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SECTION I

INTRODUCTION

A. OBJE7TIVE

This study was initiated to investigate the effect of an iron additive on

soot production during pyrolysis and oxidation of an aromatic fuel. A shock

tube was used to initiate combustion reictions, and soot production was monitored

by light-scattering techniques.

The pyrolysis measurements were designed to show clearly if an iron additive

affects soot formation chemistry, and the oxidation measurements were intended

to complement flame measurements being carried out elsewhere. In addition,

pyrolysis and oxidation measurements at elevated pressures were included to

assist in the extrapolation of data from flames, obtained at 1 atmosphere

pressure, to the current and anticipated operating pressures of gas turbine

combustors.

B. B AC N D

The er-islon of soct from gas turbine combustors is of increasing concern

to the U.S. Air force. From a tactical viewpoint, the effectiveness of combat

aircraft is substantially reduced by the large radar cross-section of a sooty

plume. The formation of soot also reduces engine lifetime caused by the

increased radiative heat transfer to and deposition of soot on the combustor

internals. The relaxation of fuel standards to allow higher aromatic content,

and the development of a new generation of gas turbine combustors designed to

operate at pressures exceeding 10 atmospheres, will exacerbate these sooting

problems.

The envirormental issuFs, however, are of immediate concern; the inabliity

to cortrol soot emissions from gas turbines i. currently hindering Air Force

ome-ations. Although the exhaust from gas turbine engines generally meets

I



eonv r ,nmtr-ndl standa.nids for part iculate emissions from moving sources, standards

-or stati uonary sources- are often exceeded. When an engine is removed from an

aircr ft and placed in a test cell, it becomes a stationary source. As a result,

ruut ini ma internancu procedures have been curtailed in regions where stationary-

sou rc, partiu late-oemission standards are exceeded.

The crtrol of soot formation must ultimately lie in improved combustor

dr:.iy. Trt expe rse of retrofitting current engines to utilize improved designs;,

hrtwever, is prc hibitive. Thus the use of smoke-suppressant fuel additives is

an attractive adternative. in particular, ferrocene (dicyclopentadienyl iron)

has been used by the Air Force for both tactical and test-cell soot emission

control.

The mechanisms by which fuel additives affect soot production in gas turbine

comtblx;;(irs, however, are poorly understood. As a result, additive effects are

unp red it able. Although it. is known that ferrocene, for example, can reduce

Qe plume opacity for some gas turbine combustors under certain operating

cOrol it ons, it is not yet clear whether the reduction owes to the generation of

l:e" soot, to the alterat ion of soot particle size, or to the enhanced burnout

of the soot part icles. An improved understanding of these mechanisms would

pr-< (itd, Wou r . trhe effect ive use of fuel additives and for new combustor

0e '; :., r.

C. APPROACH

There have been no previous measurements of the effect of an iron additive

orn s"to formatorn during fuel pyrolysis. Unlike measurements in premixed or

diffusion flames, shock-tube measurements can be carried out in the absence of

oxygen. Thus if iron-additive effects on soot formation are observed during fuel

pyrolysis, the effects can be clearly identified as chemical. This would imply

that the iron additive affects soot production. In contrast, if no effects are

observed, the role of iron in the chemistry of soot formation can be discounted.

Th is woild imf 1y that the addit ive m I affect soot particle size but not the

tntal sort mass produced. This principal result will provide a significant step

in unraveling the role of metal additives on soot production.

2



Additional measurements will be carried out in the presence of oxygen. The

effects of fuel, oxygen, and metal-additive concentrations over a range of

reaction tempt:ratures will compliment measurements in flames being carried out

elsewhere.

Finally, pyrolysis and oxidations measurements will be repeated a* an

elevated pressure. Data on soot production in flames at elevated pressures is,

at best, limited. Thus the high-pressure measurements carried out here will lead

to an improved understanding of the effects of pressure on fuel pyrolysis and

oxidation (both with and without additives) and provide a data base to help

relate flame data to the sooting behavior of fuels at the elevated reaction

pressures of full-scale, gas turbine combustors.

The standard fuel to be used in this study is benzene, diluted to 0.3 mole

percent in argon. This mixture has been studied previously in our laboratory

over a wide range of temperatures, pressures, and oxygen concentrations. Thus

an established data base is available to confirm measurement reproducibility.

Furthermore, benzene will provide the basic chemical characteristics of aromatic

fuels without introducing possible complications of a complex aromatic fuel

mixture.

Thc iron additive will be introduced into the fuel mixture in the form of

iron pentacarbonyl, Fe(CO)5 . Although it would be preferable to use ferrocene,

its low vapor pressure precludes its use in an unheated shock tube. Since it

is accepted that it is the iron, rather than the cyclopentadienly ligands of

ferrocene, that affects sooting, iron pentacarbonyl will be a suitable surrogate.

It will provide an essentially instantaneous source of iron over the 0.5 - 3 ms

observation times of the experiments.

soot production will be monitored by the attenuation of a He-Ne laser beam,

passing through the observation section of the shock tube. The reduction in beam.

intensity wilI be cotnverted, through conventional scattering calculations, to

soot yield, i.e. the fraction of initial fuol carbon atoms converted to soot.

Soot yield, at a given reaction pressure, will be presented as a function of

3



temperature, with observation times as parameters. In addition, two other

parameters will be measured from the beam attenuation data; the induction delay

time and the maximum rate of soot formation. These parameters will be correlated

in terms of the reaction temperature. Fuel additive effects will be evidenced

as an alteration of the so-called "soot-yield bells," the induction time, and

the rate of soot formation, all in comparison to the benzene base case.

D. SCOTH

A review of the current concepts of soot formation is presented in the

following section. Included is a discussion of the effects of fuel additives.

This review focusses on the pyrolysis and oxidation of benzene and closely

related aromatic compounds.

A detailed description of the experimental equipment and operating procedures

is given in Section III, followed by the presentation and discussion of

experimental results in Section IV. Data obtained for the pyrolysis of benzene,

including the effects of the additive, are presented first. An increase in soot

yield with the addition of trace amounts of carbon monoxide is a striking, and

unexpected, feature of these data. The related oxidation measurements follow.

Th& obsecved effects of fuel and additive concentrations, and reaction

pressure provide the basis the conclusions of this study. These conclusion are

given in Section V.

4



SECTION II

BACKGROUND

A. SO7 FORMATION MECHANISMS

The mechanisms of soot formation are deeply imbedded in the complex process

of combustion, a process that involves very rapid chemical reactions and physical

transport, electrical interactions, and high temperatures. The process proceeds

through several sequential steps to form the chainlike structures of soot, which

can then be oxidized or emitted. The prevailing concept of the process is

summarized by a pathway of series and parallel rate processes in Figure 1.

Fuel pyrolysis is the first and most important step in the process of soot

formation. The overall rate of soot formation, as well as the total soot mass

yield, appears to be determined by the chemical events in the very early stages

of fuel pyrolysis. These early stages include initial fragmentation of the fuel

molecules to acetylene, vinyl and phenyl radicals, and hydrogen ions. These fuel

fragments then proceed along various routes (depending primarily on the reaction

temperature) to form the first aromatic ring products (the soot precursors).

Nucleation (condensation and coagulation) occurs when molecular soot

precursors combine to form young soot particles. The process is partially

governed by chemical reactions and by physical and electrical interactions

between the precursors. The particles increase in size through surface growth

and aggregation. During the growth phase, the tiny particles can grow from 1-2

nm up to 10-50 nm spherules. These spherules then agglomerate to form soot

chains, which can be as long as I n (Reference 1).

Although this scheme is simple in concept, the details along the pathways

are extremely complex. Each of the rate processes are strongly coupled to the

local temperature, pressure, and species concentration, which, in turn, are

coupled to the local rates of mass and heat transport, e.g., aerodynamics and

radiation.

5



CHEMICAL PHYSICAL

MECHANISMS MECHANISMS

FUEL

PYROL YSIS

PRECURSORS

CONDENSA PON COAGULATION

PARTICLES

SURFACE GROWTH AGGLOMERATION

SPHERULES

OXIDA TION AGGREGA TION

Co, Co2  SOOT

Figure, I. A Schematic Overview of the Series and Parallel Pathways Involved

in the Process of Soot Formation.
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The process is further complicated by the very large number of chemical species

that take part in the reactions and the even larger number of chemical reactions

involved.

Several excellent reviews provide details of the various mechanisms

(References 2-7). Only the highlights of these reviews and other recent work,

that closely relate to soot formation from aromatic fuels, are discussed below.

1. Soot Formation by Pyrolysis

a. Soot Precursors and Nucleation

The first step in the soot formation process is the pyrolysis of the

fuel, leadingo to the reactive species that form soot precursors. Many studies

have been made to track the development of these precursors. Kern (Reference 8)

studied low-pressure pyrolysis of both benzene and toluene at temperatures

ranginc from 1400-2300 K. He observed that the major products formed were

acetylene and poiyacetyienes. No species with molecular weights higher than the

parent compound were observed, leading Kern to conclude that fragmentation of

the aromatic ring was the most important initial step at the conditions studied.

Smith (Reference 9) performed a similar study with toluene in a high temperature,

low pressure Knudsen cell and observed similar products. Mar'yasin (References

10 and 1i), in an earlier shock tube study, considered benzene pyrolysis. It

was observed that methane, ethylene, vinylacetylene, and diacetylene were

produced. Significantly, all of the above authors proposed the ring

fragmentation mechanism to explain their experimental results.

Bauer (Reference 12) suggested a chain mechanism for benzene

pyrolysis. His mechanism (Figure 2) proceeds with benzene fragmenting into

acetylenic groups, followed by recombination into unsaturated hydrocarbons.

Asaba and Fujii (Reference 13) studied the pyrolysis of benzene using light

absorption and a single pulse shock tube. They observed that the pyrolysis

process was accelerated by the addition of methane and inhibited by adding

7



C6H 6  C4H 2

NoC1A 0 +CH+ C 10 H8

Figure 2. Chain Mecharism for Benzene Pyrolysis Proposed by Bauer

(R(,ferenice 12).

CH9 C183H13 * SOOT

C6H 6  C6H 5

4 C12 H10  --.*C 1 8H 14  - SOOT

O2H 2 + C4H 3

Fiq~r~ ~.M r'for BeePyrniysis Proposed by Asaba and Fujii
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hydrogen. They proposed the mechanism shown in Figure 3 to explain their

experimental results.

In another study of benzene pyrolysis, Graham (Reference 14) noted

a rapid decrease in the soot yield as temperatures exceeded 1800 K. The author

accounted for an observed maximum in the soot yield at 1800 K by suggesting a

mechanism involving two competing pathways. In one pathway, the aromatic

character of the rinc is never lost as it undergoes direct condensation to larger

compounds. The second is the more familiar fragmentation followed by

recombination. in a separate study, Clary (Reference 15) and Wang (Reference

16) confirmed this double-pathway hypothesis. Clary explained the process by

suggesting that at high temperatures the fragmentation pathway dominates, whereas

at low temperatures the condensation reaction is more prevalent. Frenklach

(Reference 17) offered a conceptual model for the sooting process. He also saw

the pyrolysis reaction as two competing pathways:

A = X [1]

A 4 ==> S [2]

where A is the aromatic ring, X is an intermediate, and S is some final product.

Reacn ion 1 unimclecular; thus its activation energy is high, causing it to

bh tho slow Siep. Reaction [21 is essentially a polymerization reaction and is

h oas:c modei for the soot formation process. This empirical model was shown

to fit Clary's data.

Efforts to further define the nucleation process have led to the

identification of possible soot precursors. Frenkiach et al. (Reference 18)

proposed that fused polycyclic aromatic hydrocarbons (PCAH) are the key to

sooting in acetylene flames. Homann (Reference 19) found about 100 times the

concentration of PCAE in aromatic soot as in aliphatic soot. This helps explain

the observation that aromatics and polycyclic aromatics soot much more readily

than nonaromatic compounds (Reference 5). Indeed, Davies (Reference 20) reports

tha the yield of soot seems closecy related to the stability of the aromatic

rings in thE -recurs)rs.

9



Wang (Reference 21) attempted to find the point at which the particle

inception takes place. The author found a polycyclic aromatic hydrocarbon (PCA.H),

C96H240 to be an important soot precursor. Equilibrium calculations were made

which show C9,H24 to be thermodynamically favored over acetylene below 2500 K

(Reference 23).

The gap between the initial chain activation reaction and the

particle formation remains a mystery. Several authors (References 23-25) have

studied the electric-a properties of flames and concluded that ions may play an

important role in soot formation. Ball (Reference 26) noted that almost all of

the carbonaceous particles were positively charged . Howard (Reference 27)

proposed a mechanism for the formation of carbon particles which used positive

ions as nuclei. He observed positively charged crystallites 20-30 Angstrom in

size and spheruies as large as 100-500 Angstrom. Bowser and Weinberg (Reference

23) found that as ions are formed, they force condensation reactions which in

turn form PC -.

AQreement has not been universal though. Abrahamson (Reference 28)

observed that acetylene appears to be just as important in the soot formation

process as ions. He also found that nonflame sources of pyrolysis could be

electrically neutral and still produce soot. Ball (Reference 26) noted that

charging ccntinues throuch the agglomeration phase and may actually halt the

process through electrostatic repulsions.

Detailed kinetic modeling (References 18,29-30) is now yielding significant

insights into the early stages of the soot formation process and is providing

a skeletal scheme by which experimental studies can be designed and experimental

results can be interpreted. The modeling results emphasize the importance of

pyrolysis fragments, especially H atoms, vinyl radicals, and acetylene in the

formation of soot precursors. The utility of a general mechanism, derived

through detailed kinetic modelling, in the interpretation of experimental results

from shock tubes, premixed flames, and diffusion flames has been persuasively

stated in the recent review Glassman (Reference 7).

10



The results of detailed modeling must, at the present, be used with caution.

Westmorland (Reference 31), points out that it is important to verify that the

reactions included in the kinetic modelling are indeed elementary. By

considering how reactions occur on a molecular scale, Westmorland has shown that

most of the important combustion reactions are association reactions disguised

as abstraction reactions by chemical activation mechanisms. A failure to

recognize the elementary character of the reactions can lead to large errors in

the estimated rate constants, and thus a distorted picture of the reaction

pathways.

b. Surface Growth and Coagulation

The process following particle inception has often been observed to

be a mixture of chemical reactions and physical interactions. The chemical

processes are referred to as surface growth and are largely comprised of the

further addition of ring fragments to the spherules. Coagulation is the physical

prc)cess by which young soot particles stick to each other, forming larger

spherules and eventually chains. Together these processes account for a large

part of the initial soot formation with the spherules growi:ig to diameters up

to 100 nm (Reference 32). It has been shown that the growth by chemical reaction

is more consistent with surface reactions than further condensation reactions

(Reference 3k).

Also important is the role of ions. It has been observed that most

of the ionic species in flames are heavy hydrocarbons and young soot particles,

compounds ranging from 300 to several thousand atomic mass units. Enough of

these species have been found to account for the amount of soot formed (Reference

34). Thus, clearly the ionic nature of the spherules must be an important factor

in the surface growth and coagulation.

c. Agglomeration

The division between surface growth, coagulation, and agglomeration

is not sharply drawn. in its earliest stages, agglomeration can be obscured by

surfa:: growth as the gaps between particles are filled in. Later, particle

collisions predominate, forming twisted chains up to I pim in length (Reference
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I). Also, some chains become heavily positively charged, leading to

fragmentation by electrostatic repulsion (Reference 26).

2. Soot Formation by Oxidation

Complete combustion of a hydrocarbon is generally defined as the burning

to carbon dioxide and water. Clearly, when this is the case, no soot is formed.

It is only when the level of oxygen in a flame drops to a certain point that soot

can be produced; this point is known as the critical carbon-to-oxygen (C/O)

ratio. For benzene the critical C/O ratio has been shown to be 0.65 (Reference

4). As the C/O ratio is increased, the soot yield also increases, but the gain

in soot is not always well correlated with the C/O ratio. Wang (Reference 16)

studied the combustion of toluene in a shock tube. By increasing the mole

fraction of oxygen approximately four-fold, he observed a corresponding four-fold

decrease in the soot yield.

Most of the oxidation studies of aromatic hydrocarbons have been done

at temperatures below 1000 K. Great caution should be exercised in extrapolating

the results to higher temperatures (Reference 35). Fag and Asaba (Reference 36)

studied the combustion of benzene at temperatures ranging from 1300 K to 1700

K. They observed little water formed in experiments on rich mixtures. Carbon

monoxide and acetylene were observed and thought to be produced through a

reaction of the phenyi radical with oxygen. Significantly, biphenyl and higher

polymers were formed in ways similar to pyrolysis. Venkat (Reference 37) also

studied the high temperature oxidation of aromatic hydrocarbons. Again, great

similarities were noted as to the pyrolysis process, and the overall rate seemed

dominated by the rate of oxidation of the phenyl radical.

Other authors have tried to explain the combustion process in slightly

different terms. Glassman and Yaccarino (Reference 38) suggested that combustion

is really a competition between the rate of pyrolysis to soot precursors (growth

along pyrolysis routes) and the rate of oxidative attack on them. Frenklach

(Reference 39) went further, observing that the addition of oxygen to toluene

seemed tc enhance soot production at lower temperatures and inhibited sooting

at higher temperatures. He explained that oxygen does not alter the mechanism
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of pyrolysis; instead it competes with it. At low temperatures the oxygen

enhances fuel pyrolysis, while at high temperatures it destroys the soot

precursors through oxidation (Reference 40).

B. FUEL ADDITIVE EFFECTS

In recent years, researchers have sought many ways to reduce the amount of

soot formed during combustion. The most practical methods to date involve

additives to the fuel. In theory, there are two ways to reduce sooting. First,

one can reduce nucleation, thereby stopping the soot formation process before

the soct particles are actually formed. Second, one can accelerate the oxidation

of soot particles once they are formed, a process known as burnout (Reference

41). The real question, of course, is how does an additive affect the soot

formation process.

Since relatively little is known about the mechanisms involved in additive

effectiveness, only rough theories are available. The most popular is that

additives affect the ionization of the young soot particles. Antisoot effects

may be due to a permanent reduction in the number of ions available.

Unfortunately, some additives promote soot formation by delaying ionization

instead of preventing it (Reference 42). This reduces the time available for

oxidation of the soot particles. Also, certain additives are known to both

promote and reduce sooting depending on flame conditions.

1. Gaseous Additives

Studies have been made on the effects of gaseous additives. Gases such

as NH3, H2, N2, H2S, SO-, NO, and NO2 have been added to flames (Reference 43).

It was found that inert gases have little effect and that the soot reduction

properties of the others are roughly proportional to their molar specific heat

capacities. The most effective were the sulphur-containing species.

Ct.,rr workers have studied the effects of adding CO to flames. CO was

found to reduce the amount of oxygen necessary to eliminate soot formation.

Also, CO has been observed to cause a yellow streak in flames, characteristic
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of soot formation (Reference 44). It has long been known that small

concentrations of CO in the hydrocarbon mixtures of hydrogenators can cause a

comparatively large build-up of carbon on the reactor walls (Reference 45).

Schug (Reference 46) added small amounts of N 20, an oxidizer, to ethane

and butane diffusion flames. The soot height (that distance above the burner

at which soot is first observed) was decreased dramatically, indicating increased

soot production.

Du et al. (Reference 47) have studied the effects of He, Ar, N2, C02, 02,

H2, and CO on the sooting limits of strained diffusion flames. Propane and

butane were used as fuels. In contrast to experimental method used by Schug,

which was global in the sense that the additive effect on the overall process

(inception, growth, and burnout) was measured, the measurement of the sooting

limit in strained diffusion flames focusses on the additive effect on the

inception process. Du et al. found that all additives, except CC, decreased the

nceptio. limit as the amount of additive was increased. In contrast, the

.:epion limit increased linearly with the addition of CO up to a concentration

of r.4 mole percent. Further addition of CO decreased the inception limit. They

accounted for the observed effect of CO partially by an increase in flame

Iemera1:re anc partially by an (unspecified) chemical effect.

2. Alkali and Alkaline Earth Metal Additives

A far more common choice has been to add metallic compounds to flames.

These tend to increase the ionization level and concentratior of free electrons

in the flame. The main mechanism appears to involve an electron-ion

recombination, halting the growth process. This seems especially true for the

alkali and alkaline earth metals (Reference 48). Several studies have been made

using these metals. Haynes (Reference 49) studied alkali and alkaline earth

metals added to a premixed flat flame. Na, K, and Cs were found to be only weak

soot suppressors. They do, however, produce a greater number of smaller

particles. Haynes suggested that both electrical and chemical mechanisms might

be umportant.
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Ndubizu (Reference 50) tried similar experiments on a polyethylene flame.

Barium was found to be the most effective metal for suppressing soot formation.

It reduced the total amount of smoke (soot) produced without affecting the size

of the particles. It has been suggested that barium limits the nucleation step

by producing hydroxyl radicals which oxidize soot precursors and young soot

particles.

3. Iron Additives

Metals other than the alkali and alkaline earth metals have also been

studied, particularly the transition metals. These metals have only proved

effective at high equivalency ratios, indicating that a different mechanism is

involved (41). Various iron compounds were added to a polyvinyl chloride flame.

Using Mossbauer spectroscopy the iron was found to be converted to Fe203.

Interestingly, there was an initial increase in the quantity of soot followed

by a rapid decrease. The concentrations of carbon monoxide and carbon dioxide

were found to grow simultaneously with the decrease in soot (Reference 51).

Other authors have suggested that the function of a transition metal would be

intervention in the agglomeration phase (Reference 52). Also, the metal could

be occluded by the soot particles, thus speeding the burnout (Reference 53).

Both rrocesses are consistent with the data described above.

Dicyclopentadienyl iron, aiso known as ferrocene, has been extensively

studied as a soot reduction additive. Loveland (Reference 54) added ferrocene

to fuel in jet turbine engines. It was shown to reduce the opacity of the

exhaust plume. Klarman (Reference 55) has reported that soot suppression by

ferrocene in J52, J57, and TF-30 gas turbines is most effective when ferrocene

is added at 0.05 - 0.06 weight percent of fuel. With J79 and TF-41 combustors,

however, ferrocene increased emissions when they were operated at greater than

85 percent normal rated conditions.

B-:,czyk (Reference 56) used ferrocene in diffusion flames and reported

that it was an effective additive in a liquid-fueled wick flame. Strangely, it

was no effective in a gas-fueled Wolfhard-Parker burner. Importantly, he found

solid metal oxides in the plumes, indicating that although the soot content might
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be redjced or even eliminated, the iron would still be present. Samuelsen

(Reference 57) tested ferrocene in a swirl combustor with JP-8 jet fuel,

reporting some reduction in the soot produced.

A thorough study of ferrocene in an premixed ethylene flame at

atmospheric pressure was conducted by Ritrievi et al. (Reference 58). Ferrocene

was added at 0.015 - 0.46 weight percent fuel, and the C/o ration of the flame

was varied between 0.71 and 0.83. Light scattering, emission, and absorption

were used to characterize the size, volume fraction, and number density of the

soot particles. Transmission electron microscopy was used to size the particles

collected during agglomeration. Unfortunately, the probe through which the

particles were extracted interfered with the formation process. Hence the author

concluded that only optical methods were suitable for size measurements.

Ferrocene was found to increase the final soot yield in lean flames

(Cf >0.71) by a factor of 13.5. This enhancement factor decreased with an

izcrasing C/' ratio, reaching a minimum value of 1.2 for the richest flame

Iron was found concentrated at the core of the soot particles.

Surrounding the core were layers of carbon-rich coatings. Ritrievi hypothesized

th t the iron nucleated well before the soot itself. Hence, the ferrocene

uu..a ,<:- oxdaair before the fuel and the iron oxide then acted as a surface

fIr ca-E -- deposition, shorterirng the inception phase.

The particle growth in the ferrocene-doped flames was controlled by the

activity of the surfaces. The iron in the core was found to be iron metal, not

iron oxidc. The reduction of the ironr took place by oxidizing the surrounding

carbon. This liberated CO and C02, contributing to the burnout of the soot.
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SECTION III

EXPERIMENTAL METHODS

All eperimental work was conducted in the Department of Chemical Engineering

Shock Tube Laboratory at Louisiana State University. The laboratory facilities,

consisting of a conventional shock tube, an optical probe, and associated

electronic and gas handling equipment, have been used extensively in the past

to study incipient soot formation (References 15-16,59,60-61).

A shock tube is ideally suited for research in combustion. Two regions of

the tube, a high-pressure "driver" section and a low-pressure "driven" section,

are initially separated by two Mylar diaphragms secured at the ends of an

intermediate spacer section. When the diaphragms burst, a shock wave is produced

by expansion of the high-pressure driver gas into the low-pressure driven gas.

The shock wave rapidly heats the test gas mixture by adiabatic compression to

a high temperature and a predetermined pressure.

The shock tube provides several advantages not present in other laboratory

combustion systems. First, the test gas mixture is heated homogeneously and

nearly instantaneously (about 1 ns) to the desired temperature and pressure;

consequently, no preheating delay is encountered. Second, because the duration

of each experiment is so short, heat transfer to the walls is negligible. For

the same reason, catalytic effects at the walls are also negligible. Finally,

it is possible to shock-heat any gaseous compound; thus pyrolysis and oxidation

experiments are easily studied.

The details of the shock tube and the ancillary equipment are given below.

This is followed by a brief description of the procedures used in preparing and

operating the shock tube and in collecting and reducing the experimental data.
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A. SHOCK TUBE FACILITY

1. Shock Tube

The 7.6-cm i.d. stainless steel shock tube, shown in Figure 4, consists

of a 3-,m driver section and a 7.3-m driven section, separated by a 0.063-m

spacer. The double diaphragm bursting technique, using Mylar diaphragms of 1.0-

and 1.5-mil thicknesses, was employed in all the experiments of this study. In

this method, an intermediate pressure is maintained in the spacer section betwen

the two diaphragms until the initial driver and driven pressures are established.

Rapid evacuation of the spacer section results in the rupture of the diaphragm

on the driver side, followed immediately by rupture of the driven-side diaphragm.

A normal shock wave then propagates into the driven (experimental) section. When

the shock wave reaches the end of the driven section, it reflects off the end

wall and propagates back toward the driver section. The test gas mixture then

underqoes a second adiabatic compression with a concomitant increase in

temperature and pressure. All measurements in this study were made behind the

reflected shock wave.

As the compression wave is propagating into the driven section, a

ccrrespcnding rarefaction wave propagates into the driver section, reflects off

the enc wail, and returns toward the driven section to interact with the

reflected compression wave. Eventually, the effects of the rarefaction wave are

evidenced at the end of the driven section by a rapid decrease in pressure. This

event signals the end of the experiment. The time interval between the passage

of the reflected compression wave 0.2 meters from the end of the driven section

and the drop in pressure owing to the effects of the rarefaction wave at this

same location determines the duration of an experiment. In this work a typical

duration was about 3-4 ms.

2. Vacuum System

Before each experiment, the driven section of the shock tube and the

gas handling manifold are evacuated by an Edwards ED-500 mechanical vacuum pump.

After a sufficient vacuum (= 0.01 torr) is achieved, the system is further
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evacuated, using an Edwards Speedivac E-04 oil diffusion pump, to a pressure of

1.0 x 10.5 torr. The oil diffusion pump, fitted with a liquid nitrogen trap and

continuously water cooled, is backed by an Edwards ES-150 mechanical pump.

3. Pressure Transducers

Intermediate pressures during the evacuation of the shock tube and gas-

handling manifold are monitored with a Televac model 2A thermocouple gauge,

which measures in the range of 0.001 to 1.0 torr. Higher vacua are monftored

with a Thermionics PG7 cold cathode gauge, which measures between 1.0 x 10-3 and

1.0 x 10-6 torr. The sensor of the thermocouple gauge is located in the gas

handling manifold; the cold cathode gauge sensor is attached to the foreline of

the diffusion pump.

The pressure in the driven section during loading of the test gas mixture

is measured by a Datametrics model 1174 capacitance manometer, with a pressure

range of 0-100 psia. The sensor (Datmetrics model 570A) for the capacitance

manometer is located in the gas handling manifold. The pressure of the driver

gas is monitored with Heise models C and CM bourdon tube gauges.

The condition of the shock-heated gas is determined by calculations that

require experimentally measured incident shock wave velocities as input.

Incident shock speeds are measured using four Atlantic Research LD-25 pressure

transducers located sequentially along the shock tube. To minimize shock

nonuniformities, all pressure transducers are mounted flush with the tube. The

transducers trigger start and stop channels of an interval timer, obtained from

the Department of Chemistry, University of Texas, Austin. The transducer

voltages are preprocessed by an amplifier and a comparitor latch circuit, also

obtained from the University of Texas. The first transducer crossed by the

incident shock wave defines zero time and distance; as the shock wave passes

subsequent transducer stations, interval times, measured from the first

transducer, are stored i the memory of the timer. The timer, driven by a 10-

MHz crystal oscillator, has a storage delay of less than 300 ns, which results

in a net accuracy of within I ps for all time intervals (which ranged from

700-250C "s). Because the incident shock wave decelerates owing to boundary
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layer growth and frictional drag between the shock wave and the tube wall, the

measured velocity is extrapolated to the end wall of the tube using a linear

equation (Reference 43). The observed shock wave attenuation is typically 2

percent/meter.

To monitor the progress of the reaction, the transient pressures are

measured using a PCB model 113A24 piezoelectric pressure transducer with an

in-line amplifier. The transducer, which has a rise time of less than 1.0 ps,

is located on the tihe surface above the optical station, 8 mm from the end

wall. A PCB model 482A power supply is used to power the transducer and to

couple it to a digital oscilloscope.

4. Gas-Handling System

The gas-handling system consists of a gas manifold and a gas vent. The

manifold, constructed from lengths of stainless steel tubing sections and needle

valves, prcvides gas transfer pathways between the shock tube, mixture tanks,

driver gas, dilution gas, vacuu-m pumps, and the venting system. For proper

operation, the gas manifold must hold a vacuum of 10-5 torr.

Th r)iginai connections for the tubing and needle valves were Swagelock

fittinas. Persistent leaks in these fittings delayea the collection of

ep7Perimental data during the early stages of the project. The manifold was

completely rebuilt with new tubing and new fittings. Although the manifold could

hold the required vacuum while on the bench, when it was installed in the control

panel, leaks would again occur. The problem was finally solved by using welded

connections wherever possible and replacing the Swagelock fittings with Cajon

VCC fittings at critical connections (including valves).

A new gas-evacuation system was designed, constructed, and installed to

assure safe operation with the highly-toxic iron pentacarbonyl additive.

Originally, exhaust gases from the shock tube facility were vented to the

buiiding'r hood vertilation system. Previous measurements on the ventilation

system has shown that gases released into hoods recirculated back into the

buildings air intake. Thus an independent exhaust system was required.
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The exhaust system was constructed from PVC pipe with a 2-meter

intermediate section constructed of stainless steel. An exhaust fan at the

downstream end of the pipe vents the gas through the wall of the laboratory to

the outside of the building. The stainless steel section contains a reactor

packed w: th alumina. The reactor is wrapped with heating tape and a thermocouple

inserted into the middle of the packed alumina allows the bed temperature to be

monitored. The bed is maintained at 675 K during operation to ensure that all

iron pentacarbonyl is disassociated before the gas is vented. Tests with sulfur

hexaflourid= showed that gases vented through the exhaust system were not

recirculated to the building.

5. Optical Probe

The absorption of the beam from a 15 mW continuous wave Spectra-Physics

model 124E He-Ne laser at a wavelength of 632.8 nm is used to detect the presence

o' soot particles. The laser is powered by a Spectra-Physics model 255 power

supply, and its beam crosses the shock tube at an optical station 8 mm from the

end wall. The attenuated laser light beam is monitored by an RCA model 1P28

photomultiplier tube supplied with a bias voltage of -500 Volts by a Power Design

Pacific model HV-1547 power supply. To reduce detection of the continuous

emrr>: n frorr tre giowna shock heated gas, the laser is operated at maximum

power, and a narrow-band interference filter (at 632.8 nmT) together with various

optical stops are placed between the shock tube and the photomultiplier tube.

The output signal from the PM tube is displayed on the same digital oscilloscope

used to record the pressure trace.

a. Soot Yield Measurements by Light Extinction

Wit!, the short reaction times used in these experiments, the soot

particle: can be considered young and, according to Graham et al. (Reference 14),

are spherical, with diameters small (< 300 A) compared to the wavelength of the

inciden r radiation. In this regime, the small particle limit (Rayleigh

limit) (f t he M.e theory app lies. Below this limit, the ratio of scattering

efficiency to extinction efficiency is so small that the soot particles are

22



considered to be emitters and absorbers only (Reference 62). Furthermore, it

has been shown that the emission signal of soot is so small in comparison to the

absorption signal that it can be neglected (Reference 63). Given these

restrictions, the soot yield, Y, defined as the fraction of carbon atoms

initially present which have been converted to soot is given as:

Y - N. ps ). [ln(I0i(t)] / 72 Tt L E(m) [C0 ] (1)

where

Y is the fractional soot yield,

N,, is Avogadro's number,

PS is the density of the hot soot particle,

A is the wavelength of the incident light,

1, is the initial bea: intensity,

1(t) is the beam intensity ant time t,

iLil(t) is the absorbance,

L it the optical path length,

[C, is thc in" ial carbon concentration,

M is the complex refractive index of a soot particle,

and

E~ri -IK(rr 2 
- 1),(m) 2)).

Si; c little is known about the complex index of refraction, the

soot yields presented in this work are in the form Y * E(m), to emphasize the

uncertainty in the value of m.

. Linea'ity and Freqiency Response of the Optical Probe

Ar RCA Model 1P28 photomultiplier tube (PMT) is used to monitor the

attenuat ion of a He-Ne laser by coot particles formed in the test section, i.e.

to measure ,, and 1(t) used in Equation (1). For accurate measurements of I(t),

it is imQr'' thai the time constant of the PMT be small in comparison to the

2- ms rt- : - -in,( invnived in the experiments. Initial observations, however,

indicaed *ha* the PMT, as configured by previous users of the shock-tube

facii:y, had a relatively large time constant. This observation necessitated
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investigation of the PMT response. In addition, the linearity of the PMT output

with respect to incident intensity was verified.

A Stroboscope Model TS-805 strobe light was used to test the

frequency response of the PMT. The time characteristics of the strobe output

was first measured with the help of Dr. Louis DiMuro, Department of Physics.

These measurements showed that, for a digital scope sweep rate of 2 ps/point (the

sweep rate used in our experiments), the strobe output should appear as a sharp

pulse followed by a barely perceptible decay back to the original zero voltage.

When the strobe light was directed onto the PMT, however, the output was a

sawtoothed shaped signal with a time constant of 166 ps, far too large for

accurate measurements of beam intensity over the duration of our experiments.

An inspection of the PMT configuration revealed that the output of the PMT was

connected directly to the input of the oscilloscope, which has an input impedance

of 1 M . This resulted in a high output voltage but an excessive RC time

constant.

The problem was corrected by installing a load resistor across the

PMT outp& ; the voltage across the resistor provided the input to the

oscilloscope. With a load resistance of 10 kQ, the time constant of the strobe

response was reduced to 11 ps. To increase the PMT supply voltage to recommended

vam, i: wi~t h driving the tube to saturation, however, it was necessary to

:ntrouce a neutral density filter into the path of the incident beam. A filter

with 13 percent transmittance allowed the PM? supply voltage to be raised to 500

Volts, nearly twice the recommended minimum.

Once the circuitry was improved, the linearity of the PMT with

incident intensity was measured by introducing neutral density filters with

successively lower transmittances into the optical path. The results, shown in

Figure 5 indicate excellent linearity over the range of incident intensities

used in the experiment.
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6. Data Acquisition and Processing

The oscilloscope used to digitize, display, and record the output signals

from the PCB transducer and PM tube was a Nicolet model 2090-III digital

oscilloscope. This oscilloscope can sample voltages from two channels, each of

which can store 2048 data points. The displayed oscilloscope traces can be

stored permanently on magnetic diskettes for future analysis.

An example trace is displayed in Figure 6. The pressure rises from the

initiai driven-gas precsure, P1, to the incident shock pressure, P2, and then

to the reflected shock pressure, P5, after which it falls off with the arrival

of the expansion wave. The reflected shock arrival is seen on the

laser-extinction trace as a Schlieren spike, which owes to the rapid change in

density experienced by the test gas. The maximum test time is determined by the

time between reflected shock arrival and expansion wave arrival at the transducer

station, with experiment time varying from 3-4 ms at low temperatures to 2-3 ms

at higher temperatures. Note that time is measured from the arrival of the

reflected shock.

The fundamental data in these traces are the ratios Io/I(t), obtained by

measuring the initial intensity Io (proportional to the output voltage from the

PMT) and the intensity 1(t) at any time, t. These ratios are used in Equation

(1) to determine the soo: yield. The ratios are arbitrarily, but conveniently,

taken at 0.25 ms intervals from 0 to 2 ms. Other parameters obtained from the

traces are the inception time, isooi, and the soot production rate, Rst, defined

as the slope of the laser-extinction trace at its inflection point, as shown in

Figure 7. The inflection point is not always easy to determine from the

extinction trace, especially at high reaction temperatures. This leads to

scatter in the values of both the soot production rate and the inception time.

B. TEST MIXTURE PREPARAT:ON

The test gas mixtures are prepared manometrically in stainless steel tanks

having volumes of 37 liter. Before a gas mixture is prepared, the tank in which
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Figure 7. Graphical Depiction of Soot Formation Rate and induction Time.
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it is to be stored is heated for at least twelve hours at a temperature near 480

K while being continuously evacuated by the mechanical pump. After cooling to

room temperature, the tank is pumped down to less than 1.0 x 10-5 torr by the

diffusion pump. Gas phase components are injected directly into the mixture

tanks through the gas handling manifold. Throughout the mixture preparation,

gas pressures are measured using the Datametrics digital manometer. To ensure

that there is no condensation of any vapor phase components, The total mixture

pressure is kept to less than one half of the liquid vapor pressure of the fuel.

For liquid phase compounds, the vapor above the purified liquid is used.

To purify the liquid, it is poured into a steel vessel and repeatedly frozen

and thawed under vacuum. The frozen solid is evacuated to a pressure of < 1.0

x 10-5 torr to remove moisture and any dissolved impurities.

The composition of each test mixture used in the experiments of this study

was vLrified by analysis with a Hewlett Packard model 9630 Gas Chromatograph.

The concentration of benzene was measured to within ± 0.02 percent. The amount

of iron in the Fe(CO)5 mixtures was determined by atomic absorption. A known

voliune of the gaseous mixture was bubbled through a mixture of 12-KI in a 3

percent HCI solution. The iron was absorbed in the solution, which was the

analyzed with a Varian model AA-1475 Atomic Absorption Spectrophotometer. The

iron concentration was accurately measured to within ± 0.2 ppm as Fe(CO)5 .

C. SHOCK TUBE OPERATION

The diaphragms are installed before each experiment and the driver and driven

sections are evacuated with the mechanical pump. Once the pressure in the driven

section is low enough, the section is further evacuated by the diffusion pump

to a pressure of 1.0 x 10-5 torr. The laser beam aperture is opened, and the

proper gain and sweep speed on the oscilloscope are set.

After it has been isoiated from the diffusion pump, the driven section is

filled with the test mixture to the prescribed pressure. Subsequently, the

driver section and spacer are isolated from the mechanical pump and filled with

helium. When the driver/spacer system pressure reaches one half the required
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driver pressure, the spacer is isolatled and the driver is filled to the

appropriate driver pressure, P4, necessary to produce the chosen experimental

conditions behind the reflected shock wave.

To initiate the shock, the valve connecting the spacer to the vacuum system

is opened. As the spacer empties, the pressure differential across the

diaphragms becomes sufficiently large to rupture them, and the expansion of the

helium gas gererates a normal shock wave which travels down the experimental

sectior una reflects off the end wail, producing the high temperatures and

pressures at which the reactions take place.

After the experiment, the product gases are vented into the laboratory

exhaust system, and the timer readings and oscilloscope traces are recorded.

After the tube had been thoroughly vented, nitrogen is used to backfill the

system to atmospheric pressure, and the tube is opened. The shock tube is then

clcaneJ out with laboratory wipes fitted over a pig, the diaphragms are replaced,

and the entire procedure is repeated at a different experimental conditions.

The conditions behind the incident and reflected shock waves are calculated

by measuring the velocity of the incident shock wave and iteratively solving the

consi e rvation equations of mass, momentum, and energy, along with the equation

of state across a shock wave (Reference 64). The laser-extinction traces are

transferred from the oscilloscope to an Apple II microcomputer via a

GPIB/IEEE-488 interface, where it they are reduced using PASCAL language

programs, which generate incident and reflected conditions, as well as soot

yields. The soot yield data are then transferred to an IBM 370-3081 computer

for plotting (Reference 65).
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SECTION IV

PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS.

A. OVERV IW

-ect ive of The experimenta1 measurements was to determine if iron has

an effe:t on soot formation chemistry during the pyrolysis and oxidation of

renzene over a range of reaction temperatures and pressures. A series of base-

case measurements was obtained for the pyrolysis and oxidation of benzene-argcn

mixtures. Any effect induced by the addition of iron to the gas mixture could

then be identified by deviations from the base-case measurements.

In addition, a series of measurements was made to determine the effect of

variaotions in benzene concentration. All test mixtures used in this study were

prepared manometrically and concentrations verified by gas chromatographic

ara!sis. The GC analyses showed that, despite care in the preparation of test

mixtures, benzene concentration could be replicated only to within about 10

percent. Thus any deviation of the measurements with additives from the base-

case measurements must be interpreted with respect to any deviations caused by

changes in benzene concentration.

The test mixtures used in this study, together with the relevant experimental

conditions, are summarized in Table 1. Complete tables of experimental

condtioris and results for each mixture are provided in Appendix A. A map

showing how the test conditions for individual experimental series were varied

according to benzene and additive concentrations, pyrolysis and oxidation, and

pressure is given in Figure 7. The range of initial carbon atom concentrations

at the reaction pressures was from 1.07 x 10-17 atoms/cm3 to 4.22 x 10-17

atoms/cmr. Within each individual series, however, the initial carbon atom

concentration was held to within t 3 percent. Note that for measurements at the

elevated pressure, we attempted to maintain the initial fuel and additive

concerftrat ion (at the reaction pressure) approximately equal to the corresponding

concentrat ior used for measurements at the lower reaction pressure.
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TABLE 1. SUMMARY OF EXPERIMENTAL SERIES

Series C6Hn Additive T5  P5  [Co]x10 -17

(voiue~ %) (K) (atm) (atom/cm3)

Base Pressure -- Pyrolysis

D 0.203 0 1685 - 2231 2.10 - 2.70 1.07 - 1.25

Q 0.270 0 1602 - 2213 2.13 - 2.85 1.52 - 1.58

C 0.293 0 1566 - 2231 1.88 - 2.68 1.53 - 1.62

K 0.373 0 1612 - 2249 2.09 - 2.8: '.04 - 2.13

G 0.278 3.0 ppm CO 1517 - 2127 1.82 - 3.02 1.47 - 1.61

F 0.380 3.5 ppm CO 1585 - 2257 2.03 - 2.86 1.50 - 1.57

P 0.361 63.8 ppm CO 1624 - 2203 2.16 - 2.92 2.5 - 3.00

H 0.275 0.56 ppm Fe(CO)5  1539 - 2312 1.91 - 2.30 2.11 - 2.19

J 0.382 13.5 ppm Fe(CO) 5  1642 - 2286 2.03 - 2.93 2.13 - 2.19

CC 0.293 3.0 ppm 02 1626 - 2240 2.00 - 2.67 1.51 - 1.59

Elevated Pressure -- Pyrolysis

M 0.114 0 1576 - 2189 4.90 - 6.82 1.49 - 1.56

L 0.373 0 1670 - 2259 4.22 - 5.64 4.05 - 4.22

0 0.114 0.755 ppm CO 1582 - 2155 4.82 - 6.47 1.51 - 1.53

N 0.123 0.151 ppm Fe(CO)5  1650 - 2246 4.78 - 6.39 1.52 - 1.57

Base Pressure -- Oxidation (0.28 % Oxygen)

V 0.273 0 1549 - 2192 2.02 - 2.80 1.53 - 1.58

S 0.286 3 ppm CO 1600 - 2214 1.98 - 2.67 1.51 - 1.56

Y 0.295 62.5 ppm CO 1631 - 2193 2.10 - 2.79 1.56 - 1.66

T 0.289 0.5 ppm ie(CO)5  1561 - 2202 1.98 - 2.78 1.53 - 1.58

X 0.259 11.5 ppm Fe(CO)5  1585 - 2175 2.18 - 2.90 1.53 - 1.57

Elevated Pressure -- Oxidation (0.12% Oxygen)

Z 0.11 0 1602 - 2152 4.98 - 6.76 1.52 - 1.58

BB 0.119 1.60 ppm CO 1626 - 2136 4.89 - 6.21 1.52 - 1.58

AA 0.123 0.318 ppm Fe(CO)5 1644 - 2139 4.81 - 6.13 1.54 - 1.58
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In the material that follows, we begin with the results for pyrolysis of the

base benzene-argon mixtures, first at reaction pressures of 2-3 atmospheres and

then at reaction pressures of 5-7 atmospheres. The effects of additives are then

shown by comparing the experimental results obtained when iron pentacarbonyl (and

as a control, carbon monoxide) was added to the corresponding results for the

base mixtures. The large, unexpected increase in soot yield with the addition

of small amounts of carbon monoxide is a striking feature of these data. A

similar presentation of the results for oxidation then follows.

B. PYROLYSIS MEASURF.NIENTS

The series C, Q, D, and K were used to establish baseline cases for soot

production during benzene pyrolysis. To study the effect of iron on soot

production, iron pentacarbonyl was added in quantities to obtain 0.05 weight

percent Fe and 0.89 weight percent Fe. Experiments were also performed with

mixtures containing carbon monoxide at five times the molar concentration of

Fe(CO)5 . Since the Fe(CO)5 molecules dissociate into one Fe and five CO

molecules before soot formation begins, the comparison of the data from these

two mixtures (Fe(CO)5 vs. CC) revealed the effect of elemental iron during

benzene pyrclysis.

The map given in Figure 7 shows that, for the low pressure (2-3 atmosphere)

mea .remernts, there were two main groups of benzene concentrations studied. The

concentrations of these groups were centered about 0.28 percent and 0.38 percent.

At the reaction conditions, these concentrations resulted in an initial carbon

atom concentrations centered about 1.5 x 10 atoms/cm3 and 2.1 x 10- atoms/cm3,

respectively. Iron pentacarbonyl, at 0.05 weight percent Fe (0.557 ppm Fe(CO)5 ),

and carbon monoxide, at 3.0 ppm, were added to the mixtures in the lower

concentration group. For the group at higher fuel concentrations, iron

pentacarboyi, at 0.89 weight percent of fuel Fe (13.50 ppm Fe(CO)5), and CO, at

3.5 ppm and 63.8 ppm, were added.

For the elevated pressure (5-7 atmosphere) measurements, a single benzene

concentration group centered about 0.14 percent was studied. At the reaction

conditions, this concentration resulted in initial carbon atom concentrations
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centered about 1.5 x 10-17 atoms/cm 3, and provided a basis for evaluating the

effect of pressure. Iron pentacarbonyl and carbon monoxide were added, also at

proportionately reduced concentrations, to maintain essentially the same mole

ratio with benzene as was used the series at reduced pressures.

1. Effect of Benzene Concentration

Soot yields obtained for the four base-case benzene mixtures studied are

plotted versus reaction temperature, at four reaction times, in Figures 8. To

avoid excessive clutter, only the results for reaction times of 0.5, 1.0, 1.5,

and 2.0 ms are shown. The symbols represent actual data, while the solid lines,

which are least-squares fits to a Maxwell distribution, are added merely to guide

the eye. The Maxwell distribution is a convenient fitting function because of

its shape properties, but no representation of any kinetic model is implied.

The shape of the curves is bell-like, with the maximum soot yield

occurring at 180C-1900 K. These soot yield "bells" are similar to those reported

by Clary (Reference 15) and Frenklach (Reference 17), and the Series C

measurements match the data obtained by Clary for a similar concentration of

benzene in argon. The curves exhibit, as reaction time increases, a similar

shift of the temperature at which the soot yield is a maximum. Note that the

shift in temperature asymptotically approaches a limiting value of about 1900

K for long reaction times.

The soot yield dependence cn time, temperature, and concentration follows

the general trends predicted by Frenklach's conceptual model mentioned in Section

II (see page 9). In this model, the first reaction (Ri) represents ring

fragmentation, such as benzene forming acetylene, and the second reaction (R2)

represents polymeric additions of intact aromatic rings. At low temperatures

the addition of aromatic rings is the main pathway to soot formation. As the

temperature increases, so does the conversion to soot via these polymeric

additions. As the temperature is further increased, the fragmentation reaction

begins to dominate, reducing the number of intact aromatic rings, and therefore

slowing the polymerization reaction. At high temperatures, the fragmentation

reaction becomes predominant, and the final soot yield is low because the amount
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of aromatic fuel available for polymerization is rapidly consumed. Soot

for7ration from benzenie fragments may still take place, but the reaction is much

slower.

Note that the curves are steeper on Lle luw temperature side, but te-nJ

to "tail off" at higher temperatures. This characteristic is a reflection of

the temperature dependence of the laser-extinction traces. At lower

temperatures, there is a relatively long induction period before soot particles

beaan to appear. After this initial delay, however, the steepness of the

laser-extinction trace indicates that the rate of soot formation is sufficiently

high to form, considerable amounts of soot before the experiment was over. At

higher temperatures the induction time is much shorter, i.e., soot is formed much

sooner. The laser-extinction trace is very steep at the shock wave arrival, but

flattens out quic-kly.

The data for Series C (0.293 percent benzene, shown at the lower left

in Figure 8) matched the datc obtained by Clary (Reference 15) for a

concentration2 of 0.311 percent benzene; the slight difference in concentration

seemed to have little effect on the soot yield. The effect of increasing the

benzene concentration from 0.208 percent (Series D, upper left) to 0.293 percent

was negligible; the soot yield bells for these two mixtures were quite similar.

As is see. in t'e lower right of Figure 8, the base-case mixture with 0.373

percer:* ben.zne (Series K) resulted in higher soot yields. At 2.0 ms, the

maximum soot yield for this mixture was 34 percent, compared to 24 percent for

series C and D. Series Q (upper right in Figure 8) is discussed below.

So<ot yields for the base-case mixtures at a reaction time of 1 ms are

compared in Figure 9. Note that Series D and C (0.208 and 0.293 percent benzene)

are, within the scatter of the data, identical. The soot yields for series K

(0.373 percent benzene) are approximately 50 percent greater. The soot yields

for Series Q (0.277 percent. benzene) follow those for Series D and C in the low

and high temperature regions, but the fitted curve is narrower and higher in the

central region between 1850 K and 2050 K. This behavior must be viewed with

caution, how-.;er, since only three data points define the shape of the curve in

the central region. Note also in Figure 8 that for longer reaction times, the
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soot yields for Series Q follows more closely those for Series D and C than those

for Series K.

The induction times and rates for these four series are shown in Figure

i0. In this figure, as is the case for all induction time and rate data

presenter -n this paper, the straight lines through the data points are least-

square regressions of the natural logarithm of induction time (or rate) on

abholiite temperature (or inverse temperature). The induction time is seen to

decrease as the reaction temperature is increased. There is, however, no

apparent systematic variation of induction time with benzene concentration for

the four base-case series. An analysis of variance revealed no statistically

significant difference in either the slope or the magnitude of the regression

lines at the 90 percent confidence level.

Th-e trends of the regression lines for the soot formation rate are

csis en: with an Arrhenius rate expression of the form

R . = A [C6H 6 ]a exp(-Eai"RT) (2)

where A is the Arrhenius premultiplier, [C6H6 ] is the benzene concentration, a

is .he re' on order, Ea is the activation energy, R is the gas constant, and

st~ af ute temperature. The rate of soot formation is proportional to

the slope tre laser-extincio trace at the inflection point. The slope was

determined graphically, and it was often difficult to determine with precision

the location of the inflection point, especially at high reaction temperatures.

Since a small error in locating the inflection point can lead to a relatively

large err(}r in the slope, the measured rates of soot formation show considerable

scatter. Nevertheless, the measured rates exhibit the expected Arrhenius

behavior, i.e., the rate incred~es with both concentration and temperature.

Although the slopes of the regression lines are not significantly different,

indicatin: no statistically significant difference in the activation energies,

the increase ln rate with concentration is significant at the 90 percent

confide. leve.
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2. Effect of Reaction Pressure on Benzene Pyrolysis

To test the effect of pressure on benzene pyrolysis, a mixture of 0.144

mole percent benzene was shocked at 5-7 atmosphere pressures (Series M). At the

elevated reaction pressure, the initial carbon atom concentration ranged from

(1.52 - 1.62) x 10-17 atoms/cm3 , closely matching the concentration range for

Series Q. The soot yield curves for Series M and Q are shown in Figure 11; the

1-ms curves are compared in Figure 11. As can be seen, the magnitudes of the

soot yields for the two series are scarcely different. The slight decrease in

soot yield with increasing pressure is believed to be the result of scatter in

the data and not to be a significant effect. Recall also that series Q exhibited

a larger soot yield at a 1-ms reaction time than series C and Series D which had

higher and lower benzene concentrations, respectively. One can note, however,

that the maxiu m soot yield shifts to a lower temperature by about 50 degrees.

This same temperature shift was characteristic of all of the elevated pressure

measurements carried out in this study.

The induction times and rates for Series M and Q are shown in Figure 12.

As shown in the figure, the rates at high reaction temperatures were excluded

from the regression analysis because of the high uncertainty in the measured

values. Within experimental error, the induction times and rates obtained for

Series M and Q are identical. The small difference in the rate curves, although

not statistically significant, supports the observed shift of the soot yield bell

at the elevated pressure to temperatures about 50 K lower that the bell at the

lower pressure.

Over the 2-7 atmosphere reaction-pressure range used in this study,

there is little evidence of any significant effect of pressure on soot yield

during benzene pyrolysis, when the initial carbon atom concentration is held

constant. Although there is no apparent difference in the magnitude of the soot

yield as reaction pressure is increased, the temperature at which the maximum

soot yield occurs appears to decrease by about 50 K as the reaction pressure is

increased from 2-3 atmospheres to 5-7 atmospheres.
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3. Effect of Additives at 2-3 Atmosphere Reaction Pressure

The additive of interest in this study is iron. As discussed above,

iron was added to the test mixtures in the form of iron pentacarbonyl, Fe(CO):.

To ensure that the CO ligands released from the iron pentacarbonyl had no effect

on soot formation, it was necessary to study separately a series in which CC was

the sole additive. Since the desired iron concentration in a nominal 0.3 mole

percent benzene mixture was 0.557 ppm, and since each mole of iron pentacarbonyl

releases five moles of carbon dioxide, a mixture of 3 ppm carbon monoxide and

3000 ppm (0.3 mole percent) benzene was an appropriate control mixture. The soot

yield curves for a base-case mixture of 0.293 percent benzene (Series C), a

mixture of 3 ppm carbon monoxide and 0.278 percent benzene (Series G), a mixture

of 0.557 ppm iron pentacarbonyl and 0.275 percent benzene (Series H), and a

mixture of 3 ppm oxygen and 0.293 percent benzene (Series CC) are shown in Figure

13. The motivation for including the last of these series, with 3 ppm oxygen,

is discussed below.

Much to our surprise, the addition of a small amount of carbon monoxide

to the benzene mixture (in the proportion I to 1000) substantially increased the

soot yield. As seen in Figure 13, the maximum soot yield (at 2.0 ms) was

essentially doubled, increasing from 24 percent with the base-zase mixture to

44 percent with the addition of CO. The general shape of the soot-yield bells,

however, was unaffected.

The addition of 0.56 ppm Fe(CO)5 to a 0.275 percent benzene mixture

raised the level of soot production, again without affecting the shape of the

soot yield bells. The increase when compared to the base case was from 24

percent to 42 percent. It is reasonable to conclude that the increase of soot

yield with the Idition of iron pentacarbonyl owes to the CO ligands rather than

the iron. Indeed, the presence of iron appears to decrease slightly the

enhancement effect of the carbon monoxide.

T, check fur possible artifacts resulting from shock heating carbon

mcnoxid- or iror- pentacarbonyl themselves, a separate series of measurements were

made, first with a mixture of 3.0 ppm carbon monoxide in argon and then with a
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mixture of 0.56 ppm iron pentacarbonyl in argon. Over the same temperature range

used for the additive-benzene mixtures, no attenuation of the laser beam c( ld

be detected, i.e. the carbon monoxide and iron pentacarbonyl additives themselves

were no- contributing to the measured soot yield. Thus the observed enhancement

of soot yield with these additives must owe to a modification of the complex

chemical pathways for the production of soot from benzene.

At the suggestion of Dr. Michael Frenklach, oxygen was added in place

of the carbon. monoxide. As can be seen in Figure 13 (lower right), the addition

of a small amount of oxygen did increase soot yield, but not nearly to the extent

observed with the addition of carbon monoxide. The increase in soot yield is

only about a third of that observed with the addition of carbon monoxide.

To aid in the comparison of the four series shown in Figure 13, the soot-

yield curves at 1-ms reaction time are superimposed in Figure 14, and the

inductior imes and rates are shown in Figure 15.

Nc-:, Trat the additior. of 3.0 ppm of carbon monoxide (Series G) greatly

increased the level of soot formation from the base case (Series C), raising it

nearly three foid (from a maximm of 11.3 percent to 27.5 percent), but without

changlnu th! c:.eraI shape of the curve. The iron pentacarbonyl mixture (Series

H) resulted in a higher level of soot than the base case, but a lower soot yield

than tne carnon monoxide mixture.

The induction times for the benzene-additive mixtures are compared to

those of the base-case mixture in Figure 15. The benzene-additive mixture data

varied littip from the base-case. An. analysis of variance showed that there was

no significant difference in the fitted lines at the 0.05 probability level.

Th effect of additives on the rate of soot formation is also shown in

Figure 15. The fitted lines to the rate data show an increase in rate with the

adji' ior, of botI iron p(<.tacarbonyl and carbon monoxide. The addition of carbon

monoxide ;ncreased the rate by approximately 40 percent, and the addition of iron

perntacarbonyl increased the rate by approximately 26 percent. Note, however,

that the adit in of either carbon monoxide or iron pentacarbonyl did not effect
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the slope of the regression line. Thus the effect of the additives is to alter

the Arrhenius pre-exponential multiplier and not the activation energy. The

rates found for the benzene-oxygen mixture are below those for the base-case

mixture, and the slope of the regression line appears to be greater, i.e. the

activation energy is increased. Although the number of data points are small

and the scatter is large, the difference in the slopes of the rate regression

lines for the base-case and oxygen mixtures are significant at the 0.05 level

of probability. There is not an difference, however, in the intercepts of the

regression lines.

The increase in soot yield with the addition of carbon monoxide and iron

pentacarbonyl to mixtures of 0.275-0.293 mole percent benzene in argon motivated

a series of measurements for mixtures with increased levels of benzene, carbon

monoxide, and iron pentacarbonyl concentrations. The soot-yield bells for these

four series are shown in Figure 16, the 1-ms curves are shown in Figure 17, and

the induction times and rates are compared in Figure 18. Recall that the base-

case mixture of 0.373 percent benzene was compared to the benzene mixtures of

S208, 0.270, and 0.293 percent benzene in Figures 8-10.

As in the previous case, the addition of 3.5 ppm carbon monoxide to a

mixture of 0.373 percent benzene in argon increases the soot yield. The increase

is not as dranratic, however, as it was for the 0.278 percent benzene mixture.

A tweitclc increase in the amount of carbon monoxide added further increases

the soot yield, but not proportionately. Finally, the addition of 13.5 ppm iron

pe-'acarbonyl to a 0.382 percent mixture of benzene in argon resulted in soot

yields approximately equal to the base-case mixture. These trends can be

observed by comparing the soot-yielK I ells for Series K, F, P, and J in Figure

16, and the 1-ms curves in Ficure 17. Nute in Figure 17 that the addition of

3.5 ppm carbon monoxide (Series F) increased the maximum soot yield by

approximately 18 percent, while the addition of 63.8 ppm carbon monoxide

increased the maximum soot yield by approximately 56 percent. Thus the percent

increase in soot yield was about three fold with an 18-fold increase in carbon

monoxide concentration.
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Note also in Figure 17 that the 1-ms curve for Series J (13.5 ppm iron

pentacarbonyl) is essentially identical to the base-case mixture (Series K).

The amount of carbon monoxide release by the 13.5 ppm iron pentacarbonyl was

equivalent to 67.5 ppm, or nearly the same amount of carbon monoxide used in

Series P. Thus the iron pentacarbonyl appears to reduce the enhancement of soot

yield by carbon monoxide. Although this effect was also seen in *he mixtures

with lower concentrations of benzene, the effect is much more dramatic at higher

concentrations of iron pentacarbonyl.

The induction time for these four series are indistinguishable, as seen

in Figure 18. The rate regressions lines, also shown in Figure 18, reflect the

behavior observed in the 1-ms curves for Series J and K, i.e. the rates are

identical. In contrast the rates for Series F and P (3.5 and 63.8 ppm carbon

monoxide respectively) appear to be less at higher temperatures and greater or

equal at lower temperatures. However, because of the scatter in the data,

neither the magnitude nor the slope of any of the four regressions lines are

sicnificanr.:y different at the 0.05 probability level.

4. Effect of Additives at 5-7 Atmosphere Reaction Pressures

TL. effect of carbon monoxide and iron pentacarbonyl additives at

rea.t ic Dres.ure: from 5-7 atmospheres is indicated by the soot-yield bells for

SErIe - M, C, and N shown in Figure 19. Note that the concentration of benzene

and additives have been reduced to provide approximately the same initial atom

concentrations (at the elevated reaction pressure) as prevailed in the

measurements at 2-3 atmospheres. As can be seen, the soot-yield bells at all

reacticT, times are nearly identical. This can be seen more clearly in the

superimposed 1-ms curves shown in Figure 20 and the induction times and rates

shown in Figure 2]. Although the rates for the benzene base case (Series M)

appear to increase more rapidly with temperature that the rates obtained with

additivec-, the differences in the slopes and magnitudes are not statistically

significant . Note also that the rates measured at the highest temperatures have

no been included in the regression analysis because of the high degree of
unc('rtcai'y in measuring the slope of the laser attenuation trace obtained at

elevated temperatures.
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These results show no effect of either carbon monoxide or iron

pentacarbonyl on soot yield during benzene pyrolysis at 5-7 atmospheres. Thus

the increase in soot production effected by carbon monoxide at 2-3 atmospheres

is suppressed at 5-7 atmospheres. Also, the absence of any effect with the

addition of iron pentacarbonyl supports the conjecture that iron pentacarbonyl

suppressed the effect of carbon monoxide at 2-3 atmosphere reaction pressures.

C. OXIDATION MEASURF-MENTS

The base-case mixtures for the oxidation measurements were approximately

equimolar mixtures of benzene and oxygen in argon. Preliminary runs with

stoichiometric addition of oxygen (7.5 moles oxygen per mole of benzene) showed

a total absence of soot formation. Thus the rich, equimolar mixtures were used

as the base case in order to provide adequate sooting, but at a lower soot yield

than for the pyrolysis measurements. As with the pyrolysis measurements

discussed above, two levels of reaction pressures were used.

For the lower, 2-3 atmosphere reaction pressures, the benzene concentrations

were maintained near those used for the pyrolysis measurements, i.e. 0.27-0.29

mole percent. rhe oxygen concentration was maintained at 0.28 percent. For the

higher, 5-7 atmosphere reaction pressures, the benzene concentration ranged from

0.11-0.12 percent, and the oxygen concentration was maintained at 0.12 percent.

The initial fuel and oxygen atom concentrations were thus held approximately

constant as the reaction pressure varied.

Both carbon monoxide and iron pentacarbonyl were used as additives. At the

lower reaction pressures, two concentration levels were used for the additives;

3.0 and 62.5 ppm for carbon monoxide, and 0.5 and 11.5 ppm for iron

pentacarbonyl. At the higher reaction pressures, however, only one concentration

level was used -- 1.60 ppm carbon monoxide and 0.318 ppm iron pentacarbonyl.

These levels provided initial atom concentrations at the elevated reaction

pressures equivalent to those used at the lower, 2-3 atmosphere reaction

pressures.
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1. Effect of Additives at 2-3 Atmosphere Reaction Pressures

The effects of carbon monoxide and iron pentacarbonyl as additives to

equLmclar mixtures of benzene and oxygen in argon are illustrated by the soot-

yield bells in Figure 22 and the superimposed 1-ms curves in Figure 23. The

corresponding curves obtained for the pyrolysis of a mixture of 0.270 percent

benzene in argon are included for comparison. The induction times and rates for

the four mixtures are shown in Figure 24.

The addition of oxygen to the benzene mixtures reduces, but does not

elLminate, the soot yield. As mentioned above, the sociometric amount of oxygen

required for complete combustion of the benzene is 7 moles oxygen per mole of

benzene, so an equimolar mixture is still very rich. The maximum soot yield at

1-ms reaction time was reduced by 42 percent with the addition of oxygen. The

shape of the soot-yield bells, however, was not altered. As can be seen in

Figure 24, the. addition of oxygen increases the slope of the rate regression

line, indicating an increase in the activation energy. The induction time,

however, appears to be unaltered by addition of oxygen.

The resuIts shown inn Figures 22-24 show that neither carbon monoxide

(at 3 ppr-) nor iron pentacarbonyl (at 0.5 ppm) affect soot production for

eaum<c ar r:tures of benzene and oxygen shock heated at 2-3 atmosphere

pressures. This negative result motivated another series of measurements with

the concentration levels of the additives increased by about 20 times. These

results are sY ,wn in Figures 25-27. As can be seen, the soot yields, induction

times, and rates with the addition of 62.5 ppm carbon monoxide and 11.5 ppm iron

pentacarbonyl are indisting-uishable from tne corresponding results obtained with

the lower concentration levels of the additives, i.e. no effect of either carbon

monoxide or iron pentacarbonyl could be observed for oxidation measurements at

2-3 atmosphere reaction pressure.

2. Effect of Additives at 5-7 Atmosphere Reaction Pressures

The final series of measurements were carried out with equimolar benzene-

oxygen mixtures at reaction pressures from 5-7 atmospheres. The concentration
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of benzene, oxygen, carbon monoxide, and iron pentacarbonyl were reduced

proportionally such that the initial atom concentrations were equivalent to those

used at reaction pressures from 2-3 atmospheres.

The results are showr in Figures 28-30. The curves obtained for benzene

pyr. .yy:s a! 5-7 atmospheres (Series Q) are included for comparison. As was the

case for the lower reaction pressures, The addition of an equimolar quantity of

oxygen rectces soot yield. As shown in Figure 29, the maximum soot yield at 1-

ms reaction time is reduced by about 30 percent. The effect of oxygen on the

rate of soot formation at 5-7 atmospheres is the same as at 2-3 atmospheres, i.e.

the slope of the rate regression line is increased indicating an increase in the

activation energy.

In contrast to the oxidation measurements at the lower pressures,

however, the addition of carbon monoxide increases soot yield. This is seen most

coeary in the :-ms curves of Figure 29. With the addition of carbon monoxide

(Series B), the maximum soot yield at 1 ms is nearly identical to the soot yield

fonJ during pyrolysis measurements (Series M), i.e., the addition of carbon

monoxide at one part per 75Z parts benzene nearly eliminates the soot reduction

effects of the oxygen.

T. awz:txon of iron pentasartonvl, in turn, eliminates the soot

ent-" n; : }' carbon mn7Jx1 0&. The soGt yields obtained with the addition of

0.318 ppm iron pentacarbonyl are, within the scatter of the data, identical with

those obtained for benzene oxidation. Thus the effect of iron is to eliminate

the enhancement of soot yield by carbon monoxide. This effect of iron was seen

in -he pyrolysis measuremerts at 2-3 atmospheres, where the iron was shown to

reduce the enhancement effect of carbon monoxide, especially when the

concentration of benzone was increase.

As shwn in Figure 30, the addition of carbon monoxide did not affect

the slop; of the rate regression line, bu* only its magnitude. The enhancement

effect by carbon monoxide (anO the elimination of this effect by iron

pentacirr 7y!) is no throug a 7hange in th activation energy. Note also that
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ne it he.r oxy geT, carbuon monoxide, or iron pentacarbonyl have a sign if icart ef f ect

of t he ind.y t ior, time.

D. SUMMA;,Y t0 EXP'A< 'IMENTAI, RESULTS

T!,, t s t.-or. ,:arbon monox ide on soot format ion was an unexpected phenom(nia

that par" iji 'y ob:;cured ary effect of iron. The effects of carbon monoxide are

surmarized in Figqure 31. The addition of carbon monoxide (at near-tract amounts)

nearly doubled soct yield during benzene pyrolysis at 2-3 atmosphere reaction

pressures , ind increase soot yield by more than 35 percent during benzene

oxidat Ion at 5-7 atmosphere reaction pressures. In terms of Arrhenius;

parameters, this increase was through the preexponential multiplied (frequency

factor) rath-r than the activation energy. No effect of carbon monoxide could

be observed, however, for either benzene pyrolysis at 5-7 atmospheres or benzene-

ox dat ot. at ?-1 atmospheres.

T.fe1" oIf iron, through. the addition of iron pentacarbonyl, was to reduce

th(. erha-mert of soo:, t yield Ly carbon monoxide. This effect was strongest for

ber.sene oxidatio: at 5-7 atmospneres, where the enhancement by carbon monoxide

was tota'. y eliminated.

,:.- ob. , -v n:; crn.:ot be explained by any existing models of soot

:urc i:, cre.: ry. Ttne results cleariy show, however, that the effects of

carbon monoxidu (and the reduct ion of these effects by iron pentacarbonyl) are

chemical in nature. This, in turn, suggests that carbon monoxide and iron

perntacarbonyl might be useful chemical probes to elucidate better the complex

chprr ca w pa'wayz; to ,soot forma ion.

Somp. F.,lot studies on the m rphrology of the soot formed in these experiments

were, als.,) carried )ut. Tho(-e studies suffered from the difficulty in obtaining,

in a sir.r;.r ,hck or even several repeated shocks, sufficient amounts of soot

for aari y. . s; t s st sam(i were collected on glas., plates affixed to the

dr ver t tr nh :k tub' . Altt Kugh the resu t s of these studies are far too

ter , t,, d u; in dot a , thc general observat orn; should be mentioned.
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Figure 31. Surrary of Effects of Carbon Monoxide on Soot Yield During Benzene
Pyrolysis and Oxidation.
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Transmission electron micrographs (100,OOOX) showed that the soot was highly

agglomerated, with the component spherules in the size range of 8 to 12 nm,.

There appeared to be some tendency of the spherule size to diminish at higher

reaction temperatures, but the addition of carbon monoxide or iron pentacarbonyl

did not appear to affect the size.

A preliminary analysis of the soot samples also showed that the carbon was

primarily graphtic with some aliphatic and aromatic bonds.
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SECTION V

CONCLUSIONS

1. The experimental measurements Carried out in this study showed no direct

influence of iron on the production of soot during either benzene pyrolysis

or benzene oxidation; i.e., our results show that iron has negligible

influence on soot formation chemistry.

2. The use of iron pentacarbonyl in place of ferrocene led to an unexpected

enhacement of soot production that partially obscurred the influence of iron.

This enhancement occured for low-pressure pyrolysis and high-pressure

oxidation, but not for sow-pressure oxidation or high-pressure pyrolysis.

3. At the concertrations of iron pentacarbonyl used in this work, no nucleation

of iron vapor could be observec when iron pentacarbonyl alone was subjected

to shock heating. This indicates that the observed enhancement of soot yield

by iron pentacarbonyl owes to chemical effects rather than physical effects,

such as iron nuclei providing condensation sites for soot. Tnis conjecture

is strogv suppo rted by the parallel increase in soot yield, at the same

ex_.erimental conditions, when carbon monoxide alone was added to the fuel

mixtures. In terms of a global Arrhenius rate model, the enhancement of soot

yield by carbon monoxide (at its mediation by iron pentacarbonyl) is through

the pre-exponential nultiplier rather than the activation energy. Also, the

influence of carbon monoxide does not appear to increase in stoiciometric

piopurt ion.

4. An indirect influence of iron was evidenced by its ability to reduce the

enhancement of soot yield by carbon monoxide. For low-pressure pyrolysis,

the influence of iron increased as the fuel concentration increased. For

high-pressure oxidation, iron completely eliminated the enhancement of soot

yield by rar-on monoxide. This result suggests that the beneficial effects

of ferr:"'n observed for some gas turbine combustors may owe to the
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secondary influence of iron on stable intermediates or radicals generated

along the complex chemical pathways to soot formation.

5. No influence of pressure on soot production was observed when the

concentration of carbon atoms, at the reaction conditions, was held constant.

This result indicates that the increase in sooting tendency with an increase

in pressure observed by other investigators owes to fuel concentration rather

than reaction pressure.

6. Current detailed modeling studies of the soot formation process offer no

satisfactory explanation for either the enhancement of soot yield by near-

trace amounts of carbon monoxide or the action by iron to reduce or eliminate

this enhancement. The peculiar dependence of these phenomena on pressure

and oxygen level indicates that these additives may serve as effective

chemical probes to help unravel the complex, high-temperature, gas-phase

reactions that comprise the combustion process.
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APPENDIX A

DETAILS OF EXPERIMENTAL DATA

This appendLx contains tables listing the details of the experimental data.

For each experimental series, the following parameters are tabulated:

EXP. NO. : this number identifies the experimental series and the

track of the floppy disk on which the pressure and laser

attenuation data are stored.

T5  : temperature behind the reflected shock wave

SOO7I YIELD : percentage of fuel converted to soot * E(m)

DELAY indiction time for soot formation

RATE : rate of soot formation

PC' :pressure behind the reflected shock wave

T1  room temperature

C5  :molar concentration behind the reflected shock wave

[C], : concentration of carbon atoms behind the reflected shock

wave
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