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Abstract

The formation of sulfur-containing gases and chemiions in the combustor and their evolution in the turbine of aircraft-engines between
combustor exit and engine exit are computed including the conversion fraction of fuel sulfur igtar®iG$HS0O,. The combustion is
approximated by an adiabatic time-dependent box-model. The temperature and pressure evolution in the flow between combustor exit anc
engine exit is modeled using a quasi one-dimensional (Q1D) model. New kinetic models for S-containing gases and chemiions are used.
About 1% of the sulfur molecules are computed to be converted intpv8tin the combustor and about 10% into $&nd SO, before
engine exit. Box models agree with the Q1D results for the same initial and thermodynamic conditions, but underestimate sulfur conversion
by a factor of 3 if using a linear temperature profile. The number of positive and negative ions formed within the combustor, mainly NO
and HSQ , depends strongly on the fuel/air ratio and on recombination reactions, mainly wHtEQC ions. The model computes a total
ion emission of 2101° per kg of fuel burned at cruise. Far larger ion concentrations close to values observed behind engines at ground, are
computed for higher combustor inlet pressure and higher fuel/air ratfl02 Editions scientifiques et médicales Elsevier SAS. All rights
reserved.

Zusammenfassung

Die Bildung von schwefelhaltigen Gasen und Chemi-lonen in der Brennkammer von Flugzeugtriebwerken und ihre Veréanderung in der
Turbine zwischen Brennkammer und Treibwerksaustritt werden berechnet, einschlie3lich der Umwandlung von Treibstoff-Schwgfel in SO
und H,SO4. Die Verbrennung wird mit einem adiabatischen instationdren Box-Modell approximiert. Das Temperatur- und Druck-Profil
entlang der Stromung vom Brennkammer-Austritt bis Triebwerks-Austritt werden mit einem quasi-eindimensionalen (Q1D) Strémungs-
Model berechnet. Fir die Kinetik der S-haltigen Gase und der Chemi-lonen werden neue Modelle benutzt. Etwa 1% der Schwefelmolekile
werden in der Brennkammer in SQuind etwa 10% in der Turbine in SQund HSO4 umgewandelt. Fur gleiche thermodynamische
Bedingungen liefern Box-Modelle gleiche Ergebnisse, unterschatzen aber die Umwandlung um einen Faktor 3, wenn das Temperaturprofil in
der Turbine durch ein lineares Profil approximiert wird. Die Zahl der positiven and negativen lonen, die in der Brennkammer gebildet werden,
vorwiegend NGO and HSQ . hangt stark vom Treibstoff/Luft-Verhaltnis und den Rekombinations-Reaktionen, vorwiegenad Hyoc
lonen, ab. Im Modell werden insgesale15 lonen pro kg verbrannten Treibstoffs unter Reiseflugbedingengen emittiert. Sehr viel groRere
Konzentrationen, wie am Boden hinter Triebwerken gemessen, werden fur hohere Brennkammerdriicke und Brennstoff/Luft-Verhaltnisse
berechnetd 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction
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processes in the atmosphere [7,27]. Most of the particlestions differ significantly from conditions in engine combus-
forming in exhaust plumes behind aircraft at cruise are lig- tors which burn aviation kerosene with air under lean con-
uid and contain sulfuric acid [13,45,50,53], and some con- ditions (@ = 0.25-0.33), at higher pressum@ ~ 1 MPa,
densable hydrocarbons [28,53]. The formation of volatile higher temperature, and at shorter time scales (a few mil-
aerosols in aircraft plumes depends on the amounts ofliseconds). Moreover, the fuel/air ratio varies in a complex
gaseous O, OH, S SG;, and SOy, and on chemiions  manner from rich to lean within the combustor. Only a few
(Cls) emitted from the engines [22,61]. Sulfur dioxide is the studies investigated the emission of Cls from aircraft en-
main product of oxidation of fuel sulfur during burning of gines. A total negative ion concentration of 1.& cm™3
aviation kerosene in gas turbine engine combustors [8]. Thewas measured at plume ages of about 10 ms after engine exit
concentrations of OH, Sf)and SOy at core engine exit  at ground [2]. Negative ions observed inside the plume of an
depend on the non-equilibrium chemistry in the combustor Airbus A310 aircraft cruising at 10.4 km altitude at plume
and on reactions of the exhaust gases in the postcombustoages of about 2 s were found to be mainly H38250y)

flow from the combustor through the turbine and the expan- HSQ; (HNOgz),,, and NG, (HNO3),, ions [3]. The upper

sion nozzle to the engine exit [9,36,46]. limit concentrations of negative and positive ions estimated
The fractione of conversion of S@to SO; and HSO, from the measurements wasl8—3-10° cm=2 for these

is defined in terms of respective mole fractions as conditions. Dilution [51] implies about 300 times larger con-

& = ([SOs] + [H2SO4])/[SO 1, where SQ includes all sul- centrations at engine exit, and larger values to account for

fur containing molecules resulting from fuel combustion. recombination processes. A total positive Cl concentration
For homogeneous nucleation, the nucleation rate and theof 1.6:108 cm~3 was measured in the exhaust of a jet engine
number density of volatile sulfate aerosol particles dependsat ground at 12 ms plume age [4]. The local number concen-
strongly on the magnitude af. If the volatile particles nu-  trationc of ions per unit volume is related to an ion emission
cleate mainly on Cls, thesnicontrols the size of volatile par-  index EI (number of ions per unit mass of fuel burned) by
ticles formed [29]. ¢ =Elp/N, wherep is the local plume gas density for given
The conversion fractios has been the topic of several temperature and pressure, a¥ds the dilution factor (mass
studies [53]. Values ot larger than 12-45% and 6-31% of air mixed with the exhaust from a unit mass of fuel burned
have been deduced from measurements of aerosols angb1]; for 16% hydrogen content in the fuel, the dilution fac-
COs, concentration behind a Concorde and a B-757 aircraft, tor in the engine is related to the equivalence fuel/air ratio
respectively [18,38]. Direct measurements of sulfuric acid ¢ by N = 16.2/¢). Some models require an initial total ion
in the exhaust plume imply far smaller values of the concentration of the sum of positive and negative ions at en-
sulfur conversion fractios of ~1.2% [2], >0.4% [13], or gine exit of 410% cm~2 at temperatur@ = 600 K and pres-
3.3% +1.8% [14]. Modeling studies assuming equilibrium sure P = 220 hPa, or an ion emission index ofl@'’ per
conditions at combustor exit and taking into account the kg of fuel burned [28,29,62]. For emission indices far larger
oxidation of S@ with OH and O radicals inside the engine than these values coagulation and recombination processes
between combustor and engine exit show thatay reach would quickly reduce the effective emission indices [61].
values up to about 10% [8,36,46,58]. These calculations The dependence of ion emissions on the combustion
suffer from large uncertainties on the amount ofsSOH, process and the processes within the engine have not
O, and other gases formed within the combustor. yet been determined. Therefore this paper investigates the
Another important precursor of volatile particles formed formation of aerosol precursors in the combustor and the
in aircraft engine exhaust are Cls [23,28,53,61,62]. Plume influence of various fluid dynamic and chemical kinetic
aerosol models require information on the type and concen-processes within the gas turbine engine on the levels of
tration of ions reaching the nozzle exit. The ion formation sulfate aerosol precursors and Cls at engine exit.
inside an aircraft engine has not yet been modeled. Recent
measurements in the exhaust of jet engines revealed negative
ions with HSQ cores, N@ cores and ions containing C, H 2. Kinetic model
and O atoms [2,32] and positive ions including massive hy-
drocarbons [33]. The number density of ions at engine exitis ~ The formation of sulfur containing species (S®1SGs,
still quite uncertain. For modeling nucleation consistent with H2SQ4) and Cls within the combustor and in the engine, in
volatile particle observations, engine exit C| number den- the core flow from the combustor through the gas turbine
sities as large as 2cm=2 have been assumed [61]. Such and the nozzle, is simulated with a new kinetic scheme. The
large CI concentrations were observed for a premixed rich scheme involves more than 1000 reversible reactions with
acetylene-oxygen flame at a fuel/air equivalence ratiof participation of 117 neutral gas species;, N, (z = 1, 2),
1.5-3 and an initial pressure of20 torr [10,31] and inrich O, (x=1,...,3),HO,, H,O,, NO,, HNO, (y =1, ..., 4),
(¢ = 2.13) and lean ¢ = 0.2) premixed methane-oxygen N:Hy,C;,CyH,(m=1,...,8,n=1,...,18),CQO,HCN,
flames at 40 torr [24] and 760 torr [43]. Maximum ion con- Cp—1H,-10;, S;, SO, HSO;, H2SOs, COS, HS, CS
centrations measured in such flames argQ#] = 1.510'1 and 35 negative (H, OH™, O, 05, O3, O,, CO3, CQy,
cm~3 and [GH307] = 10'° cm~3. But these flame condi- CN~, NO~, NO,, NO;, SG,, SG;, SO;, HSQ;) and
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positive (CHO", CHY, CoHY, C3HY, CH,OHT, CoH30, oped from measured ion kinetics during combustion [10,
Cct, cot, CO{, H3z0t, H,O*, O, o;r, NT, N;, NOT, 11,17,41], shock waves in air [40], plasmochemical kinet-
NO{, NH; NHI) ions. The kinetic model is based on our ics in electric discharge [35,42,55], and in the atmosphere
previous investigations of gaseous combustion kinetics for [5,19-21,30,54]. Most of the rate constants for ion chem-
hydrocarbons-air mixtures [15,56,57]. The gas phase modelistry were determined only for low temperature ranges (300—
for NO,, HO, and SQ chemistry is close to a previously 500 K). For the far higher temperatures in the combustor
developed model [46]. The model was previously applied and postcombustor flows, extrapolations are used in accor-
for an aircraft engine duct with prescribed initial conditions dance with theory for the various types of reactions. For
at combustor exit based on equilibrium calculations. The backward reactions for which the Arrhenius dependency is
main reaction paths for NQHNO,, HO,, SO;, and HSQ not listed in Table A2, the rate constants are determined us-
gases inside the mid-pressure turbine section were analyzednd calculated equilibrium constants. The model does not
from that study. For the present study, the model has beeninclude interactions with heavy hydrocarbon ionsKig,
extended to incorporate a more detailed S-containing speciesc7Ha , C13Hg , etc.) which are expected to be of small im-
chemistry and a new ion-chemistry model. The reactions portance for lean engine combustion conditions. Many of the
of SQ,-, S-, H,S-, HSQ,- and CS-species included in the ion—ion and ion—neutral species reactions are known only
chemical model used in this paper are listed in the appendix,with considerable uncertainty as discussed in the references
Table Al. All reactions are considered reversible. The rate Cited. Nevertheless, the results computed with this kinetic
constants of the backward reactions are determined fromscheme show a good correlation with experimental data on
calculated equilibrium constants [46]. Large uncertainties ignition delay in mixtures of hydrocarbons with air [56] and
exist in the sulfur chemistry, mainly because of missing data ©n CHO', CoH30*, H3O*, C3Hy ion concentrations in
on reactions of S@with OH at the high temperaturesinthe CHa/air flames [41].
combustor and high pressure turbine [58]. The present study
cannot contribute new information in this respect. For the
formation of LSOy from SO; and HO [45] we note that 3. Chemiion formation during combustion
the model uses a temperature independent summary reaction
as suggested earlier [9,36]. Aviation kerosene is a mixture of high-order hydrocar-
The types of reactions for ion chemistry included in this bons and contains 0.0001% to 0.3% sulfur per mass, with
kinetic model are listed in Table 1. The full set of ion re- median values near 0.04%. Sulfur is contained in aromatic
actions includes more than 400 reactions as listed in theand polyaromatic groups of high-order hydrocarbons in the
appendix, Table A2. The block of ion chemistry is devel- fuel. The fuel/air mixture enters the combustor of a mod-

Table 1
Reactions mechanism for chemiions formation

Type of reaction
1. Reaction with CH, CH(*x ™)

Symbols

CH(CH*) + O=HCO"+ e~ CH*
+ CoHy = C3H§L+ e

Reaction products
HCO*, CgHY, e~

o a0k~ w N

Associative ionization

Dissociative ionization

lonization under molecule and electron interaction
Associative electron attachment

Nonresonance charge exchange

Binary ion—-molecular reactions

8. lon-molecular reactions with electron formation

A-B=ABt+ e
AB-e"=A"+B
AR~ =ABTt 4 2¢
ABe™ =AB~
4B =A + Bt
A +B=A+B~
A-BC=B+ACt

A™+BC=B+AC™

ABC=e +A+BC

N3, Of, NO*, CgHT, e

0-,0,,NO,

0. NJ, NO*, OoF, N+

0~,0,,NO~, NO;

N3, N*,0F, 0t NOT, NOJ, NH], COT, cOof
NO;,NO3, 0™, 05, Oy, H™, OH™, SG;

HCO*, HgOT, CHOHY, HpO™, CHY, CoH30t,
CoHE, CgH3, CF, Nj, N*, NOT, NOf, NHJ,
NH,, of, 0f, co*

NO~, NO,, NOz, 0™, O;, O3, O, OH™, CN~,
CO;,CO,, SG,, SG;, SO, , HSO,

€

9. Ternary recombination of ion and neutral TAB+M=ABT+M N$, NOt, OF
10. Dissociative recombination AFB+M=AB "+ M NO;, O3, C0O;,0,,07, CO,
ABT+e =A+B Neutral
11. lon—electron recombination AB-e” =AB Neutral
12. Binary ion-ion recombination AB+CT=AB+C Neutral
13. Ternary ion-ion recombination AB-CT+M=AB+C+M Neutral
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ern gas turbine engine typically with initial temperature
To=1000 K and pressur@y = 1 MPa. After thermal de-
struction of these hydrocarbons in the combustor, lighter
hydrocarbons form and the sulfur contained in the hydro-
carbon fuel is transformed into4$. Our model assumes
an initial mixture containing:-CgH1g thermal destruction
products (16% hydrogen mass fraction) mixed with air and
H,S at an equivalence fuel/air rago= 0.25 (dilution factor

N =64.7).

The ignition and combustion process in the combustor is
simulated by integrating the kinetic equations versus time
assuming a homogenous mixture in an adiabatically closed
reactor from a time before ignition until an exit timeyit.

The value ofreyit is selected such that the computed emis-
sion index of NQ is in agreement with the NOemission
index of anRB211 engine of typeRB211-524B measured on

an altitude test chamber [49]. We usgii = 1 s for cruise
conditions withTp = 1000 K, Pp = 1 MPa,¢ = 0.25, and
Texit = 1072 s for ground conditions wittfy = 1250 K,

Py =45 MPa, ¢ = 0.33 or 0.25. For cruise conditions,
Fig. 1 depicts the temporal evolution of the computed mix-
ing ratios of N- (a), and S-containing (b) species, and Cls
(c) during combustion of gH1g thermal destruction prod-
ucts mixed with air and biS for a typical fuel sulfur content
(FSC) of 0.04%. Ignition occurs at- 10~2 s. After ignition

the combustion products contain relatively large amounts of
SOy, some S@, and smaller amounts of Hg@nd HSOy,

and trace amounts of 830", NO*, H30*, HSQ;, Sq;,

and NG ions. Some species such as HSO and; Sfet
formed temporarily during ignition and disappear when the
reactions continue for more than 0.1 s in the closed reactor
in these simulations. The gas speciesSBSO3, HoSOy,

NO, NO,, NO3, HNO, HNO3, OH, HOy, O, and the Cls at
the combustor exit do not reach local chemical equilibrium.
The S-containing species concentrations reach their equilib-
rium values at significantly shorter time scales than the N-
containing species and the Cls. The valuergf; selected

to match observed NQOemission values is rather large and
not realistic. Also the combustor inlet temperature selected
is higher than in typical engine combustors. This reflects
the difficulty in simulating the complex combustion process
with a well-mixed reactor. The model succeeds in describing
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Fig. 1. Evolution of N- and S-containing gas species and ions mole fractions
versus time of combustion forgBl1g destruction products mixed with air
and HS, at fuel/air ratiop = 0.25, temperaturey = 1000 K, pressure
Py =1 MPa, and fuel sulfur contefSC = 0.04%.

the selectedeyit value. The [NQ]/[NO,] ratio is close to
0.3 and fairly insensitive to the value ofyi; (see Fig. 1a).

the self-ignition process and is used for some first parameterThe ratio is larger than what was measured for RE211,
studies, but more refined model studies are to be performedpossibly because of inadequacy of the simple model, but

in the future to simulate the combustion process in more de-
tail.

The amounts of sulfur containing gases and of ions
HSQ,, SG;, and NG, depend on the fuel sulfur content.
The model results for neutral species and ion mole fractions
for two values of FSC are listed in Table 2. The amount of
O leaving the combustor is only 6% of the amount of OH
radicals, which agrees roughly with equilibrium estimates
and implies that the oxidation of $SCQo SO; with O is
of minor importance compared to reactions with OH [58].
The computed NQ@ emission index is 18 tkg which fits
the AERONOX data for th&B211 engine [49] because of

close to what was found for a smaller engifP¥\305) in the
AERONOX project, and is not unrealistic when compared to
measurements in the exhaust plume behind cruising aircraft
[48,52,59].

The concentrations of positive and negative ions (and of
most gas species) strongly depend on the fuel/air equiva-
lence ratiog. Note thaty varies locally within the com-
bustor because of inhomogeneous fuel air mixing and other
features of combustion, whereas this study assumes a ho-
mogeneous mixture. The temporal evolution of positive and
negative ion concentrations versus time is shown in Fig. 2
for ¢ =0.5,0.33, and 0.25. The time required for approach-
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Table 2
Neutral gas species and ion mole fractions under combustion of thermal destruction products of the mixiglig oWith air and HS at¢ = 0.25,
Po =1 MPa, for two values of fuel sulfur conterff$C) of 0.04% and 0.3%, and for ignition timg, and exit timezgyj; from the combustor

Species Tin Texit
FSC, % FSC, %
0.04 030 004 030
(e} 290(—4) 2.83(—4) 8.47(—6) 8.43(—6)
Oy 1.60(—1) 1.61(—1) 1.54(—1) 1.54(—1)
O3 2.78(—=7) 2.77(=7) 4.30(—9) 4.29(—9)
H 2.25(-5) 2.21(-5) 5.27(-8) 5.25(-8)
Ho 5.27(-5) 5.38(—5) 5.25(—=7) 5.23(-7)
OH 4.81(—4) 4.67(—4) 1.40(—4) 1.40(—4)
HO» 4.18(—6) 4.27(—6) 1.02(—6) 1.02(-6)
H,0 393(-2) 3.93(-2) 3.99(-2) 3.99(—-2)
N 2.36(—12) 2.34(-12) 2.59(-13 2.56(—13)
No 7.68(—1) 7.68(—1) 7.74-1) 7.74(-1)
NO 4.85(—8) 4.58(—8) 1.15(—4) 1.14(—4)
NO» 1.84(—9) 1.80(—9) 5.43(-5) 5.39(-5)
NO3 3.03(—-15) 2.92(—-15 5.18(—11) 5.14(-11)
HNO 4.24(—12) 4.04(—12) 6.16(—11) 6.10(—11)
HNO» 7.06(—11) 6.71(—11) 1.97(—8) 1.95(—8)
HNO3 141(-12 1.39(—-12) 2.57(-9) 2.55(-9)
NoO 2.70(—6) 2.67(—6) 7.94(—-7) 7.92(-7)
NH3 7.54(-13 7.53(-13) 3.44(-14 3.42(-14)
CcO 146(—2) 1.49(-2) 1.19(—6) 1.19(—6)
COy 1.65(—2) 1.62(—2) 3.15(—2) 3.14(-2)
SO 111(-9) 8.30(—9) 2.34(-11) 1.75(—10)
SO, 5.67(—6) 4.26(—5) 5.66(—6) 4.25(—5)
SOz 6.47(—9) 4.96(—8) 6.49(—8) 4.88(—7)
HSO3 2.07(-10) 1.54(—9) 2.74(—11) 2.05(—10
HoSOy 1.08(-12) 8.36(—12) 6.22(—12) 4.69(—-11)
H30T 1.08(—13) 9.82(—14) 1.14(—14) 1.61(—14)
NO+ 4.63(—17) 3.88(—17) 3.33(-13 4.65(—13)
NO}L 8.13(—20) 6.77(—20) 8.92(—-16) 1.25(-15)
CoH30T 1.19(-10) 1.12(—10) 1.95(—13) 2.91(-13
NO;, 2.49(—13) 1.00(-13) 6.99(—18) 1.26(—18)
NOg 6.60(—14) 2.62(—14) 7.34—17) 1.35(—17)
SO, 1.29(-13) 3.98(—13 1.71(—18) 1.60(—18)
SO; 2.47(-11) 7.58(—-11) 9.63(—17) 1.03(—-16)
SOZ 1.19(—13) 3.66(—13) 4.50(—20) 5.55(—20)
HSOZ 7.53(-19 1.72(—18) 5.40(—-13 7.73(-13
COg 7.19(—-11) 2.73(—11 4.37(—19) 6.44(—20)
Co, 2.18(—11) 8.35(—12) 5.03(—19) 9.00(—20)

A(n) corresponds ALO".

ing local chemical equilibrium is longer and the ClI con- after ignition by nearly a factor of10%. An increase ofp
centrations (both their maximum values after ignition and also causes a larger/OH concentration ratio (the (@H

their equilibrium ones) are lower for lower valuesgf At equilibrium ratio is~ 0.05, 0.1, 0.2, for ¢ = 0.25,0.33, 0.5,

¢ = 0.5, the maximum values of the H3Cand NO™ mix- respectively).

ing ratios are around-40~2%and the GH3zO™, H30™, SC3,, The major reaction paths of ion formation under com-
and NG; mixing ratios are larger than 8. At ¢ = 0.25, bustion of S-containing hydrocarbon fuel/air mixtures in our

model are identified in Fig. 3. In a first step CH@ns and
electrons form by reactions of CH radicals in ground elec-
fronic state and excited radical CH*>) with O atoms:

HSO, reaches a mixing ratio of 5.50~13, Hence inhomo-
geneous mixing, with larger local fuel/air ratio, may also
cause larger Cl concentrations. The strong dependence o
ion concentration from the value is a consequence of larger CH-+ O=CHO" + e,
te:‘r_nperature and larger concentratlpn of CH radicals after ig- CH*(4%S) + O= CHO* + & .
nition for larger¢ values ¢ < 1). Higher temperature and
larger CH concentrations result in larger rates of CHéns The primary negative ions Dquickly form by associative
and electrons formation. An increasegfrom 0.25 to 0.5  ionization reactions of electrons ang ®olecules. The ©
in the model increases the mixing ratio of CH@nd & ions react with CQ and G to form CQ, and G, ions.
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Fig. 2. Evolution of chemiion mole fractions versus time of combustiongH {g destruction products mixed with air ang8 at7g = 1000 K, Po = 1 MPa,
FSC = 0.04% and various values of fuel/air equivalence ragies 0.5, 0.33, and 0.25.

Reactions of ¢) ions with CO molecules and of COions
with O atoms result in the formation of G&nd G; ions.
Coincidentally with these processes, the HC@ns react

with HoO molecules and CHradicals and this results in

the rise of HO™ and CH; ions. The HO* and CH} ions
react with GH> and H molecules giving rise to Q—@
and GH3O™ ions at later times. Reactions of GQons
with O atoms and S@molecules produce D and SQ

ions. Reactions of CP ions with SG and NO molecules
lead to formation of SQ and NG, ions. These ions are

ions SG, HSQ,, and NQ;. The positive ions HO™,
O3, NOJ, and NO" form from reactions with O+ and
H,O™ ions. For negative ions, a similar reaction path scheme

has been suggested which includes also the formation of

ion clusters HSQHNO3 and HSQ H2S0Oy in the exhaust
plume outside the engine [23].

Our model computes maximum ion concentrations which
may appear small compared to laboratory measurements

responsible in this model for the generation of negative tions with GH30™:

[10]. Our modeling studies reveal that ion concentrations
during combustion decrease mainly by recombination reac-
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Fig. 3. Scheme of chemiion formation paths under combustion of S-containing hydrocarbon fuels with air. In this scheme solid lines depict #segbrocess
ion formation during ignition time (thick lines correspond to more rapid reactions, and thin lines correspond to slower reactions). Long dadbpitiitiee
processes of ion formation after ignition time, when the temperature and ion concentration is relatively high. Short dashed lines depictébepcocess

inrich flames ¢ > 1).

Sog + CzH30+ = SO + CoH30,
NO3 + CoH30™ = NO3 4 CoH30.

In order to determine an upper limit of ion concentrations
in the combustor for the given kinetic reaction scheme,
a modified kinetic model is used in which these most
important recombination reactions are excluded. In this
case, alp = 0.25, the most abundant ions are Hs@nd
CyH30t which reach concentrations of®810° cm=3. The
values of ion number density at combustor exit, §oe=
0.25 andFSC = 0.3%, for the two kinetic models, with
and without the recombination reactions withbHGO™
differ by a factor of 100, implying an upper limit of ion
number density of 40° cm3. The ion number density
computed with all recombination reactions should be the

more realistic one and amounts te4-10' cm=3. Far
larger ion concentrations>(10'° cm~3) were measured
for CH4/O2 flames atyp = 1 and 0.5 [10]. However for
combustion of aviation kerosene with air in lean flames
with ¢ = 0.25 the values of ion number density should
be significantly smaller, because of the lower combustion
temperature. We cannot exclude, however, that other ClI
source reactions occur which are not included in our model.
Differences between our model results and measurements
may also result from approximating kerosene by the thermal
destruction products aof-CgH1g with air. In real combustors
the combustion of kerosene may lead to another rate of CH
radical formation and result in different CHOand other
ions concentrations. Finally, our model does not account for
interactions of the gaseous species and ions with soot.
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4. Composition of gasesand chemiionsin the engine dashed line, deviates considerably from the Q1D result.

Fig. 5 depicts the evolution of the H-, N-, and S-containing
4.1. Modél for calculation of parametersin the gas species concentrations computed with the Q1D model
postcombustor flow inside the engine for two different FSC values.

The values of mole fractiong; of neutral species and

Two models were used to investigate the production Cls, temperature, and pressure during the postcombustor
of sulfate aerosol precursors and Cls in the flow between flow versus timer at characteristic cross sections of the
combustor and engine exit. The two models differ essentially internal flow are listed in Table 3 foFSC = 0.3%. The
in the treatment of the flow inside the turbine. The Q1D temperature decreases from 1540 K at combustor exit to
model [46] treats the temperature, pressure, velocity and gass98 K at nozzle exit. The mole fractiopsvary considerably
composition according to the one-dimensional conservation for most of the components with minor variations only for
principles along the flow through the turbine, including H20, Oz, N, and CQ. The variations of the; values are
blade effects. The second model is a box model in which most pronounced for strong oxidizers such as O, OH, and
temperature and pressure is prescribed as a function ofHO2, as well as for N@ and for members of the M,
time [58]. In this box model study, it was assumed that group. The effective mass emission index of OH amounts
the temperature decreases linearly from combustor exit toto 5.4 g/kg at combustor exit and 66 ryigg at engine exit.
nozzle exit and that the pressure decreases faster accordinét engine exit, most of the initially formed OH radicals
to a prescribed hyperbolic function of time along the are depleted by reactions with NO, NOSQG, and others,
flow. We study the change in gas and ion concentrations leaving a mole fraction of about 16, and this explains why
along the engine duct and the implications of such box measurements so far found hardly significant traces of OH at
model simplifications for conditions approximating the core engine exit [6]. From measurements of HN®NO3, NO,
of engines of typeRB211 and JT9D-7A, as used forB- and NQ in aged exhaust plumes, OH emission indices of
757 and B-747 subsonic aircraft. The same engines have 60 to 400 mgkg have been derived using models describing
been considered in previous modeling and experimentalthe chemistry in the diluting plume, starting from engine
studies [46,58]. The boundary conditiong,(P and gas exit [52,59]. This fits reasonably with the present model
composition) at combustor exit for these calculations are results. The small amount of OH emitted from the engine

taken from the combustion calculations e 0.25; Ty = exit implies small & 1%) additional sulfur conversion to
1000 K; Pp = 1 MPa described in the previous section H>SOy after engine exit [59]. It should be noted that the
(Table 2). concentrations of HN@ and HNG; in the turbine affect

Fig. 4 depicts the evolution of temperatuf@ and each other (Fig. 5; see [46]). The local maximum in HNO
pressureP; with time after exit from the combustor as nearr = 1.8 ms is caused by a change in importance of
computed with the Q1D model (full curve) inside the turbine various reactions at this time. At early stage of expansion
for the RB211 engine under cruise condition of B747 in the turbine { < 1.8 ms), the increase in HN{s caused
aircraft (altitudeH = 10.7 km, Mach numbei = 0.8). mainly by the reactions N+ OH+ M = HNO3 + M and
The linear temperature approximation, represented by theO, + HNO, = O + HNOg3. After r = 1.8 ms, the decrease
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Fig. 4. Temperature and pressure evolution in the flow from the combustor exit to engine exit wiRB2Bhcore engine at cruise conditions oBa747

aircraft. Solid lines correspond to temperat@irand pressur® as obtained by simulation of the postcombustor flow using the Q1D model, and the dotted line
depicts a linear variation df with time. The values are normalized by the initial values. Arrows indicate the ranges of the high-pressure turbine (HPT), the
duct between high- and medium-pressure turbines, the medium-pressure turbine (MPT), the three-stage low-pressure turbine (LPT), and tzzlexhaust n
until nozzle exit.
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molecules possessing proton affinities larger than that of

-4 4 a
M\\u\ H,0 [33]. lons NO-(H,0), are presumably unstable at the

high temperatures inside the engine but may formin the cool

-6 20
&ﬂ_“ exhaust plume outside the engine.

-8 - HO, The mole fractions of the major ions and the sum of all
H ions does not vary much along the duct in the model (see
T 7T Table 3). Instead, the total ion concentration is controlled
0 L5 3 t, ms mainly by the amount of ions formed in the combustion

chamber, because the recombination time is much larger
than the transit time within the postcombustor duct for the

lgy: NO b given concentrations. For larger initial ion concentrations at
-5 N0 do, combustor exit, ion—ion-recombination reactions in the tur-
7] HNO, bine would be more important. As it was mentioned above,

] the computed ion concentration at combustor exit strongly

9 o HNOs depends on the treatment of recombination reactions with
-11 A ) 0 ' C2H30 in the kinetic model. The recombination reactions

T inside the combustor reduce the ion concentrations at noz-
0 15 3 t, ms zle exit by a factor of order of 100. Without these recom-

binations, the ion concentration sum would reach an upper
limit of 4.3-10° cm—3, corresponding to an emission factor
of 2.3-10'7 kg~—1. However the recombination reactions do
occur and hence the sum of the ion concentration (maximum
for HSO; ) amounts to only about.8-10° cm=2 at nozzle
exit at cruise or an ion emission index ofl2'® kg1 in our
model. This is less than expected from measurements at the
ground [2,4] and less than required to explain the number of
volatile particles formed with models [29].
The larger observed ion concentration at ground may be
|HPT| Duct | MPT | LPT | Nozzle | explained partly by different engine operation conditions at
o ' ' ' ' ground compared to cruise altitude. Another possible reason
Fig. 5. H- (a), N- (b), and S-containing (c) gas species mole fractions in the results from local variations in the fuel/air ratio within real
postcombustor flow of &B211 engine at-SC = 0.04% (dashed curves) ~ combustors. The details of the flow inside the combustor are
andFSC = 0.3% (solid curves). very complicated and not represented in our model. Varia-
tions in the fuel/air ratios within the combusta@r £ 1/0.2)
of HNO3 concentration and the formation of N@ caused  could cause locally higher temperature and larger ion con-
mainly by the reactions HN&+ OH = NO3z + H2O and centration. The temperature and pressure at the combustor
HNO3 + M =H + NO3 + M. inlet at ground is higher than at cruise altitude. Moreover, en-
Significant SQ oxidation occurs throughout the tur- gines at ground are operating with higher fuel/air ratios than
bine resulting in up to 9% oxidation of the total S@o during cruise. At ground, withlp = 1250 K, Po = 4.5 MPa
(SOs+H2SOy) at engine exit fol-SC = 0.04%, and 8.4% at combustorinletan& = 0.082 MPa and” ~ 750 K at en-
conversion forFSC = 0.3%. The N@Q and HNG concen- gine exit, andp = 0.33, the model calculates a positive ion
trations also increase significantly within the postcombustor concentration at engine exit of abou#d 0’ cm—3, about 70
flow but stay below 1% of the sum of NO and M@pecies, times larger than at cruise. This result is larger than the total
as found in measurements [1,52,58]. negative Cl concentration 0f4:10’ cm~2 measured with a
At nozzle exit, NO" and HSQ ions are the most mass spectrometer and a little less than the total positive Cl
abundant ones. The presence of HS@ns is consistent concentration of 5.10° cm~2 measured with an electrosta-
with recent mass spectrometric measurements after engindic probe about 10 ms behind the ATTAS jet engine at ground
exit [32,33]. However, NO ions were not observed within  [2,4]. For¢ = 0.25 at ground, the computed total ion num-
these measurements. These measurements identified onlper density at combustor exit is abou?-10° cm~3, i.e. the
ions with masses larger than 50 atomic mass units. It is well reduction of¢ from 0.33 to 0.25 decreases positive ions at
known that NG ions may be generated in large amounts in engine exit to about.8-10” cm3, still 30 times larger than
shock waves in air [34,40]. NDions were also observed in  at cruise.
Ho/air flames [25] and in acetylene and propane/air flames  Our calculations (see Table 2) show also that the ion
[22]. The model does not take into account the formation composition depends on the fuel sulfur content. An increase
of NOT(H20), clusters and their possible reactions with of FSC results in a significant, but less than linear decrease
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Table 3
Postcombustor flow age, temperature, pressure, and gas composition mixing ratios at the different seciR@24beagine under cruise conditions of a
B-747 aircraft withFSC = 0.3%

Combustor High pressure turbine Middle pressure turbine Low pressure turbine Exit nozzle
exit exit exit exit plane

t, ms 0 045 18 32 4.6
T,K 1540 1330 1100 650 598
P, MPa 11 0.56 025 0027 0022
O 8.43(-6) 1.34(—6) 5.94(-7) 1.30(=7) 4.47(-8)
Oy 1.54(-1) 1.54(-1) 1.54(—-1) 1.54(-1) 1.54(-1)
O3 4.30(—9) 2.15(—-9) 3.49(—-9) 5.37(—8) 9.17(-8)
H 5.25(—8) 1.86(—9) 3.08(—11) 1.32(-13) 3.10(—14)
Hy 5.23(-7) 9.20(—8) 2.59(—8) 2.16(—8) 2.15(—8)
OH 140(—4) 3.42(-5) 1.42(-5) 3.08(—6) 1.71(—-6)
HO» 1.01(—6) 3.46(—8) 6.93(—9) 4.22(—8) 3.19(-8)
H,0O 399(—-2) 3.99(—-2) 3.99(-2) 3.99(-2) 3.99(-2)
N 2.56(—13) 1.64(—15) 4.17(-17) 2.01(—-20) 4.09(-21)
No 7.74-1) 7.74(-1) 7.74-1) 7.74(-1) 7.74-1)
NO 113(—4) 1.21(—4) 1.25(—4) 1.23(—4) 1.23(—4)
NO» 5.39(-5) 4.64(—5) 4.23(-5) 4.30(—5) 4.35(—5)
NO3 7.89(—11) 2.23(-10) 3.68(—9) 2.49(—8) 2.16(—8)
HNO 6.10(—11) 1.85(—12) 2.79(-13 6.47(—13) 3.95(—-13)
HNO» 1.96(—8) 5.83(-8) 2.94(—7) 1.40(—6) 1.57(—6)
HNO3 2.53(-9) 6.80(—9) 2.73(-8) 6.20(—10) 3.90(—10)
NoO 7.92(-7) 7.82(—7) 7.59(-7) 7.58(—7) 7.58(—7)
NH3 3.42(—14) 6.97(—15) 1.20(—15) 1.08(—15) 1.08(—15)
CO 218(—6) 1.44(—6) 9.46(—7) 9.19(-7) 9.16(—7)
COp 3.14(-2) 3.14(-2) 3.14(-2) 3.14(-2) 3.14(-2)
le} 175(—10) 1.27(-11) 2.11(-12) 1.27(—14) 1.29(—15)
SO, 4.25(—5) 4.22(-5) 4.15(-5) 4.00(—5) 3.94(-5)
SOz 4.88(—7) 1.74-7) 1.47(—6) 2.87(—6) 3.13(—6)
HSO3 2.23(—10) 2.14(—-10) 4.89(—10 1.53(—9) 8.79(—10)
HoSOy 4.69(—11) 1.82(—10) 1.00(—9) 1.34(-7) 4.63(-7)
HzO0t 1.61(—14) 1.54(-14) 1.49(—14) 1.49(—14) 1.49(—14)
NO* 4.65(—13) 4.67(—-13) 4.67(—13) 4.67(—13 4.67(—13
NO%L 1.24(—15) 4.83(—16) 1.69(—16) 5.72(—18) 2.80(—18)
CoH30T 2.91(—-13) 2.91(-13 2.91(-13) 2.91(-13) 2.91(—-13)
NO, 1.26(—18) 4.66(—18) 1.21(—17) 1.42(—17) 1.32(—17)
NOZ 1.35(—17) 1.29(-17) 1.25(—17) 1.10(—17) 7.13(-19)
SO, 1.60(—18) 1.60(—18) 1.60(—18) 1.60(—18) 1.60(—18)
SOy 1.03(—16) 1.00(—16) 9.20(—17) 8.36(—17) 8.34(—17)
SO, 5.55(—20) 5.31(—20) 4.71(—20) 4.09(—20) 4.08(—20)
HSOZ 7.73(—13) 7.73(—-13 7.73(—13 7.73(—13 7.73(—13)
Coy 6.44(—20) 5.43(-21) 3.00(—21) 3.64(—22 9.46(—23)
COo, 9.00(—20) 4.50(—20) 4.73(—20 2.92(—20) 1.14(—20)

A(n) corresponds ALO".

of NO3 and NG, concentrations and a slight increase of pressure for this engine afg = 1200 K andP; = 0.77 MPa.

NO* and HSQ concentrations at nozzle exit. In the box model the temperature and pressure profiles be-
tween combustor exit and engine exit have to be prescribed.
4.2. The conversion of fuel sulfur to SOz and H2SO4 The previous study assumed a linear temperature profile and

a hyperbolic pressure profile as a function of time approach-
In this section we compare our model with that used in ing 621 K andP. = 301 hPa at nozzle exit. In this paper,

a previous study [58] and investigate the sensitivity of the we use the same initial conditions at combustor exit with
conversion fractiore to the initial conversion of S@to gas composition as given in column 2 of Table 4. Using our
SQ; inside the combustor and to the thermodynamic pro- kinetic scheme in such a box model gives a conversion frac-
files between combustor exit and engine exit. The previoustion e = 3.3%. This value is close to the resul& 3.8% ob-
study investigated the sulfur conversion chemistry in the tur- tained earlier [58]. In view of small differences in the model
bine of aJT9D-7A engine, as used on older B747 aircraft, kinetics and the high sensitivity of such models to the kinet-
for which measurements had been reported previously forics, in particular to the reaction rate of $@ith OH, this
FSC = 0.0085% [59]. The combustor exit temperature and is to be considered a good agreement. If the same model is
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Table 4 the transient combustion of S-containing hydrocarbon fuels

Gas species mole fractions and conversion fracticat combustor exit with air in a closed adiabatic reactor under conditions close

and at engine exit for aT9D-7A engine computed with the present v 1nqge jn aircraft engine combustors. The turbine flow is

kinetic model and with prescribed combustor exit data and temperature and . . . .

pressure profiles inside the turbine duct as used in a previous study [58] computed with a quasi one-dimensional flow model. Both
models include new gas species and ion kinetic models. This

:pec'es Cso(r;;buslt:r ot Gingmfoex't is the first published model study of ion formation inside an
Hy 22032_15; 1:8‘2%_7)) aircraft engine. ' . '
o 1.80(—7) 6.68(—8) The concentrations of ions depend strongly on the fuel/air
0, 1.98(-1) 1.98(—1) equivalence rati@ and also, but less than linearly, on the
OH 9.01(-6) 2.69(—6) fuel sulfur content. The total ion mole fraction stays close to
Eoé iﬁi:g gﬁi:g constant in the turbine section of the engine in this model.
N; 7.38(-1) 7.38-1) The computed positive ion (mainly NQ concentrations at

NO 2.20(—4) 2.07(—4) engine exit of 139-10° cm3 for cruise regime is 100 times
NO> 4.15(=5) 5.37(-5) less than the concentration expected from positive ion mea-
E‘ND% g'gg(fg) i";g(—% surements at the ground with an electrostatic probe [4]. The
HNO, 21035_20; 3 455_7)) corresponding total ion concentration of abou #0° cm—3

HNOg 2.03(—20) 163(~9) corresponds to a total ion emission index of@® kg~

N,O 2.03(—20) 5.96(—10) This value is also 100 times less than what has been derived
co 144(-5) 1.42(-5) from aerosol measurements with Cl-driven nucleation mod-
ggz %ﬁig ggi:g els [29]. For ground conditions, with higher pressure and
soj 1:20(_6) 1:16(_6) temperature at combustor inlet and higher fuel/air ratio, the
SO; 2.03(-19 3.87(-8) computed total number density of positive and negative ions
HSO3 2.03(-25) 3.09(—11) is 70 times larger and abowtl0® cm—3 which is not far off
HoSOy 2.03(-19 5.67(-10 the value measured [4]. This indicates a strong dependence
&% 0 327 of Cl emission on the type and operation of the engines.

A(n) corresponds AL0". Larger ion concentrations would occur, in particular in

the combustor, if the recombination rate in the combustor
is smaller than assumed in the model. Also peculiarities of
turbulent combustion with locally inhomogeneous fuel/air
ratios in the various parts of the combustor are expected to
cause larger ion concentrations. This needs to be investigated
, i T : with three-dimensional combustion models in the future.
This confirms that the |n|t|a_l S@adds ab_out Im_early to the Finally, further important Cl formation processes may exist
amount of S@+ H>SQy available at engine exit. which are not included in the model. Because of self-
In order to determine the influence of the temperature limitation of the ion concentration by recombination, the

profng |n' the (tjurlb]:ne r?n tr21e sulfu.r chemlstry,hwe k:un engine dependence could be weaker for higher Cl emissions
our kinetic model for theRB211 engine using either the from the combustor.

tgmperature prgfile computed by our Q1D model or a Most of the relevant H-, N- and some of the S-species
linearly decreasing temperature profile. The two cases Were |, not reach chemical equilibrium in the combustors. Most

run for the combustor exit conditions listed in column 2 of the oxidation of fuel sulfur to S@and HSO, occurs in

of Tablte 3._Fgr7t2r2; I]:ne?r: te;mperatt:re prOf'fl_T’ ;Ehe nlﬁdel the turbine between the combustor and engine exit. A small
coerE)pu ejz-: I_ th. ! I?.r _e8%r2£er_?hured'?fr0|e rom Se fraction of the SQ is formed already inside the combustor.
Q model, the result 18 = ©.567. TNe dINErences IN > 14 ¢onversion in the combustor adds about linearly to the
containing gas concentrations and the conversion fractlong value at engine exit. The sulfur conversion fractioin an

cau?ed by thde Illnear. ap?romtmatlc:n "; C(t)mp?;sin tto the RB211 engine is computed by this model to b€9%, and
nonlinear model are significant (up to a factor of 3). A strong ~ 8.4%, for FSC of 0.04% and 0.3%, respectively. Hence,

impact offlow dynamics and the temperature profile: érs an increase in FSC causes a minor reductien ithe results

been found also by others [36,39]. of the present sulfur chemistry kinetics agree well with those
of a previous study [58] if applied with the same temperature
and pressure profiles and the same initial conditions, though
5. Conclusions both models may suffer from uncertainties in the sulfur
kinetics. The sulfur conversion fractiandepends strongly
The formation of gaseous sulfate aerosol precursors andon the temperature profile along the flow within the engine.
ions in the combustor and in the turbine of an aircraft The assumption of a linear temperature profile in the turbine
engine has been simulated. The combustor model simulatesnay cause an underestimatesdfy a factor of 3.

run with initial conditions taken from our combustor model,
with 0.69% of the sulfur molecules converted tosready
at combustor exit, the model computes- 3.92% at noz-
zle exit, which is 0.65% more than with zero initial $0
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Table Al
Kinetic mechanism for S-containing gas species formation
No. Reaction K4 s (cm3/mohm—ts71
Af nf Eaf
Reactions with S, § &4
1. S+S+M=S+M 3.98(17) -1 -171
S+SH+M=5+M 9.09(16) 0 0
Reactions with HS, bIS
3. HS+HS=Hy+ S 1.29(14) 0 0
4, HS+ HS=H»S+ S 7.04(12) 0 0
5. H+HS=Hy+S 151(13) 0 0
6. S+HS=H+$S 2.69(13 0 0
7. S+ HS=Hy+ S 6.14(12) 0 —2514
8. H)S+M=H+HS+M 7.94(25) -2 —46 255
9. HS+ H=Hy + HS 77712 0 —865
10. HS+ O=HS+ OH 4.36(12) 0 —-1679
11. HyS+ OH = Hy0 + HS 138(13) 0 —447
Reactions with SO, S§) S0
12. S+ 0, =SO0+0 6.32(11) 0.5 0
13. $+0=S+S0O 632(11) 0.5 0
14. HS+ O, = SO+ OH 123(11) 0 —1750
15. HS+ O=H + SO 355(14) 0 —-327
16. SO+ 0+ M=SO,+ M k+ 6.91(16) 0 0
k— 2.90(16) 0 —59200
17. SO+ 0, =S, + 0O 4.46(11) 0 —3268
18. SO+ OH=S0, + H 1.82(13) 0 0
19. SO+ SO=SO», + S 350(12) 0 —1760
20. S +S0=50+S 400(13 0 —12594
21, $S0+0=5+07 1.00(10) 0 0
22, S+ S0, =50+0 3.98(13 0 —22795
23. S+ OH=SO+H 4.00(13 0 0
24, S+0+M=SO0+M 4.60(17) -1 —87
25. S+ NOy = SO+ NO 295(13 0 84
26. SO+ NOy = SO, + NO 891(12 0 0
27. S+ 03=S0+ 0Oy 7.30(12) 0 0
28. SO+ 03 =S0, + Oy 1.50(12) 0 —1056
Reactions with S@
29. SO+0+M=S03+M k+ 4.40(14 0 —3196
k— 3.16(15) 0 —32201
30. SO+ SO3=S0; + SO, 1.20(9) 0 0
31. SQG+0=S0,+ 0, 6.50(14) 0 —5456
32. SQ + NOy = SO3 + NO 6.31(12 0 —13729
33. CH3O2 + SO, = CH30 + SO3 3.0L(7) 0 0
Reactions with HSO, HS8& HSO3, HoSOy

34. HS+ NO; = HSO+ NO 17513 0 —240
35. HS+ O3 = HSO+ O 5.72(12) 0 —280
36. HSO+ NO; = HSO, + NO 5.78(12 0 0
37. HSQ + O, = HO, + SO, 1.81(11 0 0
38. SO + OH=HSO3 9.03(11) 0 0
39. HSQ + O =HO, + SO3 7.83(11) 0 —333
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Table Al (—continued)

No. Reaction K4 s (cm3/mohm—1s~t
Af ny Eaf
40. SQ + Hp0 = HS0, 7.238) 0 0
a1, HSO+ O3 = HS + Oy + Oy 6.03(10) 0 0
Reactions with CS, G§ COS

42. CO+S+M=COS+M 2.05(16) 0 —-910
43. CO+SO=C0O,+ S 398(13) 0 —12569
44, CO+ SO, =COy + SO 398(11) 0 —12569
45, COS+ O=CO+ SO 190(13) 0 —2278
46. COS+S=CO0+ S 1.70(12 0 —2061
47. COS+H=CO+HS 129(10) 0 0
48. CS+ 0,=CO+ SO 549(10) 0 —1016
49, CS+ 0, =C0S+ 0O 1.00(13) 0 —6078
50. CS+SO=CO0+ S 1.00(9) 0 0
51. CS$S+0=CS+ SO 501(13 0 —960
52. C$S+0=C0OS+S 100(14) 0 —4052
53. CS+0=5,+CO 120(12) 0 —523
54. C$+S=CS+S, 1.00(14) 0 —2026
55. CS + Op = CS+ SO, 1.00(12) 0 —2212
56. C+S+M=CS+M 2.00(18) -1 0
57. CS+S+M=CS+M 2.00(16) 0 —905
58. 0O+ CS=CO+S 163(14) 0 —760
59. CS+ O3 =COS+ Oy 1.81(8) 0 0
60. CS+ NO, = COS+ NO 4.58(7) 0 0
61. OH+ CS; = HS+ COS 120(9) 0 0

A(n) corresponds to A0". K y = A‘,«--T"f exp(Eqr/T), m is the number of molecules participating in the reaction. Reactions (1)—(22), (34)—(37), (42)—(55),
(58)—(61) were taken from [44]; (23), (29)—(31), (40) from [9]; (24)—(26), (41) from [26]; (27)—(28), (56)—(57) from [47]; (32) from [60]; (33)F6In(38),
(39) from [16].

Table A2
Reaction mechanism for chemi-ions formation during combustion of S-containing hydrocarbons and air mixtures
No. Reaction kT k™ Ref.
A n Ea A n Ea
Reactions with CH{* )
1. GH+ Oy =CH@*> ™) +CO, 4.5(15) 0 12635 275(16) 0 20934 [17]
2. GH+ O0=CH@*x~) + CO 7111 0 0 355(11) 0 4756 [17]
3. Cy + OH=CH@*>™) + CO 33912 0 0 12(13 0 22885 [17]
4, CHE*X ) +M=CH+M 4(10) 05 0 4(10) 05 25018 [17]
5. CH@*>X ")+ 0Oy =CH+ 0O, 2.4(12) 0.5 0 [41]
6. CH@*x~)=CH 1.95(6) 0 0 195(6) 0 25018 [17]
7. CH@*>X ) +H=C+H, 1.51(14) 0 0 525(14) 0 36678 [17]
8. CH@*x~)+0=CO+H 5.75(13) 0 0 398(—15 3 35136 [17]
9. CH@*X™) 4+ OH=C+H,0 3.02(13 0 0 49(14) 0 44340 [17]
10. CHE*> ™) + CHz = CoHz + H 3.02(13 0 0 7413 3 48697 [17]
11. CHE*>~) + 0= CO+ OH 1.35(14) 0.67 12989 275(—11) 3 50344 [17]
12. CHE*>~) + 0O, =HCO+ O 1(16) 0 0 166(3) 3 49884 [17]
Associative ionization
13. CH+O=HCO" +e 25(11) 0 8544 5.75(24) -23 3240 [17]
14. CH@*x~) + O=HCOt + e 501(14) 0 859 955(19) 0 25771 [17]
15. CH@*s™) + CoHp = CgHJ +e 2(11) 0 0 2725 —27 —3351 [17]
16. G + CHz = C3H3f +e 1(10) 0 0 437(25) -3 —8723 [17]
17. N+N= N; +e 157(8) 1.38 66 300 182(20) —0.93 196 [37]
18. N+O=NOt +e 156(7) 1.43 31143 138(18) —0.45 59 [37]
19. 0+ 0= O}L +e 24209 0.87 79214 38922 -1.62 40 [37]

Dissociative ionization

20. O3 +e=0, +0 6(14) 0 0 9(13) 0 0 [35]
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No. Reaction K k— Ref.
A n Ea A n Ea
21. NoO+e=Ny+ O~ 1.2(14) 0 0 12(5) 0 0 [55]
22. HNO; + e=NO, + OH 3(16) 0 0 [30]
23. CO+e=C+0O" 1.8(10) 0 0 0 0 0 [55]
lonization under molecule and electron interaction
24. N +e=NJ +ete 219(-8) 5.04 180840 15(5) 2.56 2446 [37]
25. N+e=Nt +e+e 18(13) 0.6 168772 261(19) —-05 —6663 [37]
26. NO+e=NOt +e+e 646(23) 168 107367 196(33) —334 418 [37]
27. O +e=05 +e+e 1(-13) 602 140150 AO(—3) 3.84 3478 [37]
28. O+e=0"t+e+e 52(12) 0.68 157981 1(22) —-1.04 —4544 [37]
Associative electron attachment
29. NO, + e=NO, 1.8(13) 0 0 [35]
30. NO+e+M=NO" +M 3.6(17) 0 0 0 0 0 [35]
31. O +e+0=0,+0 36(16) 0 0 [35]
32. Q+e+0;=0, +0, 1.51(21) -1 600 935(12) 0.5 5590 [35]
33. Q+e+Ny=0, +Np 3.47(21) -2 70 658(10) 0.5 4990 [35]
34. O+e+Np=0" +Ny 3.6(16) 0 0 [55]
35. O+e+0,=0"+0, 3.6(16) 0 0 [35]
Nonresonance charge exchange
a) Positive ions
36. NJ +NO, =NOj +Nj 1.8(14) 0 0 [42]
37. N¥ + Ny =Nj +N 1(12) Q5 12199 137(17) —-0.83 3048 [37]
38. Nt + NO=N + NO* 5.4(14) 0 0 [42]
39. NF+0=0"+N 3.395) 158 0 465(8) 0.96 12185 [37]
40. NO' + Ny = NO+ N 3.8(15) 0 73231 147(17) -0.72 765 [37]
41. NO" + O, =NO + O} 2413 0.41 32600 4413 0.13 456 [37]
42 NO" + O=NO + Ot 1.82(13) 0 50129 121(13) —0.06 —460 [37]
43, NGO + NO = NO* + NO, 1.74(14) 0 0 [35,42]
44, Qf +Np =0y +Nj 9.91(12) 0 40700 144(14) —0.44 379 [37]
45, Qf +N=0p+N* 8.71(13) 0.14 28599 157(10) 0.98 —2030 [37]
46. af +NO, =NOJ + O 5.28(14) 0 0 [42]
47. Qf +0=0,+ 0" 4(12) -0.09 18000 BA(1) 0.13 —424 [37]
48, O +Np=0+NJ 9(11) Q36 22799 518(13) -03 926 [37]
49, O" +NO, =NOJ + 0O 9.6(14) 0 0 [35,42]
50. Of +NO=NO* + 0, + Oy 6(13) 0 0 0 0 0 [35]
51. HOT + Oy = 0} + Hy0 12(14) 0 0 [21]
52. N + NHz = NHE + N 1.14(15) 0 0 0 0 0 [42]
53. N* + NHz =NH} +N 1.44(15) 0 0 0 0 0 [42]
54, Qf +NHz=NHJ + O, 6(14) 0 0 0 0 0 [42]
55. N} + CO=CO" + N, 4.2(13 0 0 [21]
56. N +COp = CO} + Ny 5.4(14) 0 0 [21]
57. Nt +CO=CO" +N 3(14) 0 0 [21]
58. Nt +COp = COJ +N 7.8(14) 0 0 [21]
59. CO" +0,=03 +CO 12(14) 0 0 [21]
60. COf + CO,=COJ +CO 66(14) 0 0 [21]
61. CO + NO=NO* + CO, 7.2(13) 0 0 [42]
62. CQf +0,=0} +CO, 3.36(13) 0 0 [42]
b) Negative ions
63. NO™ + NO, = NO;, + NO 4.44(14) 0 0 0 0 0 [30]
64. NO™ + 0, =0, + NO 5.4(14) 0 0 0 0 0 [21]
65. NG, +NO3=NO; + NO3 3(14) 0 0 [35]
66. Q, +NOp =NO; + 0, 4.2(14) 0 0 [30,42]
67. Q, +NO3 =NO; + 0, 3(14) 0 0 [35]
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No. Reaction kt k~ Ref.
A n Ea A n Ea
68. G +0=0 +0, 1.98(14) 0 0 [35]
69. G, +03=0; +0p 1.8(14) 0 0 0 0 0 [21]
70. O +NOp=NO, +0 7.2(14) 0 0 0 0 0 [21,35]
7. O 4+03=0;+0 4.2(14) 0 0 0 0 0 [21]
72. O +N2O=NO" +0O 12(12 0 0 0 0 0 [35]
73 O; +NOp=NO; + O3 4.2(14) 0 0 0 0 0 [21,35]
74 O, +NO3 =03+ NO; 3(14) 0 0 0 0 0 [35]
75.  H +NOp=NO, +H 3(14) 0 0 [21]
76.  OH +NOy=NO, + OH 6(14) 0 0 [21]
77 OH +03=0j3 +OH 5.4(14) 0 0 0 0 0 [30]
78. O, +S0;=S0, + 0y 3.24(14) 0 0 0 0 0 [21]

Binary ion—-molecular reactions

a) Positive ions

79. NJ + NO, = NO* + N0 3(13) 0 0 [42]
80. Nj +O0=NO+N* 1.82(14) 0 25761 671(9) 1 —1994 [37]
81. Nt + NO=0OT + N 6(11) 0 0 [35]
82. Nt + 0, =0 +NO 216(13) 0 0 [42]
83. Nt + O3 =NOt + 0, 3(14) 0 0 [35]
84. Nt 4+ NoO = NOT + N, 3.3(14) 0 0 [35]
85. NO' + N =N, + OF 3.39(13 -1.08 12800 81(12) —-0.85 —346 [37]
86. NO" +N=Nj +0 7.24(13) 0 35500 B1(14) —-0.43 478 [37]
87. NO" + NO =Ny + OF 3.24(8) 0 11947 36(10) -0.37 1885 [37]
88. NOF + NO =05 + Ni 1.1(11) 0 51529 176(14) -081 1148 [37]
89. NOF +O0=Nt + 0, 1(12) 5 77201 59(10) 0.68 -935 [37]
90. NO" +0=05 +N 7.76(12) 0.29 48599 B4(15) -0.37 1095 [37]
91. NO + O3 =NOJ + O, 6(8) 0 0 [35]
92. Q +NO,=NO* + 03 6(12) 0 0 [35]
93. O" +NO=0J +N 1.8(12) 0 0 [35]
94, O +03=0] + 0, 3(14) 0 0 [35]
95. OF + No,O = NO*T + NO 138(14) 0 0 [35]
96. O +N20=05 + N, 1.2(13) 0 0 [35]
97. HCO' + Hy,0O = H3Ot + CO 1(16) —0.0897 0 309(16) —0.0897 15021 [17]
98. HOt + Hy,0 = H301 + OH 51(14) 0 0 [21]
99. HzO1 + CHyO = CHyOHT + H,0 132(15) 0 0 438(14) 0 2626 [20]
100. NH} + NHz = NHJ + NH; 1.32(15) 0 0 0 0 0 [42]
101. HO™ + NHz = NH; + Hp0 15(15) 0 0 [42]
102. CHy + N3 = CH} + NoH 7.2(14) 0 0 [5]

103. CHy + N =CH} + NH 3.3(14) 0 0 [5]

104. CH, + O = CH{ + OH 3(14) 0 0 [5]
105.  O"+C0O;=0j +CO 7.2(14) 0 0 [21]
106. Cr+0,=CO"+0 6(14) 0 0 [21]
107. CF +CO,=CO" +CO 114(15) 0 0 [21]
108. HOT + CHy = CHJ + Ho0 6.17(14) —0.006 0 741(14) —0.006 14591 [17]
100. HOT + CoHy = CoH30™ + Hy 8.39(15) 0 0 [41]
110. HCO" + CH, = CH} + CO 562(14) —0.006 0 209(15) —0.006 29612 [17]
111. HCO" + CyHp = CoHY + CO 7.08(14) 0 0 195(14) 0 8122 [17]
112. HCOF + CyHz = CgHJ + OH 7.59(14) -0.074 0 339(3) 3 —1931 [17]
113. CHf + CO; = CoH30t + 0 7.24(14) 0 0 [41]
114. CHf + CoHp = CgHY + Hy 7.24(14) 0 0 166(15) 0 29471 [17]
115. GHJ + Hp0 = HzO™ + CoH, 6.92(15) 0 0 7.76(16) 0 6894 [17]
116. GH3 + Hp0 = CoH30™ + CH, 7.24(14) 0 0 [41]
117. Ct + N,O=NO* + CN 5.46(14) 0 0 [55]
118. Nt + CO, = NOt + CO 108(13) 0 0 [55]
119. COF +Hy=HCO" +H 1.2(15) 0 0 [55]
120. Nj +03=0] + O+ Ny 6(13) 0 0 [35]
121. Ni + N2O =NO* + Ny + N 2.4(14) 0 0 [35]
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122. Qg +0=0] + 03 1.8(14) 0 0 0 0 0 [35]
b) Negative ions
123. NO™ + N20 = NO; + Nz 1.68(10) 0 0 0 0 0 [35]
124. NG, + NO2=NO3 +NO 6(10) 0 0 311) 0 0 [42]
125. NG, + N2O=NO3 + N3 3(11) 0 0 [42]
126. NG, + HNOg = NO3 + HNO; 9.6(14) 0 0 [19,30,42]
127. NG, + O3=NO; + O 7.2(13) 0 0 [42]
128. NO™ +02=03 + N2 6(14) 0 0 0 0 0 [21]
129. G, +NO=NO; +0 6(11) 0 0 [55]
130. G, +N2O=NO; +NO 12(10 0 0 [30]
131. G, +N20=03 + Nz 6(12) 0 0 0 0 0 [55]
132. O +NO2=0; +NO 108(13) 0 0 [21]
133. O +N20=0; + Nz 1.32(14) 0 0 [30]
134. O +NoO=NO" +NO 12(14 0 0 0 0 0 [8,55]
135. G; + N2 =NO; +NO 3(10) 0 0 0 0 0 [55]
136. G +NO=NO; + 02 1.56(12) 0 0 0 0 0 [35]
137. G +NO=NO3 +0O 6(12) 0 0 0 0 0 [21,35]
138. G +NO2=NO3 + Oz 1.68(14) 0 0 0 0 0 [30]
139. G +0=0; +02 1.92(14) 0 0 0 0 0 [35]
140. O +Hy=0OH" +H 3.6(13) 0 0 [30]
141. O +HyO=O0OH" + OH 36(11) 0 0 [30]
142. O + CHg = CHgz + OH™ 9.15(14) -05 0 [19,54]
143. O + CyHg = CoHg + OH™ 6.13(15) -05 0 [19,54]
144. O +HCN=CN~ + OH 222(15 0 0 [30]
145. OH + HCN=CN~ + Hy0 2.46(15) 0 0 [30]
146. Qg +CO,=CO; + 0y 3.3(14) 0 0 36(9) 0 0 [30]
147. G, +NO=NO3 + O 1.5(1%) 0 0 0 0 0 [30]
148. G, +0=035 +02 2.4(14) 0 0 0 0 0 [35]
149. g, +CO=CO; +0O2 1.2(13 0 0 0 0 0 [30]
150. Q, +C0,=CO; + 0O, 2.58(14) 0 0 0 0 0 [30]
151. CG +NO=NO; +CO; 5.4(12) 0 0 0 0 0 [21]
152. CG +NO2=NO3; + CO, 4.8(13) 0 0 0 0 0 [21]
153. CG +0=0; +CO, 4.8(13) 0 0 0 0 0 [21]
154. CG +N20=CO; +N2 3(11) 0 0 0 0 0 [30]
155. CQ, +NO=NO; +CO; 2.88(13) 0 0 0 0 0 [30]
156. CQ, +0=C0O; + 02 9(13) 0 0 0 0 0 [55]
157. CGQ +0=0;5 +CO,; 6(13) 0 0 0 0 0 [55]
158. CQ +03=0;5 +COz + Oz 7.8(13) 0 0 0 0 0 [30]
159. NG + O3=NO; + 02+ 0O 6(10) 0 0 [30]
160. G +80,=80; + 0Oy 1.53(14) 0 0 0 0 0 [21]
161. Qg +S0, =50, +0 153(14) 0 0 0 0 0 [21]
162. SQ@ + HNO3=HSO; +NO3 3.6(14) 0 0 0 0 0 [19]
163. SG + HNO3 = HSO3 + NO3 2.4(14) 0 0 0 0 0 [19]
164. O + H2SO4 = HSO, + OH 252(15) 0 0 0 0 0 [30]
165. NG; + H2SO4 = HSO, + HNOg 1.56(15) 0 0 0 0 0 [30]
166. CG +SO;=S0; +CO, 3.1(17) -127 0 0 0 0 [54]
lon—molecular reactions with electron formation

167. NG, + O=NO3z +e 6(11) 0 0 [35]
168. G +N=NO; +e 3(14) 0 0 [35]
169. O +N=NO+e 156(14) 0 0 [35]
170. O +NO=NOy +¢€ 156(14) 0 0 [35]
171. O +0,=03+¢€ 3(9) 0 0 [35]
172. O +0=0y+¢e 3(14) 0 0 [35]
173. O +Hy=HyO+e 348(14) 0 0 [30]
174. H 4+ 0;=HOy + e 9(14) 0 0 [55]
175. H +H=Hy+e 7.8(1%) 0 0 [55]
176. OH +N=HNO+e 6(12) 0 0 [55]
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177. OH +O=HO;+e 12(14) 0 0 [55]
178. OH +H=HO+e 6(14) 0 0 [55]
179. CN +H=HCN+e 48(14) 0 0 [55]
180. O +CO=COy+e 33(14) 0 0 [30]
181. G, +N=NO+O+e 24(14) 0 0 [55]
182. G +0=02+0z+e 18(14 0 0 0 0 0 [35]
183. NO +CO=e+CO+NO 3(11) 0 0 0 0 0 [30]
184. NO +COy=e+COy+ NO 4.98(12) 0 0 0 0 0 [30]
185. NO + NO=e+ NO+ NO 3(12) 0 0 0 0 0 [30]
186. NO + N0 =e+ NO+ N2O 3.06(12) 0 0 0 0 0 [30]
187. Gy +NxO=e+ Ny + 02+ 0p 1.2(10 0 0 0 0 0 [30]
Ternary recombination of ion and neutral
188. NF+N+M=Nj +M 2.6(20) —0.75 0 [12,35]
189. NF+O0+M=NO"+M 2.6(20) -0.75 0 [12,35]
190. O+ N+M=NOT+M 2.6(20) -0.75 0 [12,35]
191. O " +0+M= O}L +M 2.6(20) -0.75 0 [12,35]
192. QO +0;+0,=0; +0; 7325  -32 0 16(28) —4 5030 [35]
193. OE +N+M= NOE +M 3.6(18) 0 0 [55]
194. O +NO+M=NO; +M 3.6(18 0 0 [35]
195, O +02+02=05 + 02 3.24(17) 0 0 0 0 0 [42]
196. O +CO,+M=CO; +M 1.12(20 0 0 0 0 0 [30]
197. G +02+M=0; +M 3.7819 -1 0 6(13) 0 1044 [35]
198. G, +CO, +M=CO, +M 1.69(19 0 0 0 0 0 [30]
199. G +0=0"+02+02 1.8(1% 0 0 0 0 0 [35]
200. CGQ +CO=CO+COx+e 3(11) 0 0 0 0 0 [55]
201. G +02+N2=NO; +NO; 2.1(6) 0 0 [55]
Dissociative recombination
202. Nq +e=NO+0 208(18 —-05 0 [35]
203. HOT +e=H,0+H 22918 -05 0 741(-7) 3 40453 [17]
204. ch +e=CO+0 3.6(16) 0 0 [55]
205. CI—Q +e=CHy +H 22918y -05 0 339(-2) 3 43779 [17]
206. CzHg +e=CyHy +H 22918y -05 0 102(-7) 3 39872 [17]
207. GH30t +e=CH,CO+H 22918 -05 0 0 0 0 [41]
208. Q’gH; +e=CyHy + CH 15(19 -05 0 0 0 0 [41]
209. Q{ +e=0+07 146199 -05 0 0 0 0 [35]
lon-electron recombination
210. NG} +e=NO, 1.2(19) 0 0 [42]
211. O +e+0,=0+0, 1(30) -35 0 [12,35]
212. O +e+Ny=0+N; 1(30) -35 0 [12,35]
213. HCO' +e+e=HCO+e 39839 45 0 955(—5) 3 37360 [17]
214. Cl—g +e+e=CHz+e 39839 45 0 977(—10) 3 30537 [17]
215. CzHg +e+e=CyHz+e 39839 45 0 6.03(—5) 3 37304 [17]
Binary ion—ion recombination
216. A +Bt=A4+B 20918 -05 0 [35]
A =0y, 0, O3, NO, NOy, NO3, N2O, SOy, SO3, CN;
B = Nj, Oy, N, O, NO, NGO, CO, CG, NH3, CoH30.
217. A +(BCYF=A+B+C 6.02(16) 0 0 [35]
A =0y, 0, 03, NO, NO,, NO3, N2O, SO, SC3, CN;
(BC) = N2, Og, NO, NGOy, O4, CoH30.
218. (ABJ  +Ct=A+B+C 6.02(16) 0 0 [35]
(AB) = Og;
C=Njy, 0y, N, O, NO, NG.
219. NG + NH} =NO3+NHz +H 1.8(18) 0 0 [42]
220. G + OZ =02+024+ 02402 6.02(16) 0 0 0 0 0 [35]




R e B e

Table A2 (—continued)
No. Reaction kt k= Ref.
A n Ea A n Ea
Ternary ion—ion recombination

221. A +Bt+M=A+B+M 1.12(29) -25 0 [35]
M = Ny, Oy
A =0y, O.
B =Ny, Oy, N, O, NO

222. A +Bt+M=AB+M 1.12(29) -25 0 [35]
M = Ny, Oy

a)A=0y B=N, O, NO
b) A=0; B =Ny, O, N, 0, NO

kt() =a.T" exp(—Ea/ T) cm3/mol’”*1 s~1, m is the number of molecules participating in the reactiom)B{orresponds to B0”.

References [15] N.G. Dautov, A.M. Starik, On the problem of choosing a kinetic
scheme for the homogeneous reaction of methane with air, Kinetics

[1] F. Arnold, J. Scheid, T. Stilp, H. Schlager, M.E. Reinhardt, Measure- and Catalysis 38 (1997) 185-208.
ments of jet aircraft emissions at cruise altitude, 1, The odd-nitrogen [16] W.B. DeMore, S.P. Sander, D.M. Golden, R.F. Hampson, M.J. Kurylo,
gases NO, N@, HNO,, and HNG;, Geophys. Res. Lett. 19 (1992) C.J. Howard, A.R. Ravishankara, C.E. Kolb, M.J. Molina, Chemical
2421-2424. kinetics and photochemical data for use in stratospheric modeling.

[2] F. Arnold, T. Stilp, R. Busen, U. Schumann, Jet engine exhaust Evaluation 11, JPL Publication 94-26. Jet propulsion laboratory,
chemiion measurements: Implications for gaseoug 8@ HSOy, Pasadena, California (1994).

Atmos. Env. 32 (1998) 3073-3077. [17] A.N. Eraslan, R.C. Brown, Chemiionization and ion—molecule reac-

[3] F. Arnold, K.H. Wohlfrom, M.W. Klemm, J. Schneider, K. Gollinger, tions in fuel-rich acetylene flames, Combust. Flame 74 (1988) 19-37.
U. Schumann, R. Busen, First gaseous ion composition measurements[18] D.W. Fahey et al., Emission measurements of the Concorde supersonic
in the exhaust plume of jet aircraft in flight: Implications for gaseous aircraft in the lower stratosphere, Science 270 (1995) 70-74.
sulfuric acid, aerosols, and chemiions, Geophys. Res. Lett. 25 (1998) [19] F.C. Fehsenfeld, C.J. Howard, A.L. Schmeltekopp, Gas phase ion
2137-2140. chemistry of HNQ@, J. Chem. Phys. 63 (1975) 2835-2841.

[4] F. Amnold, A. Kiendler, V. Wiedemer, S. Aberle, T. Stilp, R. Busen, [20] F.C. Fehsenfeld, I. Dotan, D.J. Albritton, C.J. Howard, E.E. Ferguson,
Chemiion concentration measurements in jet engine exhaust at the Stratospheric positive ion chemistry of formaldehyde and methanol,
ground: Implications for ion chemistry and aerosol formation in the J. Geophys. Res. 83 (1978) 1333-1336.
wake of a jet aircraft, Geophys. Res. Lett. 27 (2000) 1723-1726. [21] E.E. Ferguson, Negative ion-molecular reactions, Canadian J.

[5] S.T. Arnold, R.A. Morris, A.A. Viggiano, Reactions of O- with var- Chem. 47 (1969) 1815-1820.
ious alkanes: competition between hydrogen abstraction and reactive [22] A.B. Fialkov, Investigations on ions in flames, Progr. Energy Comb.
detachment, J. Phys. Chem. A 102 (1997) 1345-1348. Sci. 23 (1997) 399-528.

[6] S. Béckle, S. Einecke, F. Hildenbrand, C. Orlemann, A. Schulz, J. [23] A. Frenzel, F. Arnold, Sulfuric acid cluster ion formation by jet
Wolfrum, V. Sick, Laser-spectroscopic investigation of OH-radical engines: Implications for sulfuric acid formation and nucleation. DLR-
concentrations in the exhaust plane of jet engines, Geophys. Res. Mitt. 94-06, Deutsches Zentrum fur Luft- und Raumfahrt, Kélin,
Lett. 26 (1999) 1849-1852. Germany (1994) 106-112.

[7] G.P. Brasseur, R.A. Cox, D. Hauglustaine, I. Isaksen, J. Lelieveld, [24] J. Goodings, K.D. Bohme, T.M. Sugden, Sixteenth Symposium
D.H. Lister, R. Sausen, U. Schumann, A. Wahner, P. Wiesen, European (International) on Combustion, The Combustion Institute, Pittsburgh,
scientific assessment of the atmospheric effects of aircraft emissions, 1977, pp. 891-902.

Atmos. Env. 32 (1998) 2329-2418. [25] J.F. Griffits, J.A. Barnard, Flame and Combustion, Chapman and Hall,

[8] R.C. Brown, R.C. Miake-Lye, C.E. Kolb, A.A. Sorokin, Ya.V. Buriko, London, 1995.

Aircraft exhaust sulfur emissions, Geophys. Res. Lett. 23 (1996) [26] R.W.F. Gross, J.F. Bott (Eds.), Handbook of Chemical Lasers. A
3603-3606. Wiley-Interscience Publication, John Wiley and Sons, New York,

[9] R.C. Brown, R.C. Miake-Lye, M.R. Anderson, C.E. Kolb, Effect of 1976.
aircraft exhaust sulfur emission on near field plume aerosols, Geophys. [27] J.E. Penner, D.H. Lister, D.J. Griggs, D.J. Dokken, M. McFarland
Res. Lett. 23 (1996) 3607-3610. (Eds.), Aviation and the Global Atmosphere, A Special Report of

[10] H.F. Calcote, lonic mechanisms of soot formation, in: J. Lahaye, G. IPCC (Intergovernmental Panel on Climate Change), Cambridge Univ.
Prado (Eds.), Soot in combustion systems and its toxic properties, Press, Cambridge, UK, 1999.
NATO Conference series. Series VI: Materials Science, Plenum Press, [28] B. Kércher, F. Yu, F.P. Schrdder, R.P. Turco, Ultrafine aerosol particles
New York, 1981, pp. 197-215. in aircraft plumes: Analysis of growth mechanisms, Geophys. Res.
[11] H.F. Calcote, D.G. Keil, The role of ions in soot formation, Pure Appl. Lett. 25 (1998) 2793-2796.
Chem. 62 (1990) 815-824. [29] B. Karcher, R.P. Turco, F. Yu, M.Y. Danilin, D.K. Weisenstein, R.C.
[12] G.G. Chernyi, S.A. Losev (Eds.), Physical and chemical processes in Miake-Lye, R. Busen, On the unification of aircraft ultrafine particle
gas dynamics. V. 1. Cross sections and rate constants for physical and emission data, J. Geophys. Res. 105 (2000) 29379-29386.
chemical processes (2002), in press. [30] H. Kawamoto, T. Ogawa, Steady state model of negative ions in the
[13] J. Curtius, B. Sierau, F. Arnold, R. Baumann, R. Busen, P. Schulte, U. lower atmosphere, Planetary and Space Science 32 (1984) 1223-1233.
Schumann, First sulfuric acid detection in the exhaust plume of a jet [31] D.G. Keil, R.J. Gill, D.B. Olson, F. Calcote, lon concentrations in
aircraft in flight, Geophys. Res. Lett. 25 (1998) 923-926. premixed acetylene-oxygen flames near the soot threshold, in: T.M.
[14] J. Curtius, F. Arnold, P. Schulte, Sulfuric acid measurements in the Sloane (Ed.), The Chemistry of Combustion Processes, ACS Sympo-
exhaust plume of a jet aircraft in flight: Implications for the sulfuric sium Series, Vol. 249, American Chemical Society, Washington, 1984,

acid formation efficiency, Geophys. Res. Lett. (2002), in press. pp. 33-47.



R

[32] A. Kiendler, S. Aberle, F. Arnold, Negative chemiions formed in jet
fuel combustion: New insights from jet engine and laboratory mea-

surements using a quadrupole ion trap mass spectrometer apparatus,

Atmos. Env. 34 (2000) 2623-2632.
[33] A. Kiendler, S. Aberle, F. Arnold, Positive ion chemistry in the exhaust
plumes of an aircraft jet engine and a burner: Investigations with a

guadrupole ion trap mass spectrometer, Atmos. Env. 34 (2000) 4787—

4793.

[34] O. Knab, T.A. Gogel, H.-H. Frihauf, E.W. Messerschmid CVCV-
model validation by means of radiative heating calculations, AIAA
95-0623 (1995).

[35] I.A. Kossyi, Yu.A. Kostinsky, A.A. Matveyev, V.P. Silakov, Kinetic
scheme of the non-equilibrium discharge in nitrogen—oxygen mix-
tures, Plasma Sources Sci. Techn. 1 (1992) 207-220.

[36] S.P. Lukachko, I.A. Waitz, R.C. Miake-Lye, R.C. Brown, M.R.

e D e

[48] P. Schulte, H. Schlager, H. Ziereis, U. Schumann, S.L. Baughcum, F.
Deidewig, NO. emission indices of subsonic long-range jet aircraft
at cruise altitude: In situ measurements and predictions, J. Geophys.
Res. 102 (1997) 21431-21442.

[49] U. Schumann (Ed.), AERONOX — The impact of N®missions from
aircraft upon the atmosphere at flight altitudes 8-15 km. EUR 16209,
1995, 471 pp. Office for Publications of the European Community,
Brussels.

[50] U. Schumann, J. Strom, R. Busen, R. Baumann, K. Gierens, M.
Krautstrunk, F.P. Schroder, J. Stingl, In situ observations of particles in
jet aircraft exhausts and contrails for different sulfur containing fuels,
J. Geophys. Res. 101 (1996) 6853—6899.

[51] U. Schumann, H. Schlager, F. Arnold, R. Baumann, P. Haschberger, O.
Klemm, Dilution of aircraft exhaust plumes at cruise altitudes, Atmos.
Env. 32 (1998) 3097-3103.

Anderson, Production of sulfate aerosol precursors in the turbine and [52] U. Schumann, H. Schlager, F. Arnold, J. Ovarlez, H. Kelder, @. Hov,

exhaust nozzle of an aircraft engine, J. Geophys. Res. 103 (1998)

16159-16174.

[37] V.N. Makarov, Construction of the optimal kinetic models in physical-
chemical gas dynamics, Dissertation of Doctor of Science in Physics
and Mathematics, Moscow State University (1996).

[38] R.C. Miake-Lye, B.E. Anderson, W.R. Cofer, H.A. Wallio, G.D.
Nowicki, J.O. Ballenthin, D.E. Hunton, W.B. Knighton, T.M. Miller,
J.V. Seeley, A.A. Viggiano, SP oxidation and volatile aerosol in

aircraft exhaust plumes depend on fuel sulfur content, Geophys. Res.

Lett. 25 (1998) 1677-1680.

[39] R.C. Miake-Lye, A.T. Chobot, S.P. Lukachko, R.C. Brown, J. Zhang,
I.A. Waitz, Simulation of post-combustion chemical evolution in gas
turbine engines, in: U. Schumann, G.T. Amanatidis (Eds.), Aviation,
Aerosols, Contrails and Cirrus Clouds, 2001, pp. 95-98. EUR 19428,
European Commission, Brussels.

[40] C. Park, Nonequilibrium Hypersonic Aerothermodynamics, Wiley,
New York, 1990.

[41] T. Pedersen, R.C. Brown, Simulation of electric field effects in
premixed methane flames, Combust. Flame 94 (1993) 433-448.

[42] J.C. Person, D.O. Ham, Removal of $@d NQ. from stack gases
by electron beam irradiation, Radiative Physical Chemistry 31 (1988)
1-8.

[43] J. Peters, G. Mahnen, Fourteenth Symposium (International) on
Combustion, The Combustion Institute, Pittsburgh, 1972, 133-146.

[44] B.V. Potapkin, V.D. Rusanov, M.l. Strelkova, A.A. Fridmann, Inves-
tigation of kinetics and energetics of dissociation processes,& H
mixed with CQ, in thermal plasma, High Energy Chemistry 23 (1992)
63-68.

[45] T. Reiner, F. Arnold, Laboratory flow reactor measurements of the
reaction SQ + HoO + M — HoSOy + M: Implications for gaseous
H>S0O4 and aerosol formation in the plume of jet aircraft, Geophys.
Res. Lett. 20 (1993) 2659-2662.

[46] A.M. Savel'ev, A.M. Starik, N.S. Titova, Investigation of the dynamics
of formation of environmentally harmful gases in elements of gas
turbine engine, High Temperature 37 (1999) 470-478.

[47] O.P. Schatalov, in: G.G. Cherniy, V.A. Levin (Eds.), Nonequilibrium
Gas Flow with Physico-Chemical Transformation, Moscow State
University, 1980, pp. 39-62.

G. Hayman, I.S.A. Isaksen, J. Staehelin, P.D. Whitefield, Pollution
from aircraft emissions in the North Atlantic flight corridor: Overview
on the POLINAT projects, J. Geophys. Res. 105 (2000) 3605-3631.

[53] U. Schumann, F. Arnold, R. Busen, J. Curtius, B. Kércher, A. Kiendler,
A. Petzold, H. Schlager, F. Schroder, K.-H. Wohlfrom, Influence
of fuel sulfur on the composition of aircraft exhaust plumes: The
experiments SULFUR 1-7, J. Geophys. Res. 107 (2002), in press.

[54] J.V. Seeley, R.A. Morris, A.A. Viggiano, Rate constants for the reac-
tions of CG; (H20),,=0-5 + SO: implications for CIMS detection of
SOy, Geophys. Res. Lett. 24 (1997) 1379-1382.

[55] K. Smith, R.M. Thompson, Computer Modeling of Gas Lasers,
Plenum Press, New York, 1978.

[56] A.M. Starik, N.S. Titova, L.S. Yanovskii, Analysis of the singularities
of the kinetics of combustion of the products of thermal destruction of
n-octane mixed with air, High Temperature 37 (1999) 270-281.

[57] A.M. Starik, N.S. Titova, L.S. Yanovskii, Kinetics of the oxidation of
the products from the thermal destruction ofHg andn-C4H1g in
the mixtures with air, Kinetics and Catalysis 40 (1999) 7-22.

[58] H.G. Tremmel, U. Schumann, Model simulations of fuel sulfur
conversion efficiencies in an aircraft engine: Dependence on reaction
rate constants and initial species mixing ratios, Aerosp. Sci. Technol. 3
(1999) 417-430.

[59] H.G. Tremmel, H. Schlager, P. Konopka, P. Schulte, F. Arnold, M.
Klemm, B. Droste-Franke, Observations and model calculations of
jet aircraft exhaust products at cruise altitude and inferred initial OH
emissions, J. Geophys. Res. 103 (1998) 10803-10816.

[60] F. Yin, D. Grosjean, J.H. Seinfeld, Analysis of atmospheric photoox-
idation mechanism for organosulfur compounds, J. Geophys. Res. 91
(1986) 14417-14438.

[61] F. Yu, R.P. Turco, The role of ions in the formation and evolution of
particles in aircraft plumes, Geophys. Res. Lett. 24 (1997) 1927-1930.

[62] F. Yu, R.P. Turco, B. Kéarcher, F.P. Schroder, On the mechanisms
controlling the formation and properties of volatile particles in aircraft
wakes, Geophys. Res. Lett. 25 (1998) 3839-3842.



