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Abstract. In this article, a model which examines the for- for positive and negative ions, at the level of the nozzle exit
mation and evolution of chemiions in an aircraft engine is of an aircraft engine. However, only a few direct measure-
proposed. This model which includes chemiionisation, elec-ments at ground level are available, which show that the to-
tron thermo-emission, electron attachment to soot particlesal CI-number densities are of the order 010 108 cm—3

and to neutral molecules, electron-ion and ion- ion recombi-for plume ages shorter than 1 s (Arnold et al., 1998; Sorokin
nation, ion-soot interaction, allows the determination of theand Mirabel, 2001). In addition to ClI, soot particles are also
ion concentration at the exit of the combustor and at the nozemitted which may act as a sink for some of the ClI, leading to
zle exit of the engine. It also allows the determination of the formation of charged soot particles (in addition to those
the charge of the soot particles. For the engine consideredprmed directly by charged soot embryos). Neutral soot par-
the upper limit for the ion emission indgxl; is of the order  ticles are generally invoked in the formation of contrails, but
of (2 — 5) x 10'%jons/kg-fuel if ion-soot interactions are ig- one can speculate that the presence of charged soot particles
nored and the introduction of ion-soot interactions lead abouimay intensify their role in contrail formation and evolution.

to a 50 % reduction. The results also show that most of the |f chemi-ion formation in aircraft engine has not been

soot particles are either positively or negatively charged, thestudied extensively (see for example Strarik et al., 2002),
remaining neutral particles representing approximately 20%ne production of Cl in hydrocarbon flames has already been
of the total particles. A comparison of the model results with jnyestigated in great detail and their concentrations, at pres-
the available ground'based eXperimental data obtained on tr’@JreS inthe range 2-760 torr, were found to be of the order of
ATTAS research aircraft engines during the SULFUR exper-1° — 1012 cm—3 (see, for example, Fialkov, 1997, for an ex-
iments (Schumann, 2002) shows an excellent agreement.  tensive review on ions in flames). It has been shown that one
of the most important reactions of chemi-ionisation in flames
leads to the formation of CHO(Calcote, 1962; Green and
Sugden, 1963) which is, with48l and GH3O™ the domi-

nant ion in the flame front of hydrocarbon fuels (Eraslan and
Chemiions (CI) emitted from aircraft engines in exhaust Brown, 1988; Pederson and Brown, 1993; Calcote and Keil,
plumes may play an essential role in aerosol formation. They!990; Fialkov, 1997). These primary positive ions readily
are thought to act as condensation centres and then to préransfer their protons to substances having high proton affin-
mote the formation of volatile aerosols, but they are alsolty Such as water, leading in most cases to hydronium ions
invoked in the coagulation of the newly formed particles, H30", the most abundant positive ions in the oxidation zone
where their presence will enhance coagulation and then wilRfter the flame front. The situation with negative ions is more
lead to particles larger than in the absence of charges (FrerfPmPplicated and non-unique. Two cases of dominance have
zel and Arnold, 1994: Yu and Turco, 1997: Yu and Turco, bee_n observed: electrons or negative ions and their concen-
1998). However, to play this important role, Cl must be tration shares seem to depend s_trc_)ngly on thfa strgcture of the
present at rather high number densities and one of the kef®mbustion zone and on the mixing ratio with air (Lawton

points is to know what the initial concentrations are, both @hd Weinberg, 1969; Goodings et al., 1979; Fialkov, 1997).
Further reactions leading to the formation of the whole spec-

Correspondence td?. Mirabel trum of negative ions are represented by electron attachment
(mirabel@illite.u-strasbg.fr) to neutral molecules, in accordance with their electron affini-
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326 A. Sorokin et al.: Emission of ions and charged soot particles by aircraft engines

ties, and by numerous ion-molecule transfer reactions. particles is the dominant process and particles may acquire a

In laboratory flames the maximum rate of ion formation, negative charge. In addition, the sign of the charges depends
produced mosﬂy by chemi-ionization and then the maximumOon the partiCle SizeS; very small partiCleS will favour pOSitive
ion concentrations are observed near the zone of maximurfharges while larger particles will be preferably negatively
temperature, i.e. in the flame front. Behind this reaction zonecharged.
the ion concentration falls off quickly due to ion-ion recom- It is clear from the above examples, that the emission of
bination and ion attachment to soot particles. Soot particle$c! as well as the charging of soot particles is strongly influ-
themselves may be originally charged, especially if they areenced by the temperature profile which itself depends on the
formed through the “ionic route”, (Fialkov, 1997) but they Structure of the air flow field in the engine and on mixing of
may also gain a net charge through ion-attachment. Measurdtiel with air.
ments indicate that in the hottest zone, soot particles may be It is the purpose of this article to study the evolution of
charged according to equilibrium, (see, for example, Law-charged species, i.e. Cl and soot particles in the combustor
ton and Weinberg, 1969) but this is not always the case an@nd post-combustor flow, in order to determine an upper limit
the initial partic|e Charge seems to depend upon the materia{pr the ion number densities and to evaluate the Charge distri-
burnt (Burtscher et al., 1986). It is interesting to note that thebution of soot particles at the nozzle exit of a typical aircraft
net charge of soot particles in flames was found to be posi€ngine.
tive (Onischuk et al., 2001) even in the flame region where a
large excess of electrons exists.

In the combustor of an aircraft engine, it is expected that
Cl are formed and interact with soot particles in the samejn a conventional engine, primary air is introduced through
way as in laboratory flames, however the whole spectrumthe dome or head-plate of the burner and through the first row
of observed CI (both positive and negative) is much widerof liner air holes (primary zone of combustor). To complete
than in the case of |ab0rat0ry flames (Kiendler et al., Zoooathe combustion process and consume the unburned fuel, ad-
b; Kiendler and Arnold, 2001). Nevertheless as for hydro- ditional secondary air is introduced through a second row of
carbon flames in the post-flame region, the most abundangnes holes. Finally dilution air is introduced in the dilution
positive ions are still BO and some small hydrocarbon zone in order to carefully control exit temperature radial pro-
ions such as €Hi or C;H3O*, while the most abundant files to ensure acceptable turbine durability and performance
negative ions are Dand to a less extend OH O3, CO;,  (Lefebvre, 1985; Mattingly et al., 1987). In the primary zone
NO, or NO; and eventually some oxygenated hydrocarbonthe air-fuel ratio is less than unity and the temperature is not
ions such as {HyO; (Fialkov, 1997, Kiendler et al., 2000b; high enough to complete the fuel burning. It is in this pri-
Kiendler and Arnold, 2001). mary zone that most of the soot (if not all) is generated. In the

The formation of soot partides and their partia| oxidation intermediate zone, location of the flame front, the air-fuel ra-
in gas turbine combustors is a very complex process. Soot i§0 is about one and complete fuel burning is achieved which
produced mainly in the fuel-rich primary zone of the combus- brings the temperature to its highest level in the combustor. It
tor, then oxidized in the high-temperature regions of the in-iS €xpected that the formation of chemiions proceeds mainly
termediate and dilution zones. Experimental measurementd this zone (which relative volume is small) leading to the
(IPCC, 1999) show that aircraft jet engines emit soot par_highestCI concentrations (Lefebvre, 1985; Kuznetsov, 1983;
tic]eS, which can be represented by a |Og_norma| type Siz@rOCklthrSt et al., 1997) In the dilution zone, the mean air-
distribution peaking at about 20-30 nm, with a number con-fuel ratio is larger than unity. It is in this zone that soot par-

centration at the nozzle exit which ranges betweeéhar@i ticle charging is occurring, through interaction with positive
107 particles per crh and negative ions and through soot thermo-emission. Elec-

frons attachment to oxygen molecules and ion-ion recombi-
nation are also taking place in this zone.

2 Methodology

As noted above, the charge of soot particles may have a
impact on contrail formation and evolution. It may also have . . . .
an impact on the emission levels of Cl since the charging of Based on these considerations, the following assumptions
soot includes ion-attachment to soot particles. In fact, thehave been made:

charging process of soot particles is a complex and not yet _ gjnce the formation of soot particle is an extremely
resolved prob_ler_n. Soot particles can acquire their charges complex problem, well beyond the scope of this study,
by thermoemission of electrons or by the capture of elec- we will assume that soot particles form only in the pri-

trons, by interaction with CI (recombination or attachment), mary zone with a monodisperse size (diameteray¥ 2
as well as by direct nucleation of charged soot “embryos”. In and with an initial concentration equal Ny

a high-temperature zone (about 2000-2500 K), soot particles

acquire a positive charge because of thermoionization. In — The primary charged species are mainly formed in the
contrast, if the temperature is not too high and if the concen- intermediate zone (flame front) with a rate production
tration of free electrons is large, the capture of electrons by rate Q(r). As discussed above, the primary charged
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negative species are electrons and the primary posivation of the total concentration of particles and of electrical
tive ions are CHO (and may be also CH CgH3 or  neutrality i.e.:

CoH30™), but the exact knowledge of the nature of pos-

itive ions is not mandatory in this approach. Due to the Ns = ) _ N, (2a)
high temperature and high concentrations of primary P

ions, the charging of soot particles moving across the

combustion zone is very effective. ne+n-+Y |pINsy=ni+) pNs, (2b)
p<0 p>0

— Further evolution of the different charged species in

- X The maximum possible value for the chargein the
the dilution zone is represented by the electron at-

X model, pmax, Was chosen to be 13. Finally, the tein de-
tachmenF to soot pqrtlcles and. to .neut.ral m°|e,CUIeS'notes the change in concentrations due to the exhaust expan-
eleptron-|on and ion-ion recombination, I0n-S00t INter- gy i the post-combustor flow or to the exhaust dilution in
action (charged and neutral) and soot particles oxidationy,e me. The numerical solution of the system of stiff ki-
with partial coagulation (Calcote, 1962pBme, 1972, oic equations was performed using the code DGEAR of the
2000; Fialkov, 1997). Fortran library IMSL.

L . . ) We now rapidly examine each kinetic process involved in
2.1 Kinetic model of chemiions evolution and soot parti- o equations.

cles charging
2.2 Chemiionisation rates in the combustion zone

Our model consists of four coupled differential equations
which describe the time evolution of the concentrations of Chemi-ionisation rate is represented by the tadf), the
electrons4.), negative £_) and positive £.) ions and soot  number of primary electrons or positive ions produced per
particlesN. These equations deal with the chemiionisation unit of exhaust volume per second. A linear growth from
rateQ(¢) for the production of primary electrons and positive zero to a maximum valu€g (corresponding to the posi-
ions in the combustion zones, with soot particles chargingtion of the flame front) at time, followed by a linear de-
(multi-charged particles are allowed) due to electron thermo-crease to zero at timer2 (just behind the combustion zone)
emission (,,) or due to electronkg,) or ion (ks ,) at-  is assumed. The valuas = 107 ®s used in our calcula-
tachment to soot particles, with electron-iop;§ and ion-  tions follows the assessment by Kuznetsov (1983) that the
ion (k;;) recombination and with electron attachment to neu-volume occupied by the intermediate zone is smaller than
tral moleculesX,,). Soot particles oxidation in combustion 1% of the total volume of combustion chamber. Test calcula-
and dilution zones as well as their mutual coagulation is netions made with our model show that the output results (e.g.

glected (see below). at the combustor exit) are insensitive to the valuer,ofis
J long ast, < tres Wheretyes is the typical mean residence
fe _ _ _ time of products in the combustion chamber (of the order
ar = QO+ EJepNsp = BnekespNop — Keanten+ milliseconds). The effect of pressure on the maximum rate
—kmneozaA2 + D, of ion formation Qg was considered by Calcote (1962) for
dn propane-air flames near-stoichiometry (equivalence ratio of
ar Q1) — keineny — kiinyn— — XnikispNs,p + D 0.9) in a pressure range 33-760 torr. The results indicate that
dn_ ) this parameter depends on the pressure squared according to
T keanzotaN* — kijnin— — Zn_kis,pNs,p + Di Qo/p?~ 5 x 10Pionss L cm3torr—2. In the present study
dN;. we have used this dependence which considerably simplifies
dt =Je,p—1 = Je,p — e (kes,pNs,p - kes,p+1Ns,p+1) the analysis.

_Ns,p (kis,pn— + kis,p”+) + kis,p+ln—Ns,p+l
+kis,p—1n+Ns,p—l + Dy (1)

2.3 Soot particles evolution

As we already noted, soot formation and evolution processes
In these equations, the coefficient is the mole fraction are extremely complex. Soot is formed in the primary zone,
of the neutral gas species to which the electrons will attachbut is oxidised in the regions downstream of the primary
and A is the total concentration of neutral molecules. The zone. The result of the oxidation is a decrease of the size or
index p in k;s , or Ns , corresponds respectively to the at- eventually the complete burning of the particles. Quantita-
tachment process described by Egs. (6a—c) or to the chargesely accurate methods for calculating soot size distribution
carried by soot particlesp(= 0, £1, £2 etc. up totpmax)- within an operating combustor have not yet been developed
This system is solved taking into account the following initial (Sudarev and Antonovsky, 1990; Brocklehurst et al., 1997;
conditions:n, = n_ = ny = 0andN;, , (p # 0) = 0 with Hu et al., 2000). However, as will be shown later, it is pos-
N? = Ns(t = 0). It also satisfies the conditions of conser- sible to estimate the range of soot particle concentratighs
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and mean size in aero-combustor, using the measurements the temperature, on the charge and size of the soot parti-
of soot particles at the engine nozzle exit. Typical numbercle (e.g. Ball and Howard, 1971):

concentrations at the nozzle exit range frofi® = 10P to 2, 2

107 cm1 with diametersd, ~ 20 — 60nm (IPCC, 1999). Je.p = 4ma“CT"exp(—W;/kT) (5a)
Behind the primary zone, the main change affecting soot par- |n this expressionW; = W + ¢2(p + 3/8)/a is the elec-
ticle number concentration and size is their mutual coagu+ron work function for a soot particle having a radiusnd

lation. For neutral particles, at the temperature considere¢arrying a charge, W is the work function of the bulk and
(T = 1500— 2000K), the coagulation coefficiert; is of (¢ js'a constant given by:

the order of 5¢< 10-° cm®s~1. For charged particles, this co- , , ,
agulation coefficient decreases for collisions of like chargedC = 4rwm.k?/h® = 7.494x 107 cm 251K~ (5b)
and increases for collisions between oppositely charged par-

ticles. The coagulation coefficietaf.q for particles of radius wheresm, is the mass of the.electron ands Plank’s con-
: VA X stant. For the bulk soot considered as graphites 4.35 eV
a; anda; carryingp andg charges is given by (Seinfeld and

Pandis, 1998): (Lawton, 1968; Ball and Howard, 1971).
' ' Following Natanson (1960) (see also Rapp, 2000), the cap-

kiqu = kij /Wi’;" (3a) ture ratek;,, , (or attachment coefficient) of a given iorin-
cluding electron) by particles in the nanometer size range is
whereWSq is a correction factor given by: given by the following formulas (in units of c¥fs), depend-
ing on whether or not the particle is neutral, carries the same
whd — expw) —1 (3b) charge than the ion or an opposite charge (the ion carry a
Y w ’ single charge while soot particles cagycharges). Formula
with (6a—c) apply respectively to the rate of attachment to neutral
2 particle, rate of attachment with unlike charges and rate of
w=_Pa (3c)  attachment with like charges:
(a; +aj)kT
wheree is the charge of the electron akds Boltzmann's ~ Kis.o = na’c; <1+ \/ﬂez/ZkTa> (6a)

constants. Fop = |¢| = 5, the correction factor for op-
posite charges is of the order df/ Wl.’;q) < 14, leading to a Dl 161ple? [ |ple?
coagulation coefficient of abokt; < 7x108cm3s™L. This  kis.p = ma’c;i | 1+ IfT + 8_1kak (lfT ) (6b)
last value allows to determine the characteristic timescale for a i a
coagulation of soot particles in the combustor, behind the pri- ,
mary zone. _ Iple 1

This characteristic timescale (time at which the initial con- Xis-» = ma’Cig® eXp{_nga ( ~ 2g(g2—-Dpl )} (6c)
centration is divided by 2) is/Z;; Ny ~ 100mMs>> fres ~
1—10ms. The soot particle concentration may then be con- In these formulag; is the mean thermal velocity of ian
sidered as approximately constant in the combustor, behind is the mean free path of ions (or electrons). In Eq. (6c)
the primary zone. The evolution of their number concentra-the parameteg = a,/a, whereaq, is the distance between
tion in the remaining part of the engine is then governed bythe particle centre and the location where repulsive Coulomb
the expansion of the exhaust gases in the turbine and in thforce and attractive image force cancel (for more details, see
nozzle. As a result, the soot concentration in the combustorNatanson, 1960; Hoppel and Frick, 1986).
N?, may be estimated by:

2.5 Electron-neutral molecules attachment rates
Ny~ N x e x (Tox/T) 4)
h ~ 20— 40 i ical I . The concentration of electrons in the burnt gases decays
w ;regc ; N go 0 '253 éyp'czTO\fril o%resigg% }r<at|o mainly by electron attachment to neutral moleculeg)( It
and where ‘?X(N N ) andZ. (~ - ) is obvious that,, depends on the temperature and on the
are re;pectlvely the temperature at the nqzzle and Combu?1'ature of the molecule to which the electron attach.
tor exit (Schumann et _aI., 2001). Thu_s, n the combustor By analogy with the hydrocarbon fuel burning flames (e.g.
the estimated soot partlcle53concentrat|on is of the order Of:ialkov, 1997) it is reasonable to assume that the first nega-
Ny ~ 7 x 10 —2x 10 em?, tive ions are formed by three-body attachment of electrons to

2.4 Charging of soot particles oxygen molecules:

: . e +0+M>0, +M 7
Soot particles may lose or gain charges through electron 2 2 "
thermo-emission, electron or ion attachment. The rate of The reported forward rate coefficient adopted for this

electron thermo-emissios, , from a soot surface depends study (Gerhardt and Homann, 1990) ks, ~ 1.4 x
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10-2%(300/ T') exp(—600/ T') cmP/s. For the typical temper- 2500 : : : : F100
ature range in the combustdr & 1500-2200 K) this coeffi- 10 a
cient equalg,, ~ 1.7x10~cnmf/s. Note, that at these high ., | §
temperatures the reverse reaction of electron de-attachmerg g §
may become noticeable (Kossyi et al., 1992), but the further § < . §
transformations of © to other negative ions is faster than § " . R :
this reverse reaction. Since in our model we cannot deal with§ & §
the detail knowledge of the ionic species, these further trans- 1000 ¢ g
formations will be ignored. E
500 . . . — 01  L10%

2.6 Electron-ion and ion-ion recombination 10° 10° 10 10° 102
time (s)
Again, by analogy with hydrocarbon fuel burning flames, _. . L
'tgs reasyonablegt):) Cons'ger B+ as the dom'na?]t (sec Fig. 1. Evolution of the temperature, pressure and ion-ion recom-
it laers : bination coefficient&;; for the reference case. The indicds and

onFja'ry) POSi“"e ion downstream of the CO.IT.]bu.StiO.n ZON€.pe B refer to the compilation of Mtzing (1991) and of Beig and
This ion is formed by the well known chemi-ionization re- grasseur (2000), respectively.

action CH + O — HCO' + e, followed by proton
transfer according to HCO+ H,O — H30O™ + CO and
H3O"+e~ > H+H+OH. Inthe present work we have used ; — 6 x 10-8cmis ! andp = 1.25 x 10-25cmf s 2 lead-
the value of the electron-ion recombination ratemeasured  ingtok;; = 2.42 x 107 at 600K and Z0 x 10 8cm’s !
by Guo and Goodings (2000) forg®*/e™ in H2-O2-N2 4t 1800 K. These last values are about 4—7 times smaller than
flames in a temperatures range 1820—-2400K. The deriveghose given by Mtzing. Recently, Guo and Goodings (2000)
value isk,; = (0.0132+ 0.0004 x T-13™0% |eading to  have measured;; as a function of temperature forsB*
4.6x10~" cm®/s at 1800 K, a value very close to that reported jons with CI, Br— and I at flame temperatures (1820~
by Butler and Hayhurst (1996), i.e.5x 10~' cm®s. These  2400K). The obtained values @f; (calculated with their
values are also very close to that concerningN@nother  formulas), which are nearly independent of the ion pairs,
major positive ion in the burnt gases, i.e24 10~'cm®s  jie between the predicted values ofalting and of Beig
at 2600K (Hayhurst and Kittelson, 1978), leading to 5.04 atand Brasseur in the temperature range 1100—2000K. In the
1800 K if one assumes the theoretically expected temperaturgresent study, we will adopt the predictions c&iding as an
dependencé ~/2 (Bates, 1950; Smirnov, 1983). upper limit fork;;, and those of Beig and Brasseur as a lower

The ion-ion recombination rate;, (cm®s™!) as will be  limit in our temperature range. Note that in a previous study
shown below, is of major importance to determine the ion (Sorokin and Mirabel, 2001), we generated our own values
number concentration at the nozzle exit of an engine. Un-of k;; for a temperature range 280-650K, but these values
fortunately, literature data on values iof are scarce, espe- seem to be too high if extrapolated to higher temperatures.
cially for the temperatures of interest. The theoretical analy-However, the concentrations calculated with this set of val-
sis by Bates (1985) and the compilation of available data byues are very closed to those calculated using tkézMg's
Matzing (1991) show that most of the recombination coeffi- compilation.
cientsk;; for reactions A + B~ + M — AB + M have a
strong temperature dependence and may be represented by:

3 Results and discussion

e —a (3907 2 (300) o
i(T) =a - t [ ]Fo - ® 31 Input parameters

wheren = 3.5 or 4 (Beig and Brasseur, 2000; &tting,  For the reference case, the model was run with the following
1991), P and Pp are net and standard pressure respectivelyparameters. In the combustor, the pressyris constant and
and where [M] is the density of the third body in units of given by P, = . P, with an overall pressure ratio, = 30,
cm~3 (at 300K and atmospheric pressure, M 2.41 x the temperature varied froffi = 2200 in the flame front to
10 cm~3). This formula includes both the rates of bimolec- 7, = 1200K at the combustor exit. The maximum chemi-
ular and termolecular neutralisation (e.g. Smith and Adamsjonisation rate (her@, = 10" cm—3s~1) takes place in the
1982; Bates, 1982, 1985). Note that Eq. (8) includes alreadflame front located at. = 10 %s and the total duration of

the variation of [M] with temperature. the chemi-ionisation process is2 Finally, the residence
Matzing (1991) proposed the following values:= 3.5, time, passed the flame front is 5ms.
a =4x10"cm’standb = 3.0 x 102° leading to In the post-combustion zone, the temperature and pres-

ki = 9.22 x 107 at 600K and 177 x 10 "cm®s™! at  sure varied according to the simple law given by Tremmel
1800 K while Beig and Brasseur (2000) proposed= 4, and Schumann (1999), i.e. the temperature decreases lin-
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L | S — the ion-ion recombination coefficient, the ion concentration
may be described by the simple equatibn /dr = —kiiniz

E with the initial conditionn;(r+ = 0) = n¢. The solution of
this equation is:

1011 4

&~ 107 4 1 ,
§ \ ni(t) ~ —L— 9)
g 10 4 ) 3 14 nfkit
E=] |
© . . . . . .
£ 10 4 'l ] In spite of its simple form, this solution shows some in-
§ '| T Plf;sdiﬁveims teresting features. In particular, it shows thatdk;;r > 1,
-— - el rons . . . . . ey .
8 1 | + | —-@— negativeions 1 then the ion concentration is independent of the initial ion
L l l| concentration, i.e. independent @f,:
106 4 1 ]
[ engine exit 1
combustion zone \ L ni(t)y ~ — (20)
108 107 10 10° 104 103 102

This result is valid when the time exceeds a characteristic
time scale, i.e. when> t;; ~ 0.01 ms fom? = 102 and for

. . . » ¢ > 1ms forn? = 101%cm3, as it was observed in flames
Fig. 2. Concentration profiles of the electrons, positive and negative, . L . L .
c e ) - ~(Fialkov, 1997; Goodings et al., 1979). It is interesting to
ions in the engine for the reference case. The compilation of Beig h h hi uti i he detailed inf .
and Brasseur (2000) has been used for the the ion-ion recombinatioﬂOte that W en_t IS solution app !es' the detal e_ n orm_atlon
coefficientsk;; . about the ions in the flame front is not needed if one is inter-
ested only by the total ion concentratienat the exit of the
combustor, because of the independence; 0f) onn{. At
early with time from7, = 1200K to7,, = 650 K while the ~ the combustor exit:
pressure varies as an hyperbolic function of time, between B
; ne(tred = (kiiTre) ~t (11)
P. = 9 andP, = 0.3 atm., the ambient pressure. The mean™c‘‘re iitre
residence time was taken as 5ms. The variatiofi,af and Using rres = 5ms and an average valuelof = 1.43 x

of k;;, one of the most crucial parameter, as a function of10_7 cmBs 1 (this value deduced from the formula of Beig
time in the combustor and post-combustion zone are showr&nd Brasse

time (s)

in Fig. 1 ur fofr = 1200K andP = 9atm. represents a
inFg. L. lower limit for k;;), the maximum ion concentration of each
3.2 Clconcentration in the absence of soot particles sign at the combustor exit, calculated from Eq. (11), is about

1.4 x 10°cm=3. In fact, the use of the numerical model
Let first consider the hypothetical case when no soot par{Ed- 1) which takes into acgount the variationkgf with T
ticles are present, i.e. wheM,(: — 0) = 0. This case andP leads to25_x 10° c_m—_ at the cqmbl_Jstor exit. D_urlr!g
will allow to assess an upper level for the CI concentrationsth€ further flow in the dilution zone, ion-ion recombination
at the nozzle exit and it will also show later, the influence leads to additional decrease of the ion concentrations. How-
of soot particles on this level. The results f = 0 are ever, this effect is small compared to the QOminant effect of
depicted in Fig. 2. As expected, the maximum of Cl Con_the expansion of the exhaust volume. Flr_lally, one can get
centration (electrons and positive ions) is located just behind® 900d estimate of the upper level of the ion concentration
the flame front, at the end of the combustion zone. Withex atthe ngzzle exit and of the emission index O_f lang
0, = 107cm=3s71, the maximum ion concentration (for (number of ions per kg of fuel) by appl_ymg thle S|mple law
each sign) is of the order of bcm~3. Just before this max- of exhqust expansion (see Eq..4) combined with the ion con-
imum, the primary electrons very rapidly attach to oxygen centration at the combustor exit:
molecules, the most abundant neutral species with a large ~  n.T, T.

electronegativity. The electron concentration then decrease’sex ™~ Totte  kiitraslon e (12)
very steeply while at the same time the concentrationpf O
also rises very steeply. The electron attachment rate to net@nd
tral molecules (usingt = 3.7 x 10"%cm~2 and the oxygen TN+R
. . 2 -1 A cIVfRG
volume fractionyo, = 0.15) isk., 10,42 ~ (3 — 7)1(Ps El; (13)

. “Hor " ki P,
i.e. the typical time for electron attachment te @olecules iitrestta FaTte

is of the order of 109 s which is much smaller than the res- where N is the initial exhaust dilution ratioN; ~ 70),

idence time in the post-flame region and therefore in this re-R; is the gas constant ang, is the molecular weight of air

gion it can be assumed that ~ n, = n;. (e = 29g/mole). Itis interesting to note that these formula
If furthermore we assume, for simplicity, the constancy of depends only on well-known parameters of the engine and on
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Fig. 3. Evolution of the concentration of positive ions in the engine Fig. 4. Evolution of the concentration of positive ions in the engine,
for the reference case, using two approximations for the ion-ionusing different chemiionisation rates, .
recombination coefficients;.

variation of tres from 1es = 5ms to 2.5 and 10 ms leads

kii. For the conditions of our reference case andifprde- 10 7iex = 1.3 x 10° and 51 x 10’ cm™2 with the model,
duced from Beig and Brasseur, the maximum ion concentraWhile Eq. (12) gives B x 10° and 41 x 10" cm™2, respec-

tion of one sign at the nozzle exit and the maximum ion emis-tively. Increasing the temperature at the combustor exit from
sion index arer,, = 8.6 x 10 cm-3andE; = 3.7 x 106, Tc = 1200 to 1500K leads ta., = 155 x 10°cm3

If the compilation of Matzing (1991) is used, these values While Eq. (12) gives D x 10°. Similarly, decreasing the
translate tor,, = 1.72 x 10’ cm™3 andEJ; = 0.74 x 1016 nozzle exit temperature frof,, = 650 to 500K leads to
(for ki; = 7.13 x 1077 cnd/s). nex = 0.93x 10° cm~3 instead of 107 x 108 cm~3. Finally,

Ithe model calculations confirm the dependence.gfon the
combustor pressure ratig.. The model results predict that
gée increase ofr. from 20 to 30 leads to a decrease of ion
emission fromn,, = 1.6 x 10° to 8.2 x 10’ cm™3 while

Eq. (12) gives I7 x 10° and 86 x 107, respectively. This
diminution of n., whenm, is increased shows that the ef-
fect of pressure is larger on the recombination rates than on
the production rates. One can conclude that, in the absence
of soot particles, Egs. (11)—(12) give a good estimate of the
upper ion concentrations at the nozzle exit.

Figure 3 depicts the results given by the numerical mode
(Eg. 1) which takes into account the variatiorkgfwith tem-
perature. The curves have been generated using the valu
of the two compilations fok;;. If the compilation of Beig
and Brasseur (2000) is useq, = 8.2 x 10’ cm~3 and this
value represents probably an upper limit. If the compilation
of Matzing (1991) is useds., = 1.6 x 10" cm2 (., de-
termined with the compilation of Sorokin and Mirabel, 2001
corresponds within 13% to that of &tzing). It is interest-
ing to note that the results given by the simplified model
(Egs. 11-12) are in good agreement with those provided b
the numerical model.

Although approximate, Egs. (9)—(12) give a good idea of Spot particles are now introduced with a monodisperse size
the parameters which have a strong influencengn i.e. and with a fixed number density, = 18cm=3. How-
kii andn. which itself depends upo®,, tres, 7., T. @and  ever, the radius a itself was varied from 10 to 30 nm, leading
T.x. The influence of;; in the model results has already to a soot particle loading in range 0.75—20.4 my/n the
been discussed above, and we now examine the influencgombustor exit and 0.05—-1.3 mgimat the engine exit (soot
of Q,. For this, the model was run with different values concentration at the nozzle exit is of the order of ¢ 3).
of Q, varying from 16° to 10®cm=3s! and the results These values are consistent with measurements for real aero-
are shown in Fig. 4. This figure clearly shows, as predictedengines (Brocklehurst et al., 1997; Dopelheuer and Wahl,
by Eq. (10), that for a sufficiently high chemiionisation rate 2001). Note that the surface area of particles increases ap-
(Qo > 10cm=3s71) the ion-ion recombination process proximately by a factor of 2 when the radius changes from
leads to an asymptotic behaviour for the ion concentration®0 to 30 nm.
at the combustor exit (= 5ms) and therefore the ion con-  The calculations, shown in Fig. 5, have been performed
centrations at the nozzle exit is independengf with a maximal value of the chemiionisation rag@, =

The model results confirm, as predicted by Eq. (12), the1l0*” cm~23s~1 and with the the ion-ion recombination coef-
dependence of,, on e T,, T, andmx,.. For example, the ficientsk;; taken from Beig and Brasseur (2000). The use of

%33 Cl concentration in the presence of soot particles
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these coefficients lead to the maximum values gf at the H H
nozzle exit. In Fig. 5, we compare the results obtained with- 1o ‘ | | | | | ‘
out soot particlesa = 0) with those obtained in the pres- -8 6 -4 2 0 2 4 6 8
ence of soot particles with radius = 20 and 30nm. The Charges

exit concentration of chemi-ions (of one sign) varies from

nex = 8.6 x 10’ cm 3 in the absence of soot particles to Fig. 6. Concentration of soot particles (cr) as a function of their

Nex = 4.5x 10" cm3fora = 20nm (E1; = 1.9x 10') and charge at the exit of the combustor and at the nozzle exit of the

1071, = 2.6 x 10’ cm~3fora = 30nm (E1; = 1.1 x 106), engine using two approximations for the ion-ion recombination co-

i.e. the presence of soot particles decreases the chemi-iggfficientsk;;. In black, distribution obtained with the compilation

concentration by a factor 1.8 to 3.2 compare to the situa-of Bei_g a_nd Bragse_ur (2000), in gray distribution obtained with the

tion without particles. It is also interesting to note that the ComPpilation of Matzing (1991).

ion concentrations decrease roughly by a factor 2 when the

surface area of particles is doubled and that the interaction

between ions and soot particles becomes important only fofn this case,ft = 49.8%, f;~ = 332%, f = 17.0%

times larger than about 2ms, i.e. in the dilution zone of the@t the combustor exit and" = 447%, f~ = 36.4%,

combustor. At this time, soot particles are already formed/; = 18.9% atthe nozzle exit. Soot particles are then, on the

and we can conclude that the inclusion of a detailed mecha@verage positively charged, with a mean charge of the order

nism for soot formation will not change our estimate for the Of 0.13 elementary charges.

upper level of the Cl emission. The excess of positive charges on soot particles may be
The charge distribution of emitted soot particles, which compensated by some excess negative ions in the exhaust,

can also be calculated by the model, is shown for the ref0 keep the total electro-neutrality. However the differences

erence case in Fig. 6. It can be seen that most of the sodf mobility between gaseous ions and charged soot parti-

particles are charged, either at the combustor exit or nozz€lés may lead to the electrization of some aircraft elements

exit. However, the charge distribution depends on the valuegVatazhin et al., 1983).

assumed for the ion-ion recombination coefficignt If the

compilation by Beig and Brasseur is used, the relative frac-3.4 Application: comparison with on ground measure-

tions of positively, negatively charged or neutral particles are ments

fF = f7 = 411%, f0 = 17.8%, respectively at the com-

bustor exit andf;" = £, = 39.1%, f0 = 21.8% at the noz-  Very few measurements of Cl are available to verify our

Zle exit. If, on the contrary, Ftzing’s compilation is used, a model. Arnold et al. (2000) measured the total Cl concen-

dissymmetry appears between positive and negative chargesation in the exhaust plume of the ATTAS aircraft on the

Atmos. Chem. Phys., 3, 325-334, 2003 www.atmos-chem-phys.org/acp/3/325/



A. Sorokin et al.: Emission of ions and charged soot particles by aircraft engines 333

ground. The ATTAS is a mid-sized jet aircraft equipped with  Finally, for typical jet engines operated at ground condi-
two Rolls-Royce SNECMA M45H engines. tions, taking into account the presence of particles, the ClI
The measurements were performed just behind the hot poemission index is in the rangel; = (2 — 5) x 10'% jons of

tential core, at three distances from the nozzle exit in theboth signs per kg of fuel.
exhaust plumed = 1.39, 2.19 and 4.19m. The parame-
ters needed for the calculations were taken as follows (SchuAcknowledgementsSupport of this work by the European Com-
mann et al., 2001)P, = latm,n, = 165, T,, = 683K, munity through contract G4RD-CT-2000-00207 (PARTEMIS) and
emission index of soot particle8Is = 0.13 g/kg(fuel) or by the INTAS project OPEN 2000-460 is gratefully acknowledged.
1.6x 10% particles/kg(fuel). UsingV ; = 70,a ~ 22 nm one
obtainsN, ~ 108 cm~3. The residence times in the combus-
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