also form somewhat less 03 than the other fuels. Thus, it formed 03

so rapidly that maximum 03 concentrations were reached in essentially

every experiment; yet there were runs employing other fuels which formed

considerably more 03 than did those using unleaded gasoline. Lower 03

yields from high-aromatic fuels (such as unleaded gasoline) are expected,

because the aromatic components should cause more rapid rates of NOx

removal than other fuel components. This tends to decrease the maximum

amount of 03 which can be formed.

e A major result of this study is that all of the hydrocarbon fuels

examined formed significant amounts of aerosol material, regardless of

their reactivity with respect to 03 formation. This is an important

factor which must be considered when assessing the impacts of fuel re-

leases upon air quality. This is not an unexpected result in view of the

expected oxidation mechanisms of the components of these fuels, since they

are expected to form primarily very non-volatile polyfunctional pro-

ducts.

Significant differences were observed in the size distributions of

the particles formed from the different fuels. Diesel No. 2 formed more

large particles and unleaded gasoline formed more small particles than the

military fuels. The variation from fuel to fuel in the amount (volume) of

aerosol materials formed was comparable or less than the variation from

run to run. The possible exception was JP-10, which generally formed less

aerosol material than the other fuels (this may be because less of it

reacts). With this exception, there was no great difference in aerosol

results between runs employing the high energy fuels and the other mili-

tary fuels, despite significant differences in fuel composition and reac-

t ivity.

• There appears to be no obvious relation between reactivity of the

kerosene-type fuels, as measured by any of the indices considered, and

whether the fuel was petroleum- or shale oil-derived. For example, petro-

leum-derived JP-4 formed 03 more rapidly than shale-derived JP-4, but

shale-derived JP-8 was more reactive in this regard than petroleum-derived

JP-8. Furthermore, all of the kerosene-type military fuels appear to be

approximately the same in their maximum 0 3 -forming potential and in the

amount and general size distribution of the aerosol material formed, at
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least to within the measurement precision afforded by these outdoor cham-

ber experiments. The differences in NO oxidation rate and 03 formation

which were observed between the shale- and petroleum-derived fuels are

probably determined primarily by the aromatic content of the fuel, which

may be more a function of how the fuel was refined than how it was deriv-

ed.

5.3 RECOMMENDATIONS FOR FUTURE WORK

Although a large body of experimental data was obtained in this pro-

gram, it is clear that additional research is required to completely

elucidate both the atmospheric impacts of releases of hydrocarbon fuels

and the changes in those impacts caused by changes in fuel composition,

derivation, or type. Although nine fuels were studied (ten if n-butane is

counted), a sufficient data base could only be obtained for unleaded gaso-

line and perhaps petroleum-derived JP-4 due to limitations in the scope of

the program and the variability of the results of outdoor chamber irra-

diations and their dependence on weather. These and other uncontrolled

factors mean that a large number of runs have to be carried out for each

fuel in order to obtain statistically significant data. Thus, using the

methodology employed in this study, a program of a much greater magnitude

would be required to adequately study the fuels in question.

Considering possible refinery-to-refinery and lot-to-lot variations

of fuels of the same type and derivation, a more cost-effective method-

ology for comparing the atmospheric impacts of releases of the fuels is

required. In order to circumvent the problems and variability associated

with outdoor chamber experfmentg, future studies are recommended, particu-

larly those concerned with fuel intercomparisons and effects of changes in

fuel composition, based primarily on indoor chamber experiments. Outdoor

chamber experiments should be restricted to further studies of one or two

representative fuels (e.g., the JP-4 (pet), JP-1O, and n-butane samples

studied in this program), which are used as bases for comparison with

similar fuels. Indoor chamber studies recommended fall into three general

categories:

(1) Since the kerosene-derived fuels are comprised mainly of alkanes

and aromatics, the atmospheric chemistry of selected components (e.g.,

n-alkanes, branched alkanes, cycloalkanes, aromatics) should be studied in

detail in single hydrovarbon-NOx-air irradiations. A body of experimental
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data obtained for carefully selected single components, together with

detailed analysis of the ft,,ls, will enable the effects of changing fuel

composition on photochemical reactivity to be assessed from complementary

chemical-kinetic, computer-modeling studies.

(2) Indoor chamber experiments should be performed with several rep-

resentative fuels which can be used as bases of comparison with other

fuels. For example, JP-4 (pet) (taken from the same lot as the sample

used in this study) seems a logical choice to be used as a standard

against which to compare kerosene-derived fuels. Much relevant data was

obtained not only from outdoor chamber experiments in this program, but

from indoor chamber runs carried out on another, ongoing study being con-

ducted (USAF Contract No. F08635-80-C-0359). Likewise, JP-10 is a logical

choice to represent the high energy fuels. The whole fuel should be

studied under a variety of conditions with temperature, light intensity,

and initial reactant concentrations varied. These conditions should

include, but not be restricted to, those favoring complete NO consumption

so that maximum 0 3 -forming potentials can be unambiguously determined.

(3) The data obtained in the multi-day irradiations in this program

are of great interest from not only a fundamental point of view, but also

as a basis for assessing the effects of multi-day air pollution epi-

sodes. Thus, further studies involving multi-day irradiations should be

conducted, but under more controlled conditions than are possible with

outdoor chamber irradiations. Indoor chambers, using pseudo-diurnal light

intensities (Reference 62), should be used for this purpose. Compounds

studied should include not only the representative fuels, but representa-

tive individual fuel components as well.

In addition to these chamber studies, there are areas where funda-

mental laboratory and/or atmospheric studies are required to elucidate a

number of uncertainties important to our ability to quantitatively predict

impacts of fuel releases. Several major areas where basic studies are

required are indicated beloa.

(1) With regard to multi-day episodes, studies aimed at elucidating

the nighttime chemistry are essential. Of particular concern is whether

the nighttime removal of NOx and 03, when both are present together,

occurs in the ambient atmosphere as was observed to be the case in our

outdoor chambers experiments. In addition, there is evidence for q.v-
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formation of HONO in the open atmosphere at night (Reference 63); this can

significantly affect reactivity on the following morning (Reference 63).

In general, dark reactions of nitrogeneous species which occur in the

atmosphere (e.g., N02 , NO3, N205, HN0 3, HONO) must be better understood.

(2) Further work must be done in order to understand the nature and

magnitude of unknown, chamber radical sources; for low reactivity organ-

ics, these can cause large perturbations in the reactivities observed in

chamber simulations. Of particular concern is whether this chamber radi-

cal source is also important in the ambient atmosphere. Such an under-

standing is essential if we are to extrapolate results of chamber experi-

ments, even outdoor chamber experiments, to ambient air.

(3) Basic laboratory studies are required to elucidate a number of

areas in the photo-oxidation mechanisms of the various fuel components.

For example, reactions forming alkyl nitrates in the photo-oxidation of

larger alkanes (and perhaps aromatics) have major impacts on predicted

fuel reactivities. These reactions are poorly understood and there is no

universal agreement among atmospheric scientists concerning their vali-

dity. In addition, relatively little is known about the oxidation mecha-

nism of the polycyclic alkanes; for example, it Is not known whether they

form alkyl nitrates as effectively as the n-alkanes. The exact identity

of the major gas- and aerosol-phase organic products formed from the

atmospheric oxidations of larger alkanes, whether straight chain, branch-

ed, cyclic, or polycyclic, has yet to be determined experimentally. Many

sLgniftcant gaps remain in understanding the atmospheric chemistry of the

aromatics, particularly the naphthalenes (about which essentially nothing

is known).

The ultimate goal of these studies would be to develop and validate

photochemical kinetic computer models which can be used by the Air Force

and the control agencies to predict, a priori, impacts of fuel releases.

Such an approach would be much more cost effective than having to perform

separate experiments, particularly outdoor chamber experiments, for both

present and future fuels. The studies suggested above are necessary for

the development and validation of such models. Basic laboratory studies

and single-component chamber studies are required to assure that the

detailed chemistry is valid, while the whole fuel studies are required to

test the chemical mode] in its entirety.
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