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CH and C, Measurements Imply a Radical Pool within a Pool in Acetylene Flames
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Measured CH and £profiles show a striking resemblance as a function of time in a series of seven well-
characterized fuel-richgd = 1.2—2.0) non-sooting acetylene flames. This implied commonality and
interrelationship are unexpected as these radicals have dissimilar chemical kinetic natures. As a result, a
rigorous examination was undertaken of the behavior of each of the hydrocarbon species known to be present,
C, CH, CH, CHs, CH,, CHO, CHOH, CHO, CH,0OH, CH;0O, CH;OH, C,, C;H, C,H,, CHCO, CHCO, and

C,0. This emphasized the main region where CH ap@@ observed (50600 us) and reduced the kinetic
reactions to only those that operate efficiently and are dominant. It was immediately apparent that this region
of the flame reflects the nature of a hydrogen flame heavily doped with CO anda@Dcontaining traces

of hydrocarbons. The radical species, H, OH, O, along withH4O, and Q, form an important controlling

radical pool that is in partial equilibrium, and the concentrations of each of the hydrocarbon radicals are
minor to this, playing secondary roles. As a result, the dominant fast reactions are those between the
hydrocarbons and the basic hydrogen/oxygen radicals. Hydrocahyainocarbon reactions are unimportant

here at these equivalence ratios. CH andat@ formed and destroyed on a sub-microsecond time scale so
that their flame profiles are the reflection of a complex kinetically dynamic system. This is found to be the
case for all of the hydrocarbon species examined. As might be expected, these rapidly form steady-state
distributions. However, with the exceptions of C, CHO, CHOH, and.@Hwhich are irreversibly being
oxidized, the others all form an interconnected hydrocarbon pool that is under the control of the larger hydrogen
radical pool. The hydrocarbon pool can rapidly adjust, and the CH ande€ay together as the pool is
drained. This is either by continuing oxidation in less rich mixtures, or in richer flames where this is negligible
by the onset of hydrocarberhydrocarbon reactions. The implications of such a hydrocarbon pool are
significant. It introduces a buffering effect on their distribution and provides the indirect connection between
CH and G. Moreover, because they are members of this radical pool, flame studies alone cannot answer
questions concerning their specific importance in combustion other than their contributing role to this pool.
The presence of such a pool modifies the exactness that is needed for kinetic mechanisms, and knowledge of
every species in the system no longer is necessary. Furthermore, as rate constants become refined, it will
allow for the calculation of the relative concentrations of the hydrocarbon species and facilitate reduced
kinetic mechanisms. It provides an explanation for previous isotopically labeled experiments and illustrates
the difficulty of exactly identifying in flames the role of individual species. It resolves the fact that differing
kinetic models can show similar levels of accuracy and has implications for sensitivity analyses. It finally
unveils the mechanism of the flame ionization detector and has implications for the differing interpretations
of diamond formation mechanisms.

I. Introduction this by Bernstein et af.,but no measurements were made.
CH and G are well-established ubiquitous radicals in fossil Recently, Smith et & similarly added several reactions of C
fuel combustion. They have a rich spectroscopy and have beenf® GRI-Mech 3.0 but were emphasizing the comparison of its
studied from the earliest of days, initially mainly due to their 9round- and excited-state populations. The latest effort by
chemiluminescent nature. Despite innumerable studies, theirBrockhinke et al* obtained the profile of €in a single low-
roles and relationships in the general chemical kinetics of Pressurep = 1.5 propene flame, but initial attempts to model
combustion remain unknown. The participation of CH in this were not fruitful. Consequently, as with other trace species,
“prompt” NO formatiod and in chemi-ionizatich now is concentrations and profiles are obtained, but no questions are
accepted, and kinetic modeling of observed CH concentration answered concerning whether the species is playing an important
profiles is becoming reasonably adequate in methane fueledrole or not. In discussions in recent years, such questions have
flames® Much less is known of the nature o Mainly due to been resurfacing as to whether CH of i@ay be involved in
a lack of reaction rate data, it has never been included in anysoot formation or play a pivotal role in flame diamond
of the large kinetic modeling databases created for fuels suchdeposition. Many years ago, the first elegant isotopically labeled
as methane or acetylefi¢? A cursory effort was made to do  experiments of Fergus#h indicated that excited £d) in
. acetylene flames is formed from two single carbon fragments.
* Corresponding author. Phone: (805) 966-6589. Fax: (805) 965-9953. . . . .
E-mail: combust@mrl.ucsb.edu Yet even now its exact formation mechanism remains specula-
T Retired. tive.10 Also, since that time many other interestitig-, 14C-,
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and D-labeled fuel experiments have been reported that remainexamination of these absorption studies that used fuel-reh/C
unexplained. Twenty years ago, by monitoringi€absorption O, or N;O flames of equivalence ratios from 0.8 to 3.3 and
with a low-pressure §H,/N,O flame, Darian and Vanpé&e pressures from 2.6 mbar to atmospheric pressure shows reason-
concluded as had Gaydon and Wolfhidrthat a reasonable  able agreement, indicating peak concentrations of the order 60
fraction of the flame carbon seemed to transfer through this 180 ppmv. None illustrate the effects of equivalence ratio on
radical. Whether this is true or not still has not been answered. the G flame profile, but Bulewicz et &° do show the variation

For these and other reasons, it was decided to examine theof the peak density. Two additional studies obtained flame
chemical kinetic behavior of CH and,®y monitoring their profiles for G using LIF?223 Of these, the latté? noted also
ground-state concentrations along with those of OH and H in a that its concentrations in a stoichiometric acetylene flame can
series of well-defined and characterized fuel-rich acetylene be at least 42 orders of magnitude larger than the correspond-
flames. Its main aim was not to improve kinetic models or ing measures with CKIC,Hg, or GHy fuels. The similar smaller
suggest new modeling techniques but rather to understand thevariations between these latter three fuels have also been
basic relationship between these two radicals and establish theirreported with equivalence ratios of 1.01 and 1128.

roles. As will be seen, the implications of the measurements,  Also dominant under fuel-rich conditions, CH concentration
coupled to simple kinetic considerations, have provided a |eyels have been measured more extensively than fcand
fundamentally rich grasp of the interplay between all of the basic for equivalence ratios as low as 0.4 and well into sooting flames
hydrocarbon species in the flame zone immediately adjacent toyjth a value of 3.3. Concentrations are at least 3-fold larger in
the reaction zone. This initial paper presents the experimentalstojchiometric acetylene flames than in less unsaturated fuels
data and the logical analysis that lays the foundation for this that are all very simila#3 This rather invariant behavior in GH

new insight. C:Hs, or GH, flames now has been confirm@#? For acetylene
) ) flames, profiles are again short-lived and indicate concentrations
Il. Previous Measurements of CH and G in Flames of about 16-100 ppmv. There is a slight pressure and

temperature dependentepbut all measurements obtaining
concentration profiles through the flame have been made at
reduced pressures of from 3 to 130 mbar{®0 Torr)1820.21.2328

Of these studies, four with reduced pressure acetylene flames
did obtain profiles of both CH and £38.2021.23\More will be

said later of this prior body of work in connection with the new
data presented herein, and on the previous limited efforts to

CH, G, OH, and H, the species measured in this program,
all overshoot their thermodynamic equilibrium concentrations
in the reaction zone of premixed fuel-rich hydrocarbon flames
and decay toward equilibrium in the post-flame gases. For OH
and H, the overshoots are several orders in magnitude, and thei
chemistry is such that decay is relatively slow due to kinetic
constraints on recombination. As a result, they can extend for /. ) . .
many milliseconds in a fast burning flame at atmospheric kinetically model the observed profiles, which have mainly

pressure. €and CH at equilibrium should not exist in these emphasaed CH measureme_nts inAJtames. ]
flames (<10-2 mole fraction), so any observation is a It is because of these basic facts, together with acetylene’s
significant overshoot, and in this case their decay generally is faster burning velocity, that £, was chosen as the preferred
rapid. Many measurements of CH op €oncentrations have fuel system for this study. Also, the use of flat flame atmospheric
been reported in a wide variety of flames burning alkane, alkene, Pressure burners provides well-defined spatial/time resolution
and acety|ene fue[@_However, due to the fact that by adjusting W|th which to examine kinetic rates in a controlled flame
either fuel type or conditions their concentrations can be tailored €nvironment.
to a low ppmv scale, the main emphasis often has centered more The last 25 years has seen very significant efforts to develop
on such flames representing a convenient source of thesegeneric chemical kinetic combustion models for the numerous
radicals. As a result, over the years, this has provided a meanduels that are used in a multitude of combustion mcdégit
for testing any new analytical monitoring technique and has has been driven mainly by continuing environmental concerns
been used to establish sensitivity limits. Little has emerged from with pollutants and also with the increasing introduction of
such studies concerning flame chemistry. Nevertheless, fortu-alternate fuels. Not surprisingly, this has led to mechanisms with
nately there have been several quantitative studies that haveeaction schemes that can include large numbers of species and
examined their specific natures in a variety of flames. Of these, many hundreds of reactiols831-33 Because of the resulting
even fewer have simultaneously monitored both radicals. computational limitations of trying to couple such chemical
Generally, what has been established is that their concentrationgkinetics into computational fluid dynamic models, this has seen
are vanishingly small in oxygen-rich flames but increase the introduction of numerous innovative mathematical methods
significantly for stoichiometric and larger equivalence ratios. for simplification. Generally, these are based on the separation
Also, their peak levels are largest in acetylene flames and of reactions according to their time constants and invoking
decrease with increasing bond saturation of the fuel. steady-state methods. These are the so-called Intrinsic Low-
For G, seven quantitative absorption studies have been Dimensional Manifol@37 or the Computational Singular
reported in acetylene flames. These generally have used thePerturbatiof® 4% approaches or other more recent emerging
strong dIg—a’, (0,0) band originating from its low-lying  reduced model concept5?2In a few of the modeling attempts
electronically excited stafé:'621 To convert these measure-  with acetylene, pictorial reaction networks outline the numerous
ments to an absolute,@oncentration requires the temperature reactions interconnecting the many speéié$ Of the two
of the lower state and an assumption of an equilibrated species of interest to the present study, only CH is considered.
distribution over the rotational, vibrational, and electronic The models suggest that CH is either one step away from final
manifolds of the partition functions, which does appear to be oxidation or may with GH, be a building block forc-CsHo.
the case certainly for this’H,, state2® Although &I1, lies 612 Overall, it does not appear to be too interesting. One is left
cm ! above the X=4t ground state, at flame temperatures it concluding that hydrocarbon combustion is a rather chaotic
will represent about 80% of the ;,Qpopulation due to its  jumble of coupled reactions all rushing toward oxidation that
degeneracy and as shown later is equilibrated with the groundcan only be comprehended as sets of species whose concentra-
state at atmospheric pressure within a microsecond. A re-tions have individual time profiles. Roles, interconnections, or
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relationships between species appear to be but fleeting steadyprone to combustion-produced soot formattélso, the G
state distributions that bear little meaning. Consequently, formed in the photofragmentation of benzene eHgCappears
although models have yet to examine minor species such ason a picosecond time scale and in the latter case is the result of
CH and G in any significant detail due to the lack of sufficiently  a rapid two-step process viak.6%-61 Photodissociation of the
accurate rate constants, the general consensus tends to suggesiolecule CEOOCF; even manages to produce.€ Also, as
that in most situations their roles may be of little significance. reported in several LIF measurements ¢f i€ flames, extra
care must be taken particularly in near- or sooting conditions if
lll. Hints of an Underlying Simplicity it is to remain a non-intrusive monitor. Depending on the laser
d wavelength and fluence, it is easy to producerCthe burned
J9ases from either the soot or some other carbon raghi€ar*
The latter stud$# also noted nascent,Gn the vicinity of the
burner, indicating a rapid prompt-type formation and growth.
The significant thermodynamic stability particularly ob &
undoubtedly a driving force in some of this chemistry, the bond

Although a general atmosphere of complexity is conveye
by previous flame studies, there are somewhat unconnecte
observations that have been reported for a long time that hint
that this may not be so. The flame ionization detector (FID)
now has been a commercial instrument for almost 50 y&dbs.

It is a very effective measure of gas-phase total carbon in a . :
stream of mixed hydrocarbons. It integrates and essentially Srengths oflthese radicals beibg(Cz) = 608 andDo(CH) =
counts carbon atoms to a good approximatfior? It is widely 335 kJ mot™. ) )

used, but the full details as to how and why it actually works A Very relevant and important observation was made by Chou
so well still are not fully understood! Generally, it is accepted and Dearf> With an original and very novel technique at the
that the organic molecule breaks down toGhithe small pure-  time, they used a high-power ArF laser at 193 nm to perturb
hydrogen diffusion flame that burns in air. This then produces the burned flame gases. The laser pulsed righ=(1.6-1.8)

CH radicals and chemi-ionizes by the reaction sequéfite: atmospheric pressure GHlames, and then a probe laser
monitored the time-resolved decay of the enhanced concentra-

tions of the CH radicals that had been created. These were seen
to recover with a decay lifetime (1/e) of aboutus. This
indicated that very fast removal kinetics was involved; yet the
normal flame CH concentrations could extend at least 40-times

) _ longer. The only conclusion to be drawn was that CH is
The flame ions are ¥0" and electrons, the latter being constantly being formed and destroyed throughout these burned
monitored quantitatively. The surprising discovery, which has gases. Moreover, as will be seen later, the chemical quenching
never fully received the credit deserved, was that the number (ates for CH now are known to be even faster thaws5and

of electrons produced correlatgs almost linearly with the quantity why the perturbation lasted as long as it did has intriguing
and number of carbon atoms in the hydrocarbon. If a concentra-jmpiications.

tion of methane produces a certain electron signal, a similar Because, taken together, such aspects obviously seem to be
molecular concentration of toluene or heptane will show a 7-fold conveying some basic behavioral information, it was decided
enhanced signal, cyclopentane about 5-fold, and ethylene 2-fold.;q monitor G and CH concentration profiles as a function of

In other words, there has to be a certain underlying simplicity (ime in a series of seven fuel-rich acetylene flames, and also to
whereby all hydrocarbons on combustion produce CH in alinear ,se flames that could be well characterized concerning their

proportion to their carbon content. This appears to be a largely j,5qjc temperatures and HgHOH, O, O, CO, CQ, and HO
forgotten observation that has to contain significant implications fame concentration profiles.

for combustion and kinetic modeling. No kinetic modeling has
yet resolved this occurrence satisfactorily. Nichofenodified
the model initially suggested by Blad&sn which the hydro-
carbons are all either initially H-atom cracked or pyrolyzed to A flat-flame front atmospheric pressure Padt&Sugden-type
CH, in the narrow pre-heating zone upstream of the flame front. burner was use#f Flows produced a cylindrical one-dimen-
More recently, Holm and Madse&4134 conclude that they have  sional laminar flame that consisted of an inner experimental
resolved the mechanism as a hydrogenolysis of the hydrocarborflame into which additives might be made, surrounded by an
to methane. However, none of the models are fully satisfactory otherwise identical flames. This outer flame helps to maintain
and fail to explain how the further steps to CH remain a linear the inner flame shape over many centimeters length, improves
process and are not modified by further reduction to C-atom. stability, and removes any perturbing edge effects. The circular
Moreover, the creative experiments of Wagner &t affectively cross-section inner-core flame, burned vertically, has a uniform
ruled out all of these mechanisms. They interchanged the flow temperature and concentration across its diameter of about 11
lines so that the hydrocarbon sample was injected into an airmm. Radial diffusion generally is minimal and neglected at
jet that burned in a cloud of hydrogen. Sensitivity was reduced, atmospheric pressure. Premixed gases are controlled by mass
but the relative responses and the linearity remained unchangedflow meters and in the present study involved a matrix of seven
Consequently, the explanation has to lie in the combustion fuel-rich GH2/O2/N, mixtures that burned soot-free with
mechanism itself. equivalence ratios of 1.2, 1.6, and 2.0. A stoichiometric mixture
A second feature of numerous organic molecules is their for an acetylene flame containst€,/O, in the unburned gas
apparent ease on fragmentation of producingT®is has been  volume ratio of 1:2.5. Flame temperature is controlled by the
known for a long time, having been noted in shock tube ratio of N, used. The seven flames burned had unburned volume
pyrolysis of organics, €, and acetylen&—58 |t has also been  ratios of GH,/O,/N; of 1.2/2.5/10, 1.2/2.5/12, 1.2/2.5/14, 1.2/
seen, for example, in many multiphoton absorption experiments 2.5/16, 1.6/2.5/10, 1.6/2.5/12, and 2.0/2.5/10. Temperatures for

CH+O=HCO" +e

HCO" + H,0=H,0" + CO

IV. Experimental Methods

with molecules such as83Cl, C;HsNH,, or GsHe.5° C, can these fell in the range 175450 K, and a combustion time
be a primary product of such fragmentations. Moreover, at of 0.25 ms corresponded to downstream distance flame lengths
higher pressures even @BH will produce G.3° This is of about 1.13.1 mm. Because of the short-lived nature of the

especially intriguing as methanol is one fuel that is not easily hydrocarbon radicals in these burned gases, measurements
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emphasized the 0-10.5 ms region in most flames but did extend ' i " 2/25/10 2556
to 1.5-2.5 ms in the richest flame examined. A fuel-rick) b |  __—" | 2488
O2/N3 (4/1/2 unburned volume ratios) containing 1%,3050 2400 625 -
was used to facilitate an absolute calibration of the laser-induced 2360
fluorescence (LIF) measurements of OH concentrations. It was - _-—"TFoj28/10
previously confirmed at 2 ms downstream in such a 2400 K /./'/

flame that the OH concentration is at its equilibrium value and B — 16/25/12 _ gggg
so provides a convenient scafdiThe burner was mountedon = |——7"

a computerized platform driven by a stepped motor that could 12/25N12

accurately raise or lower it relative to the optical axis.
Fluorescent radiation from the flame is collected on a two-mirror
rotator that images a horizontal slice of the flame at flame center
into the vertical entrance slit (50m wide by 0.5 cm high) of

a monochromator. This spectrometer is sufficient to resolve
rotational structure and also defines the flame spatial resolution
of about 0.1 mm, or with these flames, times of about 6.01 1800
0.02 ms. For very low spectral intensities, slit widths could be

increased with only slight loss of spatial resolution. L | | L

When needed, an ultrasonic nebulizer injected small quantita- 02 , 04 06
. . . L Time (ms)
tive additions of a fine aerosol of an aqueous salt solution into )
the inner flow gases. Solutions of NaN@&nd LiNO; were used Erlggrien %Hehi:?;ugi?n]l%rgi\;errggiifgtehs as g ‘;‘lilncftlg’;eosf ?oogvé?fgfam

; i eHo/O2/N

for SOdlgm D _Ilne r.e"‘?rsa' measwements of temperature, andwith their calculated equilibrium adiabatic temperatures. The unburned
for Na/Li atomic emission comparison measurements of H-atom ga4 yolume ratios of £1./0,/N; are indicated for the seven flames on
concentration§® as validated previously in a series of/B,/ their respective curves.

N, flames® The burner and flow lines were heated to minimize

any condensation or deposition. quenching, will be severely attenuated. As a result, the signal
The major experimental measurements have centered onwill result predominantly from only the pumped levels.

monitoring absolute OH concentrations and relatigyea@d CH In the case of g the smaller rotational constant produces a

concentrations using laser-induced fluorescence (LIF) tech-less open rotational band structure, making selective laser

niques. The same method as validated in previous studies waspumping of a single vibronic state difficult with normal dye

repeated for OH867.69The OH(A-X), (1,0) R(6) line at 281.14 laser linewidths. The peak,@oncentrations at flame temper-

nm was excited, and the fluorescence intensity was monitoredatures are in the region dfl = 15-20, and an optimum

of the (1,1) Q(7) line at 314.69 nm. In a low laser power mode, arrangement was found in pumping thelig—ea’lly), (0,0),

the collisional quenching is maximized to approximate to the P(11-16) levels at 516.503 nm. Detection was in the corre-

gas kinetic collision frequency and so becomes invariant as everysponding P branches of the (0,1) transition in the region of 563.5

collision relaxes the molecule either rotationally, vibrationally, nm.”2 Although several transitions are saturated simultaneously,

or electronically. In atmospheric pressure flames, the time this should not detract from the general quality of the measure.

between collisions is of the order of-6 ns. Nevertheless, the In both cases using saturated LIF, measurements were made

significant concentration levels of OH offset the resulting low at differing laser energies to ensure that no laser perturbations

fluorescence efficiency that results in such flames using this were occurring. This confirmed that the data did reflect the

mode. Fluorescence efficiency is approximatef[M]) ~* or natural CH and gconcentrations that are present. It has been

about (3x 10°r)~! at 2000 K.z is the radiative lifetime, and ~ shown that saturated LIF is valid for monitoring Gut only

for OH(A,» = 1), 736 ns)kq is the overall rate of quenching, ~ for non-sooting equivalence ratios as those used hét&ihe

and [M] is the gas density. Consequently, in the present case,raw fluorescence intensities of CH and @ere converted to

the efficiency is about 0.05% and still sufficient for adequate relative concentration scales after applying corrections for
monitoring. differing flame temperatures that slightly modify the population

For measurements involving the CH{&—X2I1) and G- of their pumped states.
(d®Mg—adI1y) transitions, a similar mode could not be used as
these have corresponding = 0O lifetimes of about 537 and
100 ns, respectively, and concentrations several orders of Temperature and OH, H Measurements. Appropriate
magnitude below those of OH. For these, a laser saturationportions of the flame temperature profiles close to the reaction
method had to be used to gain the independence from collisionalzone are indicated in Figure 1, as a function of downstream
quenching. A Quanta Ray Nd.Yag pumped dye laser with time for the seven acetylene flames. As seen by the calculated
doubling crystals and a high finesse Etalon narrowed the laseradiabatic temperatures also listédyy a time of 106-600 us
line width to be compatible with the flame Doppler linewidths. from the reaction zone most of the heat release has already
For CH, the close lying R(7) and Rq{7) transitions at 426.776  occurred. Moreover, due to radiative losses and stabilizing heat
and 426.780 nm of the @\—X?II), (0,0) band system were loss to the burner surface, final temperatures will not even reach
simultaneously pumped saturating thle= 8 levels of the two these adiabatic expectations. At 0.2 ms (20f) from the
sub-state$?71 Such rotational levels exhibit maximum popula- reaction zone, the hottest four flames are well within 5% of
tion at these temperatures, and transition probabilities are large their final temperature and the lower more non-equilibrated
Q-branch transitions frolfN' = 8 of this (0,0) band at 430.9 flames within about 10%. This reflects the extremely rapid
nm were monitored. The bandpass undoubtedly includes emis-chemistry that occurs not only in the reaction zone but also in
sion from adjacent relaxed rotational states. However, these arghe narrow pre-heating zone that the gases pass through. At
not locked in saturation by the laser and, being subject to normal atmospheric pressure, these zones for hydrogen or acetylene

1.2/2.5/14 2228

2000

Temperature (K)
Adiabatic Temperature

1.2/2.5/16 2069

CaHz/O2/Na

V. Experimental Results and Preliminary Implications
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Figure 2. Measured OH absolute concentrations in the seven acetylene 0 0.2 0.4
flames (seven lower curves) as a function of downstream time. These Time (ms)
are used to calculate the G@alues (seven upper curves) assuming a Figure 3. Measured H atom concentrations and calculatg@ talues
partial equilibrium between the hydrogen, oxygen, CO, and fztne based on measured OH/H concentrations and assuming a partial

species. The single numbers on the curves identify to which of the equilibrium between the hydrogen, oxygen, CO, and, €ne species.
seven flames it refers. The four flames withHz/O, volume ratios of  variations with downstream time in the early burned gas region. The
1.2:2.5 ¢ = 1.2) have correspondingzNatios of 10, 12, 14, or 16.  seven flames are labeled as explained in Figure 2.

Similarly, the two 1.6:2.5¢ = 1.6) flames have Nof either 10 or 12,

and the single 2.0:2.55(= 2.0) flame has a hratio of 10. equilibration as that indicated above with OH. This agreement

flames have thicknesses less than 0.1 mm or an approximatd©t only confirms a partial equilibrium between the H and OH
time scale of the order of 50s14 species in these acetylene flames but also lends additional

The corresponding measured concentrations of OH are credence to the OH concentration measurements. Baulch%t al.
indicated in Figure 2 for the seven flames as a function of have recently published their latest critical evaluation of rate
downstream time. Over this brief time range, their concentrations constants pertinent to combustion. As will be seen later, this
vary but slightly with time. However, in relative magnitudes, a has been an invaluable asset to the present analysis. Taking the
20-fold variation is observed in the range of concentration levels "at€ constants for the dominant reactions in théChi system
for the differing equivalence ratios. Moreover, they show an and those coupling CO and GCan analysis for the present
even larger range of non-equilibration. Referring to the OH flames agrees with past assessments. Partial equilibrium between
measurements at 0.2 ms in Figure 2, from the largest concentral120; Hz, OH, H, O, and @ should be almost instantly
tion shown (1.2/2.5/10) down to the lowest (2/2.5/10), the stablished and maintained{0us), forming a radical pool in
experimental values are 3.2, 19.3, 44.9, 180.5, 4.1, 6.6, and 1 7the burned gases. The experimental data herein confirm this
times larger, respectively, than their expected equilibrium values for H and OH. However, due to the very low levels of O and
at these measured temperatuiEhey are all still in the slow Qz in the fuel richest flame, whether this assumption remains
process of adjusting from the tremendous energy release andigorous for these cases, or whether the hydrocarbon radical
the drastic overshoots of equilibrium that occur in the narrow Chemistry can perturb the pool in this regard is an interesting
reaction zone region. question that has been examined already in the literdtufe.

The Na/Li emission comparison method for independently The genergl consensus is that the presence of the hydroparbon
determining H-atom concentrations is well suited to fuel-rich {€mpers slightly the magnitudes of the radical overshoots in the
flames®8 A previous similar application to a series of six fuel- H2/Oz cycle but leaves the pool intact with the proviso that O
rich H/O/N, flames compared such H-atom measurements with @nd @ should not be too small. ,
those of OH derived by the same LIF method as used here. A Moreover, as now well established, the formation o,@0m

test of partial equilibrium between these two radicals using the €O €an be a rate-limited step certainly in the richer flames.
reaction However, in thep = 1.6 and 2.0 flames at their temperatures

in this study, most of the carbon remains as CO even to
H,+OH=H,O0+H equilibrium. Consequently, the actual concentrations of CO may

remain slightly in excess of their partial equilibrium values in
gave a very accurate assessment of its equilibrium corf§tant. only the leaner flames due to this limitation. If a partial
In the present case, the same type of plot resulted for theseequilibrium is assumed, this permits to a sufficiently good
acetylene flames over the full 3:4.0 ms range for which these  approximation the iterative calculation of the concentrations of
particular measurements were made. This is particularly note-the HO, CO, CO, H, O, and O species solely from
worthy, indicating that similar partial equilibrium concepts for temperature, the experimental OH and H values, and chemical
OH and H are valid in these fuel-rich acetylene flames. The thermodynamic dat# So calculated, their concentration profiles
corresponding measured values for H-atom concentrations inas a function of time are illustrated in Figures2 As indicated,
this early part of the flames are illustrated in Figure 3 and show even though the partial equilibrium values for £€énd CO
magnitudes generally above OH in most of these flames andindicated in Figures 2 and 4, respectively, may be slightly
increasingly so with richer equivalence ratios. They show a approximate, this has not affected the present analysis to any
similar magnitude and trend in relation to the degree of non- degree.
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of downstream time in the early burned gases of the seven acetylene

Figure 4. Calculated CO and Oconcentrations as a function of  flames together with their temperatures at 0.2 ms. Curves are labeled
downstream time based on measured OH/H concentrations andpy their individual unburned £1,/O./N, flame ratios.

assuming a partial equilibrium between the hydrogen, oxygen, CO, and
CO; flame species. The seven flames are labeled as explained in Figure . . . . .
2_02 ped Y XPanedin MO oH and H. In addition, in the richest flame studied, their

concentrations are very small.

Returning to the flame temperatures of Figure 1, a comparison
Hz 3 between the premixed unburned inpytv@lues and those still
L e —— existing at 0.2 ms indicates rather surprising results. Already,
10 T in theg = 1.2 flames, 95% of the £has been consumed, and
1000 1240 == ====mmrnnnsss=s more than 99.8% fop = 1.6, it having decayed to as low as 3

ppmv in the richest flame. Even so, chemistry is still occurring
12 46 with significant possible consequences. Indeed, what can be
deduced even before looking at the CH andi@ta are several
conclusions for these burned gas regions.

The basic flame species of,8, CO,, CO, H, OH, H, O,
= and O are dominant, and any persisting fuel and hydrocarbon
3 radicals will necessarily play a secondary role in these burned
gas regions.

The GH> in the original fuel no longer exists. GOCO, and
carbon-bearing radical fragments have replaced it. Apiy,C
observed must have been reformulated. CH andradical
concentrations are small in the burned gases because the total

concentration of all of the carbon-bearing fragments is small.
16/2.5/ ———— From the point of view solely of energy release, the
2.0/25/ —-— . . .
1012 . ) . . combustion is essentially over. In the present seven flames, at

0 02 0.4 0.2 ms downstream the = 1.2—2.0 flame gas compositions

Time (ms) are 82-62% N, 11-24% (CO+ CO,), 7-4% H,0, 1.1-0.3%

Figure 5. Calculated H and O concentrations as a function of 0 0/ o/
downstream time based on measured OH/H concentrations and assum'-_'z’ 0.6-0.5% H, 0.8%-370 ppmv OH, 0.8%-3.4 ppmy,@nd

ing a partial equilibrium between the hydrogen, oxygen, CO, ang CO 0-370-15 ppmv O, respectively. Even so, this is the region where

flame species. The seven flames are labeled as explained in Figure 2th€ major remaining hydrocarbon fragments such as CH and
C, are observed with concentrations more oR@1% (<1000

In addition, in these fuel-rich flames the H@nd NO species ~ ppmv) scale.

are insignificant in these regions and can be ignored. Other than Despite these aspects, the low levels of hydrocarbon frag-

Ny, it is H,O, CQ, and CO that are the major burned gas ments that remain still are of intrinsic interest. They are the

species. Hranks slightly below these, indicating above equi- basis for spectral emissions, for N@nd soot formation,

librium values for¢ = 1.2 flames, but being depressed below ionization, and for diamond flame deposition.

equilibrium in the richer flames. O and,Ghow the most Relative Concentration Profiles for CH and C,. The seven

interesting behavior. As seen in Figures 4 and 5, as expectedprofiles of the measured relative concentrations of CH apnd C

these tend to be a reflection of each other, showing similar trendsin this series of flames are illustrated in Figures 6 and 7.

and magnitudes. They also illustrate the largest nonequilibrium Although not calibrated here absolutely, they are expected to

variations that span up to 4 orders of magnitude, which is close reflect ppmv concentration scales. Closer inspection indicates

to being the square in magnitude of those noted above with that these two figures contain numerous interesting aspects. The
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107 T T T . T previous data, such a close coincidence of concentration profile
patterns cannot be by chance. These cover a range of pressures,
1-6/2-5\/10 fuels, and burning methods, so there seems to be little doubt

\ 4 that somehow the two radicals are connected by the very general
nature of combustion.

10° 2.0/2.5/10 VI. Chemical Kinetic Implications

The Chemical Kinetics of CH and G,. Fortunately, a recent

4 very comprehensive and valuable critical evaluation of kinetic
data for combustion modeling has been publistermed with

this, together with previous extensive kinetic models such as
4 GRI-Mech 3.8 and even more recently published data, it was
decided to dissect the hundreds of reactions that can occur in
acetylene flames. However, emphasis was concentrated only
E on this first 0.1-0.5 ms (1068-500xs) time period of the burned

103

C, (Relative Concentrations)

R [ I
0.5 1.5 2.5

Time (ms) gases, which simplified this daunting task somewhat.
As already shown by kinetic modelers, time is the dominant
105 ——— 06 controlling parameter for ranking the relative importance of
Time (ms) reactions especially under the present constraint. Combustion

Figure 7. Corresponding measurements to the previous figure but for Cheémistry is remarkably rapid, and dominant controlling reac-
the relative concentrations of@ the early burned gases of the seven tions occur on sub-microsecond time scales. As a result, it is
acetylene flames. immediately apparent at 5.00us from the reaction zone that
these acetylene flames are no longer that. They have already
most immediate and striking visual factor is that the profiles changed and been reformulated. Now they are essentially
for the two species show very similar trends. Without looking hydrogen flames containing substantial CO and,Q6gether
at the labeling, it is hard to say which is which. However, closer with a myriad of smaller amounts of a large number of
examination does show that CH is slightly displaced to longer hydrocarbon species. As seen in Figures42at atmospheric
times. Also, in the foup = 1.2 flames, profiles are lengthened pressure, concentrations of the major species &,HCO, and
by decreased temperatures, an effect also seen in theé two  CO, are on 16" molecule cm® (percentage) scales. In addition,
1.6 flames. Lengthening also correlates with fuel richness. For as also seen in Figures 2, 3, and 5, because the flames are fuel
CH, this reflects the lengthening reported previously in low- rich they contain K, H, and OH concentrations on a £0
pressure flame&:-26 molecule cm3 (0.3%) scale. This immediately implies that any
Another notable component is the fact that, at 0.1 ms, the hydrocarbon fragment that has a reaction with H, or OH
closest point to the flat reaction zone where measurements couldand a rate constant at 2000 K that reflects a gas kinetic unit
be made, the initial concentrations for CH start out at similar collision efficiency will automatically have a reactive half-life
concentration levels and also with But to a lesser exactness. of about 0.24s and be important. A reaction with eithep®}
On calculating the total carbon content of a unit volume of the CO, or CQ can be much less efficient yet still retain a dominant
burned gases for each of these seven flames, a total variationrole. Competing with these, £and O have a more difficult
of only a factor of 2 is noted. Consequently, the CH data imply task as their reactivities toward hydrocarbons generally are
that it forms from the total carbon in roughly a constant yield reduced below those of H and OH. Also, as seen in Figures 4
fraction. In addition, a very pronounced difference is seen in and 5, although @and O concentrations start out at a'f0
their profile decay shapes between the 1.2/2.5/LB140,/N>) molecule cm? level in ¢ = 1.2 flames, these rapidly decrease
and richer 2.0/2.5/10 flames, which only differ in temperature with increasing equivalence ratio to the extremely low values
by 100 K. Whereas the two radicals rapidly decay within 0.1 at ¢ = 2.0 of 132 molecule cm® (3.4 and 15 ppmyv,
ms in the former flame, data extend to 1.5 or 2.5 ms in the respectively, for @ and O). Moreover, ¢H, and any other

richest flame. fragment hydrocarbon species have already been reduced to
Such similar profile shapes for CH and, GQiave been levels that generally are on a scale measured in hundreds of

illustrated before in low-pressure flames, not only foHg ppmv. In other words, in this region where hydrogen/oxygen

0,1820.23 byt also with CH, CHg, and GH4.1923 However, flame radicals are very important, it will be difficult for any

although noticeable, the fact was not commented upon. More- hydrocarbor-hydrocarbon interaction to compete. For example,
over, it is apparent also in two atmospheric pressure studies.two hydrocarbon species each with a concentration of 500 ppmv
Ni et al® monitored their two-dimensional LIF distributions that interact with a rate constant of<d 1071 cm® molecule't

on a pipe burner with a slightly fuel-rich premixed LPG/air and s~ will have a reactive half-life of about Bs. In other words,

an iso-octane/air flame. They reported a similar pattern for the although such interactions may have been important in the
two radicals in each flame, but the pattern differed from flame reaction zone region where the hydrocarbon fuel concentration
to flame. Mercier et at* examined two laminar Chair was high and being consumed, by 169 a different regime
diffusion flames on a three-slot burner using LIF and cavity now exists. This is one controlled by the radical pool ofH
ring-down methods to monitor LA comparison with their H, OH, Hy, O, O, together with CO and COTo further prove
earlier work with CH indicated a good spatial correlation the point, the reactions invariably quoted in models as coupling
between the two sets of profiles. Consequently, the presentC; to C, hydrocarbon species:

observation is supported by previous work. This is the first study

though that shows such a consistent pattern of behavior for these CH;+CH; + M =CH;+ M

two species over a wide range of equivalence ratios with such

differing flame species compositions. Coupling this to the CH; + CH;=CHs + H
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TABLE 1: Currently Recommended Heats of Formation, kJ mol~

species AHaggd ref species AHpggi! ref
ceP) 716.684-0.44) 83 CHCOR") 176.6(3) 90
CH() 595.8(£0.6) 84 CHC(A) 410(+10) 91,92
CHOEA") 43.06:1.5) 85,86 GHo(1S) 227.4(0.8) 83
CHO'(t5) 833(4:8) 74 CHCO(A) —47.5(1.7) 74
CHOH(A) 109(+4) 87 GOES) 381.2(:2.0) 93
CH,(a'A) 428.8(£1.6) 84 HeS) 217.9984:0.006) 94
CHa(X3B) 391.2(:1.6) 84 HCCOH 93.2 74
CH:0O(‘A) —108.76-0.5) 83 HCNE) 135.2(:8) 74
CH.OHEA) —17.06:0.7) 84 HOCORA") —195(:10) 95
CHy(?A") 146.7¢-0.3) 84 HQ(CA") 13.0¢-1.0) 96,97
CH:0E) 21.062.1) 84 H() 0
CH:OH(A") —201.0-0.6) 83 HO(AL) —241.83(-0.04) 94
CHa(*A1) —74.6(:0.3) 83 NES) 472.684-0.4) 74
COo(x) —110.536-0.17) 83 NCNES) 473(:20) 74
CO(LS) —393.514-0.13) 83 NES) 0
Cao(aTT) 829.6(:2) 88 OfP) 249.184:0.10) 94
Cy(X1) 822.3(:2) 88 OHI) 37.3(0.3) 84
CHE=Y) 566.6(-0.8) 89 e16)) 0

are relatively slow in this specific reginféThese reactions each  teristic reaction time. This assumes an excess of one reactant
require CH concentrations of 6.5 10" molecule cm? (1.8%) and gives the time required for the reaction to reduce the
for reactive half-life values of even 10s. As a result, any concentration of the minor reactant by a factor of 1/e, a half-
reaction between two hydrocarbon fragments is relegated to alife 71 = (k[M]) 7L It is particularly useful for easily ranking
slower secondary level in this region. the importance of removal channels, but requires the additional
Because of such implications, it was decided to examine in concentrations of the individual hydrocarbon fragments to
detail the flame chemistry of the numerous hydrocarbon speciesexamine the dominant formation pathways. Coupling the rate
in these flames. Emphasis has centered on this time region anddata of Table 2 with the flame concentrations, the rate of loss
especially around 0.2 ms from the reaction zone. The reactantof CH can be calculated. This implies an average collisional
species are D, CO, CQ, Hy H, OH, O, and O. The removal half-life at 0.2 ms in the seven flames studied,
hydrocarbon species included are C, CH ,0EHs, CH,;, CHO, (Zi(k[Mi]) 7%, of about 0.05-0.12 us. Consequently, the CH
CHOH, CH0, CH:O, G, CH, CHy, CHCO, CHCO, CH- flame profile observed in Figure 6, which is on a hundreds of
OH, CH:OH, and GO. Previously, these all have been microsecond time-scale, is a reflection of a very dynamic kinetic
monitored in flames with the exception of CHOH, the isomeric system. It is not the simple decaying loss profile of a species
form of formaldehyde. Every possible algebraic interaction initially made and now being destroyed. It is a profile of a
between these two sets of potential reactants has been assessespecies that is made and destroyed thousands of times during
By taking or estimating their rate constants, a list of the most the recording. Moreover, throughout this time region, the flame
probable formation and loss reactions for each hydrocarbontemperatures and the basic flame hydrogen/oxygen and CO/
species has been established. Because only efficient and fas€O, concentration levels are not markedly changing. Neverthe-
reactions are plausible as being significant in this time- less, the CH profiles modify quite drastically by over 3 orders
constrained region, certain criteria exist that simplify the reaction of magnitude. Some additional factor obviously is controlling
database. So-called four-center reactions were discarded, as weris rate of formation, and as this ceases CH disappears instantly.
any complex interactions that require multiple bond breaking These thoughts also tie back into the previously mentioned paper
and forming. Also, the magnitudes of adverse enthalpies of Chou and Deaf® As already noted, they perturbed a
automatically eliminated some reactions due to their necessarilymethane-based flame with a pulsed 193 nm laser and then
reduced efficiencies. The enthalpy values used in this exercisemonitored the decay of the newly created CH radical. It had a
are listed in Table 1. These are regarded as the most reliablehalf-life of about 5us. This in fact now appears to be far too
current set. As a result, an initial list of several hundred reactions long. In other words, the laser must have affected the whole
was cut to about 150 that might be playing important roles. hydrocarbon fragment distribution for it to take this length of
Additionally, in this rigorous process, several new potential time to readjust.
reaction channels have become apparent for some species that Table 3 lists corresponding data fos. Eewer reactions occur
have not been considered previously. Moreover, it became clearfor this, and rate data are sparse. It is apparent that formation
for this analysis that it was not critical to have an all-inclusive necessarily is solely from £1. The data are more uncertain
list. and largely estimated. Nevertheless, there is a sufficient founda-
Table 2 for CH lists all its formation and loss reactions using tion to indicate that this is also involved in a very dynamic
the above criteria. It shows the complex network of reactions kinetic cycle of formation and loss. Approximate estimates of
that can produce it from the multitude of other hydrocarbon the collisional removal half-lives at 0.2 ms in these seven flames
radicals and similarly destroy it to produce a further myriad of fall in the range of 0.150.56us, still remarkably fast. As shown
new hydrocarbon radicals. Although rate constant data still are by the data in Table 3, the low-lying,@I1,) state is necessarily
required for some of its formation channels, its rates of removal equilibrated with its XS4 ground state due to their efficient
are now quite well defined. For illustrative purposes, the relative coupling and so are indistinguishable in flames.
rates of these reactions are also listed in the table at 0.2 ms What is obvious is that the CH and, @ame radicals are
downstream for the three different equivalence ratios of the very different in chemical nature. Initial thoughts that the two
flames with Q/N; ratios of 2.5/10. This follows an approach species may be intimately related by direct interconversion or
used by Burgess and Langféyto approximately convey the  that their production and loss mechanisms were similar are now
relative importance of reactions. It has been called the charac-seen to be ri@e. G has to be produced predominantly from
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TABLE 2: Appropriate Rate Constants and Approximate Reaction Lifetimes for CH Formation and Removal in These Flames

AHaogk k T, K 71e(N2=10),48  dominant
reaction kJmol*  cm®moleculels™? range kooook ¢=12 1.6 2.0 channels ref/comments
formation reactions:
C+H;=CH+H +97 6.6(-10) exp-11 700M) 1525-2540 1.9¢12) 6.2 21 11 74
C+OH=CH+O +91 4(-10) exp~10950mM)  1500-2500 1.7¢12) 10 25 259 estimate,
1 of 2 channels
CH,+H=CH+H, —-13 2(-10) 298-3000 2.0(10) 0.3 0.2 0.3 * 74
CH; + OH=CH+ H,0O =75 1.9¢17)T?%exp(-1510T) 1000-2500 3.6(11) 0.7 1.8 17 8, 1 of 4 channels
CH,+O=CH+ OH -7 8(-11) 1000-2500 8(-11) 1.5 7.8 250 estimate, 8,74,
1 of 2 channels
CHOH+ H=CH+ H0O +27 1(-11) 1000-2500 1(11) 5.1 3.3 6.3 estimate,
1 of 3 channels
CH+0O=CH+CO —-331 2(-11) 1000-2500 2(-11) 6.0 31 1000 estimate, 74,
1 of 4 channels
CHCO+0O=CH+CO, —223 4.9(11)exp560T) 298-1000 3.7¢11) 3.1 16 522 74, 1 of 3 channels
C,O+H=CH+CO —-114 8(11) 1006-2500 8(11) 0.6 0.4 0.8 * 31
loss reactions:
CH+Nz=HCN-+NP  +12 6.0(—12) exp-11 060T) 1000-4000 2.4(14) 7.7 85 11 74k(b + ©)
=NCN + H¢ +95 d, spin forbidden
CH+CO,=CHO+CO —270 1.1¢(16)T*5exp(360T) 298-3500 1.2¢11) 0.2 0.4 1.0 * 74
CH+CO=C,O+H +114 3.1¢13) 2500-3500 3.1¢13) 13 6.5 45 74
CH+H,O=CHOH+He¢ —27 7.6(-8)T 1% 298-1000 1.6¢12) 3.7 3.9 5.9 T(e+f)
=CH,+OH 475
CH+H,=CH,+H +13 2.9¢-10) exp(-1670M)  200-1000 1.3¢10) 0.2 0.7 03 * 74
CH+H=C+H; —97 2.0¢10) 1500-2500 2.0¢10) 0.3 0.2 0.3 * 74
CH+ OH=CHO+Hs —372 5(11) 1000-2500 5¢11) 0.8 20 17 k(g+h+i)
estimate, 8
=C+ H,O" —-158
=CH,+ O +7
CH+ 0,=CHO+ O —304 1.4¢10) 2200-3500 1.4¢10) 0.3 5.3 649 74
CH+0=CO+H —738 6.6(11) 298-2000 6.6(11) 1.8 9.5 303 74
=C+OH —91 2.5(11) exp-2380M)? 16006-2000 7.6¢12)? 13 68 2283 74
=CHO"+e  —12 4.2(-13)exp(850) 298-2500 2.7¢13) 410 2130 69250 74

a|llustrative reaction half-life €1/ values inus at 0.2 ms downstream in three of theHZO./N, flames (1.2/2.5/10, 1.6/2.5/10, 2.0/2.5/10) to
convey relative reaction importance. The average total collisional removal half-life for CH-H$Z0ns at 0.2 ms in the seven acetylene flames
studied.

TABLE 3: Appropriate Rate Constants and Approximate Reaction Lifetimes for C, Formation and Removal in These Flames

AHaesx k T.K ve (N2 = 10),48*  gominant
reaction kJ mol?® cm® molecule! st range kooook ¢=1.2 1.6 2.0 channels ref/comments
formation reactions:
CH+H=C,+H; +38 1.010) exp(-8767M)  1500-2500 1.2¢12) 20 13 30 74, theory, 98
CH + OH=C;+ H,0 —23 6.6(17)T>%exp(—4025M) 1000-2500 3.5¢11) 0.6 15 14 * 9, 1 of 3 channels
CH+O=C,+OH +44  2(-11) 1006-2500 2.0¢11) 6 31 1000 estimate, 1 of 4 channels
loss reactions:
C(a)+CO,=C,0+CO -165 2 1006-2500 5(-12) 09 16 3.6 *?  estimate
C;+HO=CH+OH +23 ? 1006-2500 5¢12) 09 1.0 15 *? estimate, theory, 99
C,+H,=CH+H —38 1.1¢10) exp(-4000mT)  2580-4650 1.5¢11) 1.5 49 22 * 74, theory, 98
C,+OH=CHO+C -100 *? 1¢11) 42 10 83 estimate
=CO+H —260 2(11)? 1006-2500 2¢-11) 21 50 42 9, estimate
=CH+O —44 ? 1¢11) 4.2 10 83 estimate
C,+0,=C,0+0 —192 2.8¢10) expt-4070M)  2750-3950 3.7¢11) 0.8 15 1950 74
C,+0=CO0+C —465 1.3(-9) exp(-6250) 2750-3950 5.7¢11) 1.3 6.7 240 100
Ca)+M=CyX) + M -7 27(11) 300 7¢11) 02 03 0.8 74, M= H,OH,0,Q

aReaction half-life as explained in the footnote of Table 2. The average total collisional removal half-lifeifoagproximately 0.150.56 us
at 0.2 ms in the seven acetylene flames.

C,H, and CH predominantly from CHTheir removal channels Even a scant perusal of Table 4 indicates two keywords,
are many and varied. Even so, they obviously are indirectly “estimate” and “channels”, implying significant uncertainties.
connected. This is still the bane of the kinetic modeler in endeavoring to

The Chemical Kinetics of the Other Hydrocarbon Species. examine the chemistry in finer detail. Fortunately, it has not
Lists similar to those of Tables 2 and 3 for CH and ltave been a limiting factor for the present analysis that is not looking
been created for all of the hydrocarbon species included in thisfor a quantitative exact fit to data but rather a general
analysis. Because interest lies only with the dominant reactionsexplanation. From Table 4, it is obvious that if one of the major
in this roughly 100-500 us time period and due to the large species such as;®, CO, or CQ has potential reaction channels,
number, only the most efficient are listed for illustration in Table these do not necessarily need to be efficient due to their large
4. Even so, this is a significant tabulation of interconnected driving force concentrations. Because of this, they can have
reactions. It reflects the richness that is organic chemistry.  significant adverse reaction enthalpies yet remain important.
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TABLE 4: Fast Reactions That Couple Hydrocarbon Radicals One to Another in the Early Burned Gases of These Acetylene

Flames
reactant radical lifetime
hydrocarbon dominant AHz9sx Kao00k 7we (N2 = 10), us° fast
species reactions kJ mol* cm® molecule's™® ¢=1.2 1.6 2.0 channels ref/comments
C formation CH+H=C+H; —97 2(=10) 0.3 0.2 0.3 * 74
C;+OH=C+ CHO —100 1¢11) 42 10 83 estimate, 1 of 3 channels
C,+0=C+CO —465 5.7¢11) 1.3 6.7 240 100
CH+O=C+ CHO —56 2 (—11)? 6.0 31 1000 74, estimate,
1 of 4 channels
C.0O+0=C+CQO, —307 4 -11)? 3.0 16 500 estimate, 1 of 2 channels
loss C+ CO,=CO(a)+ CO +36 ? role ifk ~ 7(=12)
C+H0O=CHO+H —214 5F12) 0.6 0.6 11 * 101, estimate
C+H,=CH+H +97 1.9¢12) 6.2 21 11 74
C+OH=CO+H —647 8 +11) 0.5 1.3 10 * 8,31, estimate,
1 of 2 channels
C+0,=CO+0 —578 9.4¢11) 0.4 7.7 950 74
CH formation CH+H=CH+H, -13 2.0¢-10) 0.3 0.2 0.3 * 74
CH; + OH = CH + H;0 —75 3.6(-11) 0.7 1.8 17 8, 1 of 4 channels
C,O+H=CH+CO —-114 8 (-11) 0.6 0.4 0.8 * 31
loss CH+ CO,=CHO+ CO —270 1.2¢11) 0.2 0.4 1.0 * 74
CH+H;=CH,+H +13 1.3¢-10) 0.2 0.7 0.3 * 74
CH+H=C+H; —97 2.010) 0.3 0.2 0.3 * 74
CH+ O,=CHO+ O —-304 1.4¢10) 0.3 5.3 649 74
CH, formation CH+H,=CH,+H +13 1.3¢10) 0.2 0.7 0.3 * 74
CH3+H=1CH,+ H, +64 5.5¢12) 5.5 3.6 7.7 74
CH,OH + H = 1CH, + H,0 —14 2.2¢11) 2.3 15 2.9 8, 1 of 5 channels
CHCO+H=CH,+ CO —114 2.2¢-10) 0.2 0.2 0.3 * 74, 1 of 3 channels
CHs + OH = CH, + H,0 +3 2.8(-11) 1.6 3.9 32 102,103, 1 of 4 channels
loss 1CH, + H,0 = CH;z + OH -3 1(-10) 14 15 24 T(CHytotal)y 102,104,
1 of 2 channels
CH,+H=CH+ H; -13 2 (-10) 0.3 0.2 0.3 * 74
CH, + OH= CH + H,0 —75 3.6¢11) 0.7 1.8 17 8, 3 of 4 channels
=CHz; + 0O -33 ? branching uncertain
=CH,O+H —319 2.6¢11) 16 3.8 32 103
CH,+O=CH+ OH -7 8 (—11) 15 7.8 250 8,74, estimate
=CHO+H —379 1¢10) 1.2 6.3 910 branching uncertain
ICH, + N2 =3CH, + N, —38 1.8¢11) 0.02 0.03 0.03 * 741CHy) =
3%(ECH,)
+ H,0 =3CH, + H,0O -38 2.7¢11) 0.17 0.17 0.28 thermally
equilibrated
+ CO, =3CH, + CO, —38 2.2(11) 0.16 0.28 0.65
CHjs formation CHO + CO=CH;+ CG;, —157 1.3¢12) 1.8 0.9 0.7 105, 1 of 2 channels
1CH, + H,O = CH; + OH -3 1(-10) 1.4 1.5 2.4 T(CHytotaly 102,104,
1 of 2 channels
CH;+H=CHz+ H, +3 1.6(-11) 14 0.9 21 * 74
CH,OH + H = CHz + OH -17 6.011) 0.8 0.5 1.0 * 8, 1 of 5 channels
CHz;O + H = CHz + OH —55 2.3¢11) 2.2 14 2.7 * 74, 1 of 4 channels
CH,CO+H=CH; + CO —134 1.7¢11) 2.3 15 31 * 74, 1 of 3 channels
CH, + OH = CHz + H,O —58 1.8¢11) 14 34 32 74,1 of 2 channels
loss CH+HO=CHOH+H +112 4.8¢13) 3.2 35 7.3 * estimate, 1 of 2 channels
CHz; +H=1CH,+ H; +64 5.5¢12) 55 3.6 7.7 * 74
CHz + OH = !CH, + H,O +3 2.8(11) 1.6 3.9 32 102,103, 1 of 4 channels
CH; +O0=CH.O+H —287 1.8¢10) 0.7 3.4 108 * 74, CkD, CO products
=CH;+ OH +33 ? CH minor?, 106
CH, formation CH + H,O = CH, + OH +58 8.2(-14) 18 20 41 74, 1 of 2 channels
CH; +H;,=CH;+H -3 7.6(-13) 17 59 30 74
CH;O+H=CH,+O —64 8 (—12)? 6.4 4.2 7.9 * estimate, 1 of 4 channels
CH;OH + H=CH,+ OH —54 512)? 10 6.7 13 * estimate, 1 of 4 channels
loss CH+H=CH;+ H; +3 1.6(-11) 1.4 0.9 2.1 * 74
CH;+ OH = CHz + H,0O —58 1.8¢11) 14 3.4 32 74, 1 of 2 channels
CH;+ O=CHz;+ OH +9 2.5(11) 24 13 480 74, 1 of 2 channels
CHO formation CH+ CO, = CHO + CO —270 1.2¢11) 0.2 0.4 1.0 * 74
CH,OH+ CO=CHO+ CH,O +62 ? IfA > 2(—11),
1 of 2 channels
CH;O+ CO=CHO+ CH,O +24 8 (—-13)? 4.9 25 1.7 estimate, 1 of 2 channels
C+H,O=CHO+H —214 ? ? ifk ~ 1(—12),
1 of 2 channels
CH,O + H = CHO+ H, —66 9.6(-11) 0.4 0.2 0.5 * 74
CH+ OH=CHO+H —372 511) 0.8 2.0 17 8, 1 of 3 channels
CH,0O + OH= CHO + H,O —127 2.0¢11) 2.1 4.9 41 74,107
loss CHO+M=CO+H+M +64 1.3¢12) 0.1 0.1 0.2 * 74
CHO+H=CO+ H; —372 1.5¢10) 0.3 0.2 0.4 * 74
CHO+ OH=CO+ H;O —433 1.8¢10) 0.2 0.6 4.6 74, 1 of 2 channels
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TABLE 4: (Continued)

reactant radical lifetime
Tye (N2 = 10),us?

hydrocarbon dominant AHzgsk Kao00k fast
species reactions kJ molt cm® molecule*s™ ¢ =12 1.6 2.0 channels ref/comments
CHOH formation CH+ H,O = CHOH+H =27 1.6¢-12) 3.7 3.9 5.9 * 74,1 of 2 channels
CH;OH + H = CHOH+ H; —-92 3(11)? 1.7 1.1 2.1 *? 74, estimate,
1 of 5 channels
CH; + OH=CHOH+H —-102 311) 1.4 33 28 estimate, 1 of 4 channels
CH,OH + OH=CHOH+ H,O —153 311) 1.4 33 28 estimate, 1 of 3 channels
CHCO+ OH=CHOH+ CO —215 4 (-11)? 1.0 25 21 estimate, 1 of 3 channels
loss CHOH+ M = CH,O + M —218 5 14)? 15 10 10 108,109, lof 2 channels
CHOH+ CO=CHO+ CHO +88 1(13)? 13 6.9 5.9 estimate
CHOH+ H = CHO+ H; —284 2 11) 2.6 1.7 3.2 * estimate, 1 of 3 channels
CHOH+ OH= CHO + H,O —345 2 11) 2.1 50 42 estimate, 1 of 2 channels
CHOH + O, = CHO + HO;, —53 2 (—11) 2.0 37 4500 estimate
CHO formaton CHO+M=CHO+H+M +88 1.7¢13) 0.7 0.7 0.8 * 110, 1 of 2 channels
CHOH+M=CHO+H+M +126 6.1¢13) 0.4 0.4 04 * 74, 1 of 2 channels
CH,OH + H=CH,;O + H; —310 4 11) 1.3 0.8 1.6 * 74,1 of 5 channels
CH30 + H=CH,O + H —348 5.4¢11) 0.9 0.6 1.1 * 74, 1 of 4 channels
CH, + OH=CHO+H —-319 2.6¢11) 1.6 3.8 32 103, 1 of 4 channels
CH,OH + O, = CH,0 + HO, —-79 4.7¢11) 0.7 14 1720 74
CH;+ O=CH,O+H —287 1.8¢-10) 0.7 3.4 108 106, 1 of 2 channels
CH,OH + O = CH,0O + OH —304 1.3¢-10) 0.9 5.0 157 111, 1 of 2 channels
loss CHO + H = CHO+ H; —66 9.6(11) 0.4 0.2 05 * 74
CH;O + OH = CHO + H,0 —127 2.0¢11) 2.1 4.9 41 74,107
CH,O + O=CHO+ OH —60 2.6(11) 3.7 19 654 74
CH,OH formation CHO+H=CH,OH+H —38 1.0¢-11) 3.5 2.3 4.8 * 8, 1 of 4 channels
CH3;OH + H = CH,OH + H» —-34 2.3¢11) 15 1.0 21 * 74, 1 of 4 channels
CH;OH + OH = CH,OH + H;0 —95 3.5(11) 0.8 21 19 * 112, 1 of 2 channels
loss CHOH+M =CH,O+H+M +126 6.1¢13) 0.4 0.4 04 = 74, 1 of 2 channels
CH,OH+ CO=CH,CO+OH  +117 2 13)? 6.3 3.3 3.0 estimate, 1 of 2 channels
CH,OH + H = CH; + H,0O —14 2.2(11) 2.3 15 2.9 8, 3 of 5 channels
=CHs;+ OH -17 6.011) 0.8 0.5 1.0 * 8
=CHO + H; —310 4.0¢11) 1.3 0.8 16 * 74
CH,OH + O, = CH,0 + HO, —-79 4.7¢11) 0.7 14 1720 74
CH,OH + O = CH,O + OH —304 1.3¢10) 0.9 5.0 157 111, 1 of 2 channels
CH:0 formation CHOH + H = CH;O + H; +4 5.0-12) 6.9 4.5 94 = 74, 1 of 4 channels
CH3;OH + OH = CH30 + H,0 -57 3.012) 96 25 227 * 112, 1 of 2 channels
loss CHO+M=CHO+H+M +88 1.7¢13) 0.7 0.7 08 * 110, 1 of 2 channels
CH;0 + CO=CH; + CGO;, —-157 1.3¢12) 1.8 0.9 0.7 * 105, 1 of 2 channels
CH3O + H, = CH;OH + H —4 2.5(12) 7.7 26 12 74, estimate
CH30 + H=CH;+ OH —55 2.3¢11) 2.2 1.4 2.7 74
= CH,O + H, —348 5.4¢11) 0.9 0.6 11 * 74
= CH,OH+H —38 1.0¢11) 35 2.3 4.8 8
=CH;+ O —64 8 (—12)? 6.4 4.2 7.9 estimate
CHOH  formation CH+ H,O=CH;OH+H +112 4.8¢13) 3.2 35 73 * estimate, 1 of 2 channels
CH30 + H,0 = CH;0OH + OH +57 2.0¢13) 8.5 9.2 19 74
CH;O + H, = CH;OH+H —4 2.5-12) 7.7 26 12 * 74
CH30 + OH = CH3;OH + O —10 4.5-12) 51 13 121 74, 1 of 3 channels
loss CHOH + H = CH,OH + H» —-34 2.3¢11) 1.5 1.0 2.1 * 74, 2 of 4 channels
=CHsO + H; +4 5.0-12) 6.9 45 9.4 74
CH3OH + OH = CH,OH + H,0 —95 3.5¢11) 0.8 2.1 19 * 112
= CHsO + H0 —57 3.0¢12) 9.6 25 227 112
C, formation GH+H=C+H +38 1.2¢-12) 20 13 30 74, theory, 98
CH+ OH=C,;+ H0 -23 3.5¢11) 0.6 15 14 * 9, 1 of 3 channels
loss G(a)+ CO,=C,0+ CO —165 5F12) 0.9 1.6 3.6 *?  estimate
C;+ HO=C;H + OH +23 512) 0.9 1.0 1.5 *?  estimate, theory, 99
C,+H,=CH+H —38 1.5¢11) 15 4.9 22 % 74, theory, 98
Cya)+M =CyX) + M -7 7 (—11) 0.2 0.3 0.8 74, equilibrated M
H,0H,0,G
CH formation CHCO+ CO=C,;H + CO; +107 1.3¢13) 11 5.7 5.0 estimate
C,+ H,O0=C;H + OH +23 5(+12) 0.9 1.0 15 *?  estimate, theory, 99
C;+H,=CH+H —38 1.5¢11) 15 49 22 * 74, theory, 98
CH;+H=CH+H; +121 2.1¢12) 5.3 3.6 9.8 74
C,+OH=CH+O —44 1(-11)? 42 10 83 estimate, 1 of 3 channels
C,H; + OH = CH + H,0 +60 6.9¢-13) 21 51 551 113, 1 of 3 channels
loss GH + CO, = CHCO+ CO —107 3(12)? 11 2.1 4.8 estimate
CH + HO = C;H, + OH —60 2.1¢11) 0.1 0.1 02 * 114
CH+H,=CH,+H —121 1.3¢10) 0.2 0.5 0.2 * 74
CH+ OH=C; + H0O —23 3.5¢11) 0.6 15 14 9
=CH,+ O —127 5F11) 0.8 2.0 17 estimate
=CHCO+H —209 3.3¢11) 13 30 25 8
CoH, formation GH + H,O = C;H, + OH —60 2.1¢11) 0.1 0.1 0.2 * 114
CH+ H,=CH, + H —121 1.3¢10) 0.2 0.5 0.2 * 74

CzH + OH= CzH2+ (@]

—127 5F11) 0.8 20 17 estimate, 1 of 3 channels
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TABLE 4: (Continued)

reactant radical lifetime
7ye (N2 = 10), us?

hydrocarbon dominant AHz9sk Kao00K fast
species reactions kJ molt cm® molecule's™ ¢=12 1.6 2.0 channels ref/comments
CH, loss GH, +H=CH+ H; +121 2.1¢12) 5.3 3.6 98 * 74
C,H, + OH = C,H + H,O +60 6.9¢-13) 21 51 551 113
=CH,CO+H —94 9.6(-13) 30 74 668 113
=CHCOH+H +47 6.5(-13) 27 66 676 113
C,H, + O=CHCO+H —82 3.7¢11) 23 12 419 74,115, 1 of 2 channels
CHCO  formation GH+ CO,=CHCO+CO —107 312)? 11 21 4.8 * estimate
C,0 + H,=CHCO+H +13 2 (—11)? 15 5.0 21 ¢ estimate
CH,CO+ H=CHCO+ H; +6 1.1-11) 34 2.2 4.5 * 8, 1 of 3 channels
C,H + OH=CHCO+H —209 3.3¢11) 1.3 30 25 8, 1 of 3 channels
C,0+ OH=CHCO+ O +7 4 (—11)? 1.0 2.5 21 estimate, 1 of 2 channels
C,H, + O=CHCO+H —82 3.7¢11) 23 12 419 74, 1 of 2 channels
loss CHCO+ CO=C,H + CO;, +107 1.3¢13) 11 5.7 5.0 estimate
CHCO+ H,O0=CH,CO+OH +55 1.5¢12) 1.8 1.9 35 estimate
CHCO+ H,=CH,CO+H -6 8 (—12) 32 11 4.6 116
CHCO+H=CH;+ CO —-114 2.2¢10) 0.2 0.2 0.3 * 74, 1 of 3 channels
CHCO+ OH=CHOH+ CO -215 4-11)? 1.0 25 21 estimate
=CH,CO+ O -12 111 42 10 83 estimate
= C,0+ H,0 —75 2 (-11) 2.0 52 40 estimate
CHCO+ O=CH+CO, —223 3.7¢11) 31 16 522 74
=CHO+ CO —493 311)? 40 21 670 74, estimate
=C,0+ OH -7 3(-11)? 40 21 670 74, estimate
CH,CO formation CHOH + CO=CH,CO+ OH +117 2 13)? 6.3 3.3 3.0 * estimate, 1 of 2 channels
CHCO+ H,O0=CH,CO+ OH +55 1.5¢12) 18 19 35 % estimate
CHCO+ H,=CH,CO+H -6 8 (—12) 32 11 46 = 116
C,H,+ OH=CH,CO+H —-94 9.6(-13) 30 74 668 113, 1 of 3 channels
CHCO+ OH=CH,CO+ O =12 111 42 10 83 estimate, 1 of 3 channels
loss CHCO+H=CHz+ CO —134 1.7¢11) 2.3 1.5 3.1 * 74, 2 of 3 channels
= CHCO+ H; +6 1.1(11) 3.4 2.2 45 = 8
CH,CO+ OH=CHOH+ CO -117 3.3¢12) 13 32 264 74,117
=CHCO+H,O -55 2.5¢12) 17 41 340 74,117
C,0 formation G(a)+ CO,=C,0+ CO —165 5F12) 0.9 1.6 3.6 *?  estimate
CH+CO=C,O+H +114 3.1¢13) 13 6.5 4.5 * 74
CHCO+H=C,0+H; -13 4 (—12) 13 8.3 16 estimate, 1 of 3 channels
C,+OH=C,O0+H —260 2 11) 2.1 5.0 42 9,74, estimate,
1 of 3 channels
CHCO+ OH= C,0 + H;0 =75 2 (11) 2.0 52 40 estimate, 1 of 3 channels
C,+0,=C,0+0 —192 3.7¢11) 0.8 15 1950 74
CH+0=CO+H —217 2.5¢11) 48 25 800 74, estimate,
1 of 4 channels
CHCO+ 0= C,0+ OH -7 3(-11)? 40 21 670 74, estimate,
1 of 3 channels
loss GO + H, 0= CHCO+ OH +75 4 (=13)? 5.0 5.4 10 estimate
C,0 + H,=CHCO+H +13 2 (—11)? 15 5.0 21 ¢ estimate
C.O+H=CH+CO —114 8 (-11) 0.6 0.4 08 * 31
C,0+ OH=CHO+ CO —486 3.3¢11) 1.3 30 25 estimate
=CHCO+ O +7 4 (—11)? 1.0 25 21 estimate
C0O+0=C+CO, —307 4(-11)? 3.0 16 500 estimate
=CO+CO —851 8 (11) 15 7.8 250 31

@ Reaction half-life as explained in the footnote to Table 2.

Also, in these fuel-rich flames, H-atom reactions are of extreme A role for electronic excitation in a reactant is only plausible
importance and quite generally are dominant over those of OH. for C,, CHy, and possibly CH radicals. That for,®@as been
This is relevant because reactions of hydrocarbons with OH mentioned already. With Chithe dA/X3B energy splitting is

are prone to numerous alternate branches that are yet to be fullynore substantial (38 kJ mid). This implies that a thermal
characterized at flame temperatures. Reactions with O and O distribution of CH at 2000 K will contain about 3% CKga'A).

are seen to be of lesser importance and are negligible orin this case, the singlet state is of interest due to its greater
nonexistent for some species. Their importance is very apparentreactivity. Several papers report monitorit@H, in flames, the

for ¢ = 1.2 flames in which their residual levels are still high, most recent being by Schocker et’&f but accurate measure-
but these decrease rapidly to more fuel-rich equivalence ratios.ments remain difficult. However, due to the ease of collisional
Interestingly, reactions with O and@enerally do not produce  relaxation with many species (even Ar), it would seem unlikely
CO or CQ directly as one might expect but rather another that its formation and loss reactions in flames will be sufficient
hydrocarbon radical. This is not to say that there are not to perturb its thermal distribution. As a result, the potential
innumerable reactions with O and,ut these are not listed  importance of reactions depending'@H, will be largely offset
because they are much slower and represent a minor flux. Ofby this 30-fold reduction from the total GHpopulation. Any
additional interest in several cases, for CHO,:0Hand CH- role in flames for the lowest lying CH{&Z™) state still remains
OH, is that thermal dissociation can be an important loss channeluncertain. This is due to the continued difficulty of measuring
and dominate over competing isomerization. this metastable state that has an excitation energy of 71.6 kJ
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C <™ CH =% CH, == CH;z <™~ CH, precursors. Because there is a richness of larger stable C/H/O
OH.S/ iy ’ y AN hydrocarbon radicals that can form, it is not too surprising that
H I” k H;x recombination-type reactions will spawn a complexity of soot

Cco < CcHO CH20&0H20H¢CH30% CH3OH precursors._However_, the system still is fu_nctio_ning in a very
H H-atom/H-rich reducing environment that is striving to go to
equilibrium, which is carbon and HIn fact, in the past, such

C,0 CH,CO ﬂ%iiOCHCO Cato %OCZH EOLT”:DCZ richllgliazréies have been considered as a potential source of
S = H,.119.120 A recent extensive review of the suggested growth
<o, kinetics that lead to the formation of benzene and naphthalene
Figure 8. The principal fast reactions of hydrocarbon species and @romatics now is availabfé! It is their simultaneous or
molecules of the hydrogen/oxygen pool together with CO ane tG& subsequent pyrolysis and reactions in this rich hydrogen
help to rapidly establish the hydrocarbon radical pool. environment that then produces soot.

mol~. However, as seen in Table 2, the ground state of CH is  As a result, the analysis clearly illustrates that a hydrocarbon
so reactive that it will be only in the rarest of cases that CH(a) radical pool will be rapidly established in these atmospheric
might be able to compete. As a result, it can probably be safely pressure acetylene flames. Its lifetime is critically controlled
ignored. by the equivalence ratio. It is this pooling and sharing of the
The present analysis differs from such modeling as GRI-Mech available reactive remaining carbon between the hydrocarbon
3.(% and others by additionally considering,C,0, and CHOH  radicals that provides the connection between CH aad C
species. Of these, O may play a greater role than previously Moreover, the sensitivity to equivalence ratio reflects directly
has been considered. into the effects seen on soot formation of adding oxygenated
What is immediately apparent in Table 4 is that every species species or fuels to flaméd2123In such cases, added oxygen
has at least one and often several very fast formation and lossneeds to be factored carefully into an exact calculation of local
reactions that are on or close to sub-microsecond time scalesequivalence ratios.
These are backed by a second layer of slightly slower but also  1he kinetic Consequences for CH, G, and Other Hy-

participating reactions. The majpr reagtions that are asteriskedyrocarbon SpeciesThe existence of a hydrocarbon radical pool
in Table 4 are drawn schematically in the reaction network oynaing in a very satisfactory and consistent manner the profile
shown in Figure 8. This better illustrates the complex inter- y5ia for CH and gin Figures 6 and 7. The decays reflect and
relationships and also shows quite clearly the significant kinetic .ok the demise of the full hydrocarbon radical pool. The
separation between the .CH and @_eaes_. o . distribution of hydrocarbon radicals in the pool is a consequence
What emerges from this analysis is an intriguing mechanism. ot the numerous reaction rate constants, temperatures, and
These hydroc_arbon fragmems and Species form a ngtwork Ofspecific flame species concentrations. These do change but only
very fasi reactions. In this way, they are simply converting from slightly over the present time regime. Consequently, the two
one radical to another and then another and so on. Somg, Suclets of profiles do not have to mirror each other exactly but
as CH, CH;O, CHOH, Ch, CHsO, CHOH, CH,, GoH, an will be similar. They should closely track though as the
C2Hz, have no or only minor direct oxidation channels to CO. jistribution modifies.
Consequently, they constantly interconvert until possibly being
removed by oxidation. As may have been expected and is
normally seen for species at such concentration levels, they
rapidly form various steady-state distributions. However, in
addition and more importantly, the majority of these hydrocar-

For ¢ = 1.2 flames, rates of oxidation and depletion of the
hydrocarbon pool are very significant, and the decays are most
rapid in the highest temperaturgh;/O,/N, (1.2/2.5/10, 2380 K)
flame. Lowering temperatures conserves the pool longer, and
bon fragments or molecules also are seen to lose theirv(;e Sedeg Ileng}hening of Illts Iifeti_r;iet._ As fl?mefs”becodmlgf rti_cher,
; ; - > an evels are smaller, oxidation rates fall, and lifetimes
independence and form a close-knit pool of radicals. As seen lengthen. With the change froh= 1.6 to theg = 2.0 flame,

in Figure 8, this does not include the C, g&¥ CHOH, and .
CHO species. Although in steady states, these four are irrevers O2 and O concentrations decrease by a further 80- and 20-fold,
respectively. Forp = 2.0, a dramatic change is noted in the

ibly on a direct course of oxidation to CO and lie outside the decay rates. Instead of disappearing within 0.5 ms, CH and C
radical pool, which they cannot join. Such loss reactions from i T ’ ' .
b y J extend to their detection limits at 2.5 and 1.5 ms, respectively.

the pool constitute a drain on its overall composition and result M the d h h di dual falioff
from interactions with the remaining levels of oxygen or with oreover, tne decay shape changes and Is a more gradual faflo
rather than precipitous. It is consistent with a change in the

OH to produce such species and ultimately CO. These leakage . ) .
(oxidation) rates out of the pool are largest for near stoichio- nature of the radical pool drainage mechanism and a move
metric (@ = 1.2) flames due to the still high levels of,@nd toward the onset of soot formation.

O, which are replenished from their own/8, radical pool as Such a radical pool has mechanistic implications. It has long
they react. These are sufficient to fully drain the hydrocarbon been recognized even with @iels such as Clithat GH, and
radicals and so prevent the possibility of soot formation. In richer Other bicarbon radicals are rapidly formed in the burned
flames, the residual levels of ,Cand O are small and the 9ases?* 12" As observed in the Figure 8 network, the chemistry
oxidation drainage rate much reduced.¢gAt= 2 in the present  that couples gto C, chemistries is well established, and £H
case with @ (3.4 ppmv) and O (15 ppmv), the flames hydrogen/ CO, CHCO, and @O all react efficiently with H atom to
oxygen pool is still largely in balance except that the oxidation facilitate this. However, the reverse coupling is more limited
drain to CO is negligible. In such cases, the hydrocarbon radical @nd has always been assumed to be vig @dombination or
pool now has the potential to be much longer-lived. Moreover, its reaction with other single carbon radict#$!212%As stressed
this now provides the environment for the hydrocarbon  above, for such reactions to compete in this-#800us region
hydrocarbon reactions to step in and begin to display their Of the present flames would require @kbncentrations to be
influence. They now become the main drain of the still very large (2%), which is not conceivable in the present flames. There

dynamic hydrocarbon poo| and initiate the growth of the is little doubt that the many reactions ensure a rapid p00|
aromatic soot formation among the Cspecies and similarly among the C
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species. However, for the profiles of CH andt0 reflect one
another, it is additionally necessary for the &d G schemes
also to be effectively coupled. Without this, it would appear
from Table 4 and Figure 8 that the bicarbon species would
rapidly be converted to produce solely a distribution of C
hydrocarbon radicals in this region. In the present work, two
reactions have been considered to offset this.

CH+CO=C,0+H AH,og = +114 k3 mol*

CH,0OH+ CO=CH,CO+OH  AH=+117 kI mol*
Although not considered here, or elsewhere, an additional
coupling reaction that also needs further examination in future
detailed modeling is the spin-allowed recombination.

CH,(aA) + CO+ M = CH,CO+ M
AH = —366 kJ mol*

If this has a binary rate constant at 2000 K that reflects the
value reported at room temperatd?@,the reaction will be
important and on a microsecond time scale at atmospheric
pressure. Although the two prior reactions above are quite
endothermic, as seen in Table 4, the high concentration levels
of CO can effectively drive them. The former, listed by Baulch
et al.7* has only recently been added to the GRI-Mech 3.0
mechanisn? Although not considered, the reaction is also
plausible and spin-allowed for the metastable CBI(a state

for which it becomes only 42 kJ mol endothermic. Such a
channel has not yet been examined theoretiddlyhe second
reaction above appears to be newly suggested herein. Withou
the possibility of mutual hydrocarbon radical interactions, and
to maintain a kinetic linearity, the only reactions that can build
from C; to C, must necessarily invoke CO or GQAs a result,

there appear to be no other possibilities to suggest that are

reasonable.

VII. Conclusions and Implications

Very fast chemistry, as in combustion, is prone to form
steady-state distributions. Exactly 50 years ago, Bulewicz
James, and Sugd&moted the additional possible consequence
that some of these could also couple and form a species pool
In their case of hydrogen flames, the steady-state distribution
of radicals and molecules collapsed even further to a simpler
partial equilibrium description. The present paper is dedicated
to their valuable contribution that has added so much to our
understanding of combustion chemistries. Since then, additional
species pools have been noted in sulfur combu&iEaand in
Ho/F,/O, combustiont3® The present work adds a further
example but is additionally novel in that it is a radical pool
controlled by the more dominant,HD, pool. In essence, it is
“a pool within a pool”.
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as one might have otherwise expected. As long as most of the
major radicals and relevant molecules and their dominant
reactions are included in a model, these alone will describe the
distribution adequately and it will become increasingly difficult
to perturb. Any rush to add newly discovered flame species to
models may have little benefit. Consequently, the recent flurry
over discovering enols in flames is probably of minor signifi-
cance to the development of even detailed realistic chemical
combustion model%34-136 A complete degree of exactness of

a kinetic model may not be necessary. Also, there can be a loss
in kinetic distinguishability and also in kinetic sensitivity. The
former relates to being able to clearly identify specific depend-
ences. If radicals are coupled by linear relationships in a way
such as H and OH are in most flames, their individual roles in
mechanisms cannot be established solely from flame studies.
They become indistinguishable in a radical pool. In such cases,
information has to be obtained from experimental methods other
than flames. Also, the most abundant species in a system do
not necessarily imply a major role. It is always possible for a
minor species that is coupled to the pool but has very efficient
interactions to have the controlling importance. Additionally,
the buffering aspects reflect into the systems kinetic sensitivity.
An error in a rate constant is averaged over the whole pool and
S0 is minimized. This undoubtedly is the answer to why models
with differing databases of rate constants can still reproduce
data to similar levels of accuracy. The study by Hughes ¥f'al.
recently did such an exercise for gHombustion. They
compared their model with three other independent mechanisms,
one of which was GRI-Mech 3®They were surprised by the
agreements despite numerous differences including very dif-

ferent rate expressions. This was also noted but 30 years earlier

by Creighton'38 It was also realized by Thoman and MclIr&3,

who noted that their CH concentration profiles obtained i
1.0—-1.6 low-pressure CHO,/Ar flames could be equally well
described by any of four different models. It now appears quite
plausible that all of these observations are a consequence of a
radical pool. As expressed already, exactness of a mechanism
is lessened if a species pool is involved.

In addition, if the rate constants for the dominant channels
are known, a steady-state analysis can derive the relative species
distribution. Present attempts at this fail as too much uncertainty
still remains in the necessary matrix of reaction rate constants.
However, in the case of CH, as seen in Table 2, its database of
rate constants is quite well established. Consequently, assuming
that CH is produced predominantly from gknd equating this
to the total loss flux, an approximate ratio of 0.4 at 0.2 ms can
be derived for the CH/Ckconcentrations in any of the three
flames listed in Table 2. Norton and Smifhdid a similar type
analysis with their CH measurements in a methane diffusion
flame. Consequently, as is well-known, the concept of steady-
state distributions can simplify kinetic modeling and satisfy a
general need for reduced kinetic mechanisfds.

The consequences and implications of the existence of such The early isotopic work of Fergusti*2with 1C labeling

a hydrocarbon pool near the reaction zone of flames are quite
extensive. They can only be mentioned here briefly but may
provide the answer for a number of unconnected combustion
problems. Additional publications will enlarge on the details
elsewhere.

First, a radical pool produces an ordered spread over a
distribution. This automatically introduces a certain buffering
effect against major change. Variations in one species of a pool
will be moderated by the subsequent averaging over the whole.
Because of this, additions of new species to a kinetic model
describing such a pool may not affect the overall distribution

and the now several addition#iC- and D-labeled studies all
need re-examinatiot3144 For example, one study has noted
that, although CBDH alone is not prone to soot formation, when
labeled and burned in a mixture with toluene then the methanol-
labeled carbon also is present in the s¥étThis was a
noteworthy observation that remained unexplained. It would now
seem to be readily understood via the radical pool concept
outlined herein.

In light of the very fast and efficient hydrocarbon reactions
listed in the various tables, it is surprising and hard to understand
how the numerous flame studies that have utilized probe
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sampling appear to be successful in quantitatively monitoring whether they have any specific importance. Only one solution
trace specie&»124-128.136,146These generally have sampled low- emerged but with such additional implications that it im-
pressure flames directly into molecular beam mass spectrom-mediately appeared to be self-validating, that these radicals
eters. One study collected samples from atmospheric pressurdogether with the majority of the other hydrocarbon fragments
flames in analysis cells for the subsequent analysis of 2 C ~ have steady-state distributions that become rapidly locked in a
content in CH/air flames!?” This would seem to be totally  radical pool. It is this pooling that finally explains how two
inconsistent for species that are well established as reacting asuch chemically different species as these that lie in different
the collisional frequency on a sub-microsecond time scale evensections of any kinetic network can be related and have an ability
at reduced pressure. Nevertheless, there is a general acceptande track one another.

and model validation that the data are sound. If so, it may be The lifetime of the radical pool is very dependent on
that the radicals being locked in a radical pool are an aid in equivalence ratios. With sufficient oxygen it is drained rapidly.
maintaining the distribution through quenching. Even so, this However, with fuel richness the draining by oxidation becomes
method has to produce some degree of approximation. It seemsegligible, and as the soot inception ratios are approached then
impossible to instantly freeze all collisions by any means of radicals are no longer drained by oxidation but by mutual radical
such sampling. Until they are further analyzed and substantiatedrecombination. Moreover, all of the time the pool is operating
by a method other than modeling, such approaches must remairunder the control of the larger radical pool of thg/® system.

suspect to some degree. It is truly a radical pool within a pool. As to importance, it
The nature of a hydrocarbon radical pool in thgG3 radical might be stated that CH and, ®oth are important. However,

region appears to be one of linear relationships in that one carbonthis can be said for all of the radicals within the pool. They

radical changes into another even in the/G3 coupling share equally their ever-changing part of the available pool of

reactions. If so, this can finally offer a more complete mech- remaining unburned carbon. In this way, as once hiftédall
anism for the FID. It can now be understood as to how the of the carbon can be regarded as processing through CH.or C
linearly scaled levels of CH are produced in a hydrogen diffusion However, as to their individual importance in, for example,
flame seeded with different hydrocarbon structures. It also chemi-ionization, NQ or soot formation, this cannot be
becomes apparent why different carbon atoms as in partially rigorously established from solely flame studies. The nature of
oxidized organics such as acetone count as two and not threghe pool is to disguise their individuality in flames, and so
carbons. This is particularly important at present when consider- external confirmation is additionally required.
able efforts are examining the structural effects of oxygenated As summarized in the previous section, these findings now
fuels}22.123.144.14¢yhich is exactly what the FID is all about and  appear to have implications in other combustion areas. Some
was resolved quite extensively many years #gig8150 will be addressed separately in the near future.
Another interesting subject impacted by such radical pool
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