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}J Abstract
I A comprehensive analysis of charged gaseous and particulate species formation in flanes and
I aside the combustors as well as in the exhaust plumes of aero-engines and energetic mrchines arę
J 
mducted, Some new experimental and model results whiclr exhibit a role of plasmr*chemi:at

] lrocesses in the pollutant formation are presented.
1

I r"y*o"a": P]asma-chemical processes; Charged particles; Ions; Combustion
l

i

i r Introduction
l
i

i Burning of hydrocarbon fuels initiates different plasma-chemical processes. A num-
ber of investigations were focused on the formation of ions in flames (see, for
orample [1-6l). Recent studies have demonstrated that besides ions and elec-
trons combustion exhausts may contain positively as well as negatively charged
nanoparticles such as carbon clusters and soot aerosols [6-9]. Thus, the con-
bustion exhausts exhibit typical properties of low-temperature dusty plasmas.
APart from the fact that the combustion plasmas have much in common with
conventional discharge plasmas they have a number of specific features: absence
of external electric field, high rate of cherniionization reactions, which produce
ions and electrons, a broad range of sizes of clusters and particles (1-150 nm in
diameter) c}rarged both positively and negatively, and a relatively small residence
time of gaseous products and particles in the high tentperature region,

*Corresponding author. E-mail address: star@ciam.ru



A. N,I. Starik. A. \l. Savel'ev and N. S. Titova

_\ cotlsiderabje interest to stlrdl,plasnra-clremical processes ilr conlbustion plas-

llitls is related to the sigrrificatrt en,u.itonttterrtal effects due to tlre ernissior} of coln-

bustiotr erlrattsts to the attrrospltere attd to the clevelopnretrt of novel approaches

tu colrtrol tlre pollutant fornration. Itt fact, as is believerl, soot particles errritted

łlI ailclaft engiries and energetic nraclrines can considerabl5r 21ffęg1 tłre Eartlr's etr-

erll łlrtclget. induce the adrlitiorral corrtraiis ancl cirlus cloucls tlrat lead to clinratic
citallges [10]. Ions and ionic clusters, rvhiclr are produced irrside the combustor atrcl

il, tlre exltaltst pltrrne, are the ones of tlre rrrost irrrportant conrbustion products af-

f.ttiltg tlre r,,olatile aerosol fornratiorr irr tlre aircraft plutrre trncl in tlre atnrclsphere

l11. i2]. As known, iorrs can indrtce a nucieation irl a vapour-gas nrixture and fa-

ci]itate tlre coagrrlation afl'ectirrg the size distribution of a,erosol particles [11-13l.
Tlre otlrer possible nrec}ranisnr of the ion influence on volatile arrd non-volati]e

:\\-ith soot core) particle formation is the ion-soot interactiori, Ions and electrotr:

tlral,attacir to particies and induce a charge on tlreir surface [9]. Absorbabi}iti o:

soot particles, features and rate of particle clustering, rnorphology of soot aggre-

gates. tireir optical and hetel,ogelleous ploperties strorrgly deperrd otr the clrargt

acqrrired by particles.
Tlris work is focused otr t}re analysis of plasnra-chenrical processes duritrg cotrt-

brtstiotr of hyclrocarbon fr.rels ancl orr the possible nrec}ranistns of the irrfluence oi

c,lrarged species itl colrrbustiotr exlraltsts otl the environrtrent.

2 Plasma-chemical processes in flames and inside the
combustors

Iiirretics of ion forniation in flarnes has beerr investigated dtrring several decades.

lotr corrrpositiorr strongly deperids on the fuel7'air equiva,lence ratio, @, and olr tłre

tr pe of frrel (hydrogen, lrydrocarbons. aviation kerosene, etc. ). The rnost frequentlr'
rtsed teclrrrique to ureasure tlre iotr concentration in I1anre is nrass-spectrorrretr1'

[J|. \urrierous types clf positive and negative ions suc}r as CzH3O+, C3Hł, CHr.
HCo+, C3H5o+, CgHzo+, Hgo+, Hzo+, oł, No+, NOł, HCor, HCor, Cor.
COr. Or, OH , NOr. NOr, CN- rvere observed in lrydrocarboniair flarnes,

In fuel riclr flarrles, n)ay forur lieavy lryclro"urbon ions CrsHł, CrsHi1 , CzzH|l.
C;;Hłs,as well as positively cha,rged fitllerene molecriles [6], N,Ieasurenents behind
tlre aviatiotr combrrstor denrorrstrated the presel]ce of CrHrO+ arrd CrHrO iotrs

as rvell as SO|, SOt, and HSO| iolrs [14].
Ilr order to tlnderstarrcl the nreclranisrrrs and pritrcipal patlrways of iorr fortrla-

tiorr tlre experimental clata s}rotrld be supplernentecl by a nttrnericai sirrrttlatiotr. Ill
tiris liglrt, ratłier conrplicated kinetic trrodels of clrarged species forrtration during
corrrbrtstiolr of various fuels have beerr developecl [3, 5, 15], The typical corrr-

prrted spatial profi}es of ion nole fractiotis and tenrperature for stoiclriorrretric
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.:,,rpane//ail fla,me is shown in Fig. 1. One can finci that positive C2H3O+ ions
':itl negative HCO, ions as well as electrons preva,il irt tlre flarne frotrt. Sliglrtly
=lrtnd the flarrre front. tlre H3O+ becomes the nlain ion irr the fla,me due to fast

--*:ł.V of CzHsO+, The electrons rernain the rnost aburrdant negatively charged
-';"l'ię5 behind the flanre front. Tlre HCO; is found to be tlre maili negative ion
:: , _: flanre region.
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.-::e 1. Predicted evolution of ion mole fractiotls and temperature along a stoichionretric
propanei/air atnrospheric pressure flame.

Drrring combustion of complex }rydrocarbon fuels. for example, kerosene con_
"-lrirtg srrlphur in a trace arrrorrnt. besides t]rese ions the S-containing charged
,..,cies suclr as SO;, SOr, HSO4- forrn, Depending on tlre value of / SO, arrd
:iSOi rrray be tlre most abundant negative ions behind tlre flarrle front [9, 15].

Tlre Processes of ion forlnation inside tłre aero-engine or energetic machine
,ttlbustors ż}re nlore complicated tlran those irr flames. Tlre rnoclerrr conrbttstors
)erate in a diffusion mode. Irr this case, the fue}7'air tnixture conposition cliffers
-,nsidera,bly in various regions of combustor. Therefore, a nrrrnber of different

.,,l1S Can form inside the cornbustor. TIre gas lesidence time for cornbttstors (5-10
_:rs) is trrucłr srnaller than that fclr flarrres (-10O rrrs), T}re total ion cotrcerrtration
f -2,108 cm-3 at tłle exit plarre of rnoclern aero-engine combustor was measured

:ecentlY bY Haverkamp et aL [16]. However, in present, tłre concentration of ions
and electrons inside tlie conlbrrstor may be estimated only by computations.

To simrrlate tlre processes of charged gaseous species formation inside an avi_
ation cornbustor one lrave to apply approxinrate cornbustion models, for exarnple,
t]re Flame Let model [17]. In our conrputations this model was supplenlentecl by
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tlre iorr kilretics cleveloped in [i5]. To calcrriate the flow paralnetels insicle t:L,*

corrrllrtstor operatirrg irr a diffusiol} rliode (tlrese parameters are needecl as inp;:
ol]es for t]re Flalrre Let rrroclel) rvitlr orrtlet pressure of 106 Pa arrd temperatr:=
T, : 1540 K the three-dinerrsiolral trutnerical simulatiotl of turbrrlent combusti,_,r

rrsirlg the starrdard STAR-CD softrvare witlr tłre equilibrirurr chetrristry was cc,r-

clrtctecl, Figure 2 slrorvs tlte terriperature field inside tłre typical cornbustor (tLr
cotrrllttstor is simi]ar to that for PC9OA turbo-.jet engine) using the met}rane a-. ł.

frrel.

::aa*
i'= iilj

# ],*
s,-l j,.

._1,,ul

Figure 2. The temperatrrre field inside tlre conrbustor.

Ilrsicle tlre cotnbustor tlre maxinral concentra,tion for the niost abr:rrdant iorrs i-

flarrres. C2H3O+, is observed irr tlie fuel rich region located alread of tlre flau,=

frorrt (see trig.2) and attains 1011 - 1012 clrl 3. In tlris regiorr, the rrraxitrra-

cottcetrtration for negatively cłrarged species is appeared for electrons and HCO,
iolrs. Horłrever, at the conrbustor exit the concerrtrations of tlrese species are neg}i
gible. Irr ttre fuel learr zone of conbustor at tlre exit plane only NO+, H3O+, S0,3 ,

HS0,1 or NO| i<lns remain to be abundant, The predicted total cotrcentration i,:

positive (negative) ions in the conrbustor out]et is arounrl 2.108 cnr-3 that is irr .
good agreernent with measurenlents [1tj]. The ion corrrposition strongly deperrcl-

on tlre value of fuel sulphur conterrt (FSC). The FSC call vary frorn 0.001% t,-

0.3% (per mass) for trroderrr aviation fuels,

Recent studies indicated that engine-generated soot ltas a rather trigłl corrdrrc-

tivity [1B]. Hence, the soot particles turn out to be polarized in the ion-produceci
electric field and to conlpute tlre ion-soot attaclrmerrt coefficient one shou]d take

into a,ccount the exertirrg botlr Coulornb and irrrage forces. Tlie ion-soot attaclr-
rnent coefficierlt deperrds cln tenrpetatute, ion rrrass. particle size, ion and particle
polarities [9]. Figure 3 plots tlie depelrdence of tlie attachrrrent coefficient for

NO+ ion, O(P). or. the radius of soot particle, o. rvitlr differerrt clrarge (pararneter

P is tlre ploduct of tlre ion and particle charges), Otre can see tlrat iotrs ca,tr be

attracted to t}re particles wit]r the salne polarities. Even for srrra]l size particle
rł,itli radirts a : 5 nnl tłre probability to accrurlttlate tlre charge larger than unity is
appeared. This nreans that clusters and soot palticles in flatne arrd inside a coln-
bustor rnay acquire a rather large clrarge. Figrrre J depicts tlre predicted clrarge

flur* &c,rtt
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--igrrre 3, Attaclrnrerrt coefficient for NO+ ions, B(P), vs. particle radius, o, for different r-aluął
of the paranreter P at temperature T :2000 K and pressule p: 0.1 \IPa.

iistribtrtion of soot particles u,itlr differerrt radii a}read of the flalrre fr,,Irt itislclt.
-lie conrbustor for the residence time of 2 ms and total soot particl€ coll(.€l]tl-a]ti,_i:l
_\" : 107 cn1-3,

1;1 N(S, cnij
E

Q, elen:llaryrhargł

:':grrre 4. Charge distribution of soot particles witlr radirrs, a, smalier tlran given value in the
reactor corresPonding to tlre frrel rich region alread of the flanre front insicle tlre conr-
bustor witli T" : 2200 K, P. : 1 l\,IPa (ó : 2).

Prediction of t}re dynanrics of soot particle charging was conducted by using the
:PProach develoPed in [9], Size distribution of soot pal,ticles was assun}ed to
-,e log-nornral with mediurn laclius of 25 nm and geometrical deviation of 1.56.
-łttacłrment of electrons to particles in the firel rich legion of combr:stor leads to
i,,rnration of rregatively clrarged elrsenrble of soot particles in r,vhiclr the large size
:,articles (with radius a )B0 nnr) carr acquire tłre charge Q : 40 _ 70e (e is an
-'ienrentary charge) anci snrall size particles witlr a:10 rrrn mav accunrulate t}re
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chafge Q < 8".
To tlre cottrbustor exit tlre cotrcetrtratiolt of electrons drops slrarply. Tile charge

clistrr]lLrtiori of particies irr t}ris l,egion is dofined b), the attac}rrnent of positile
\O-. H,9+ and negative NO|. HSO;, SO3 ions to particles and beconres to ]le
ll}ol,e s\-1]}Illetlical. Both positively arld rregatively clrarged particles are observecl"

Tlre cirarge acquired by soot particles at the conbustor exit does not exceed 10r

er-etr for large size palticles (a-160 rinr) and srllaller particles with a : 10 tur_

acclrtil,e the clra,rge Q : t2e (see Fig. 5).

l,Li1-1]. n

1|]'

rąr ldo rE
E ą< s|] }E
Ec{ 40 rE
E ą.| !I.:l rE
llą4 1|] IE
EEł _1r@

!]

l0

} ! 3 ł 5 d l s ! lnlltl
fl el*ntrrbryclr*ge

Figr_rre 5. Clrarged distributir-lrr of soot particles with different radius, o. tlrat is snraller tl,.:
giverr value at the engirre exit at r:ruise of 8-747 aircraft (altitude H :70.7 knr, \1a,, l

nunrber NI6 : 6.31.

It is worth to note t}rat both positively arrd negatively charged up to Q : =].
soot particles with diatrreter of 13 nrn were obselved recently in ethylene/ail atll -

splreric flarrre at ó _2.06 [19], For larger size pa,rticles (with dianreter d--24T --

tlre greater charge (Q : t4e) was detected. As is predicted by our lrrodel. i:_i'

detected c}rarge distribution of soot particle at large distance fronr flatne frortt t.:-

Peared to be svrrrrrretrical. however, sliglrtl1, behincl tlre flarne frorrt tłre densitr- ,:

negativelv clrarged particle is considerably larger tlrarr tlrat for positively charr,l:
oneS.

As is believecl, tlre soot particles fonrl frorrr polyylre mo]ecules and polr-a: *

rnatic ]ll,,drocarbons (PAH) [20]. F'igure 6 slrou,s the principal scheme of > ,,r

particle fornration preserrted in [20].
In accoldance to tltodern nrodels. tlre pyrerre nlolecules wlriclr consist of fortr a,:.*

matic ritrgs are tlre nain soot precut,sors. Tłle particle inception witlr radirt= ,r

approxinrate}y 1 nnl is corrstructecl frotu PAH, In tlre fuel rich zone of cornbus: r

tlre concentratiotl of pylgllg nrolecules can be as large as 1012 _ 1014 cln-3 a:_,:,

corrcentration of prinrary clusters (particle irrceptiorr) trttains 1011 * 1012 ctti-
Due to attacliment of electrotls and ions to primary c]usters tłre latter ones acclrti:,
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F'igure 6. A rorrgh picture for soot forrnation in prenrixed flanres (Bocklrorn. 199 l}.

1 charge. Charged clusters with opposite polarities coagulate lnole rapidl), tlran
:-eutral ones. Clrarged clrrsters incluce tlre irnage charge on the neutlal particles
1i]d. aS a consequence, the irrrage attractive force appears between charged and
:-er-ttra,l clusters tlrat enlrances coagulatioli. Tlre ca,lcrrlatiolrs basecl on tłre proce-
ittre Presented irr [21] have shown that the enhal}cell}ent factor for coagulation

:ate Coemcient depends on tłre radius of tlłe particle, on the c]uster charge, atld on
:elnperature. At ą : 2000 K for neutral arrd singly charged clusters tłris factor
:rray achieve 2. For cluster with larger clrarge (Q : 3e) and a : 1 nm it nlay
:le as large as 4. Figure 7 depicts tlre predicted cłrarge clistribution of clusters
n,ith different sizes formed in the frrel riclr (d : 3) zone of combustor from the
lrimarily nerttra] monodisperse preculsors with a0 : 1 nnr at their irritial con-
cetrtration Ę6:1911 

"r.,-3 
for tirne insta,Iits l:0.1 and 5 rns. Tlre calculatiorr

nrode] took into accorrnt charging of clusters irr tlre frrel rich region of cotrrbustor
aud coagulation growtlr due to exerting of Coulomb, inrage, arrcl Van cler \\.aals
forces between clusters.

As is seen, at an initial stage even small size clusters are principally chargecl
rregatively due to the strong electron attaclrrnent. At tlre latter time irrstants tlre
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Figure 7. Predicted charge distribution of clrrsters with radii snialler tłlan giverr value at AI"o :
1011 cnr-3 arrd a9 : 1 nm for the corrditions in tlre Iirel riclr regiorl of combustclr fo:

tinre instants of 0.1 rrrs (a) arid 5 rns (b).

chalge distributiorr becornes to be nrore synnretrical and cluster sizes increase.

Evetr strrall clusters witlr radius a-4 nnr nla;y acqrrire tlre charge Q : 4e. It is
\\-orth to llote tlrat accountirrg only t]re Colrlonrb interaction between oppositeh
clralged clusters does not allow olre to fornr large clustels witłl a : 6 ntn for time
itrterval of 5 urs dtre to coagri]atiorl process.

The estirnatiorrs exlribited that a nal,ked amount of polar molecules, n}osth,

H2O. SO2. SO3, HNO2, mdy be acquired by charged soot palticles or chargecl

chlstels in aviatiorr combustol for residence tiure Tres - 5 - 10 rrrs, Tłris nleans

tirat noticeable proportion of soot particles (- l0 - 20%) may be activated tcl

act as colrtrail nuclei directly irrside tlre conrbustor. N{easuTelnel}ts demonstlated
tltat colrrbustor-gellelated soot particles consist of two diffelent fractions. One ol
tlrerrr lvas fourrd to contain t}re inrprrrities of a nurnber of sulphates, nitrates, atrd

orgatrics arrd exlribits a high level of hvdropliilicitv, Tlris fraction is supposed to
fortu 1i,onr particles with a large clralge, Q > 10e, or fronr relatively smal} clusters
(a x I nnr) consisting of polyaronratic hydrocarbon lrrolecules forrrring prinlaril1-
ilr tlre frrel ric}r region of combustor and lraving a srrrall charge, Q : 1- 3e. Tlre
attaclrment coefficient of polar molecules to clrarged clrtsters is by a factor of 20-

50 lrigher as colnpared to neutral orres. Tlris is illrrstrated in Fig. 8, włlich shołrrs

tlre dependence of attachnrent coefficient for HzO ll}olecule to soot particle witlr
r.atiotls charge, Q, on particle radius.

Tile other fractiorr rvas fclund to be 1r}.drop}robic aud is srrpposed to forrrr frolrr
neutral clusters and particles or larger particles (a >10 nnr) with srrrall cłrarge.

Q <2e, These particles can not accumulate polat, trrolecules duririg residerrce in-
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1gP, nrrr3ls

-? 
u. j"* -J

,;-'gure 8. Tlre attachnrent coefficient of HzO molecules to soot particle u,itlr clifferent charge
value, Q (Q is given in the units of elementary charge), vs particle radirrs for r :
2000Kandp:106Pa,.

.- -ie the combustor. The sinrulation of homogeneous and lreterogeneotrs r}llcleation
::oCeSSeS in the aircraft plrmre exhibited that tlre particles of prirrrarr. lrvdrophr>
-c fraction are partly activated to uptake tlre water nrolecules clririrrg tlre rrorrrral
,,ndensation plocess drte to deposition of the soluble rrratter (H2O H2SO1) on

-: eir surface. Tlre llinary heterogeneous nucleation on the surface of soot particles
.:rt1 coa,gulation of tlre emitted soot particles with sulfate vo]atile aetosols u,ere
: ,l-rrrd to be responsible for activation of soot hydroplrobic fraction, It turned'it that small size particles with d { 15 nm are activated, gerrerally, due to

'agulation ProCeSS and larger particles (d > 15 nm) are activatecl clrte to binary
'eterogeneous nucleatiorr, Depending on tlre fuel sulfur content, 5-20 % particles
f h.v-drophobic fraction may be activated in the plunre in tlrese plocesses.

3 plasma-chemical processes in the exhaust plume
Tlre other Pathwav of soot particle activation deals with the existence of chargeri
lrsters in the Plunre. Nllodelling arrcl experimenta] studies have shown that

-.arious ionic clusters sttch as HSO. (H2SO4)-, HSO/(H]'{O3)-1 (- : 1,..3),
\Or(HNO3)' (s : 1...5), }io3(HNo3)(Hzo), H3o+(CH2o)(H2O)-, u,.,t
H3O+(HzO), (' : 1 - 6) carr forrn irr the plunre I22, 23]. Figrire 9 illrrstlates
:lre evolution of positive and negative iorric clusters along the plume of 8-717
aircraft a,t cruise (H : I0.7 knr. M6 :0.B), One can see that tlre nrost abundarrt
c}rarged clusters in tlre aircraft plune are the hyclrated ions with HrO+ core arrd
HSo;(H2Soa),,, ions. TIre concentration of H3o+(H2o)6 and HSo4 (H2Soa)3
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clusters at 10 rn distarrce from tlre el]gine exit is around 106 cln3

10,, l10-ui 10-a4110-rł 1 ) 10r'

x! nt

Figure 9. Evolution of iclnic cluster mo]e fractions alorrg the piume axis of 8-747 aircraft at

crltise for FSC : 0.01%.

Because tlre ion con]position at the engine exit was calcuiated taking irrto accourrt

the charging of soot particles insicle the engine tlre predicted derrsity of iiglrter

HsO+ ions was smallel, tlrarr tlrat fol HSOa iorrs arrd, as a consequerrce) tht
concerrtration of ionic clusters with H3O+ cole is markedly snraller tlran that fol

heal.y clusters HSO4 (H2SOa),r, Due to dilution of tlre plume and attachnrent cl:

tlrese ionic c]usters to soot particles their cottcentration drops considerably: at

50 m distarlce tlre clerisity of these clusters is as srnall as 104 ctrr-3. It is wortl
noting t}rat despite tlre large density of NO+ ions at tlre errgine exit there are

no iotric clusters with NO+ core at 10 rn distance frorn tlre engilre exit. SucL

belravior is explairred by the fast decay of NO+(H2O)3 clusters due to reactior
No+(H2o)sfH2O-H3O+(HzO)z+HNO2 [22]. That is wlry orie carrnot rlbserle

ionic clrsters witłr NO+ core itr tlre aircraft plrtnres, The attachment of chargec

clusters to soot particles changes tlre particle charge distribution in the plunre,

Nevelt]reless, tlre sigrrificant c}targe corrtilrrtes to be on tlre particle surface.

Ionic clusters initiate tire fornration of clrarged sulfate volati]e aerosols via ioti-

incluced ltucleation and attachmettt of chargec1 clusters to neutral sulfate particle>

caused by exerting of irnage force. Thus, there exsist differently c}ralged aerosoL

irr the plume: ionic clusters (d <1 nrrr). charged volatile sulfate aerosol (d:
1- 10 nrrr), an<_l clrarged soot particles (d : 10 - 150 nrn), It should be rrotąj

tlrat the electrostatic contributiorr to the free energy of ciustel, folnration is dut
to attractive force tlre icln exerts on tlre tnolecules irr tlie clttster. This forc.

recluces tłre free elrergy of formation for clrarged clusters as compared to unclrargei

ones [13]. In ion-irrducecl nucleation t}ie contribution tlf electrostatic field to tlre

10-6 .l0{ ,l0-2 1 1o2
X,0
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:i'ee etrergy of clrster formation is not fully c}raracterized by the ion clrarge. as
iIr the classic splrerical ion approxinration rnade by Tlronson. The importarlt
,otłtribution of the dipclle mornent term to electrostatic el)ergy nray corrie into
pla1. [2a]. This terrn is proportional to

,i-lrere .R and ?,7 &r€ the radii of cluster and iotr, D is the ion dipole rnonrentunt.
q is tlre charge of iori. Such approxirnatiorl predicts the preferetrce for nucleatioti
,f positive ions. since positive g will declea,se the free energy of forrnation and. itt
,,ltrtrast, negative g will increase the free energy. Note tlrat the iorr-sigrr effect i,u

-łte nucleation rate has been observed in experinrents.
Heterogeneous binary H2O/H2S0,1 nucleatiolr on the surface of cltargł1 .,",-_:

:;artic}es occurs nruch faster tlran on the neutral particle olte. Tlti= plr,,,,..:- _-

:esponsible for the additional deposition of soluble rrlattel orr tlre:i,rr,ti i,lć"]-:._*

:llrface arrd, t}rus, increasing tlre number of activated particles. C'lrargeti part.,:lt:
.-itlr opposite polarities coagulate muclr faster tlratr lleutral otrts. \Itlrer_,r\-er. ihŁ
,,agulation betweett charged and neutral particies occurs al,.o sigllifical]tlJ- fa_rt€r

i,.te to appearance of electric image force. Tlre ellllancellrent factor for coagulatiotr
,lefficient, in tlris case, as conrpared to coagulation of neutral pal,ticles depends
lr particle sizes and may be as large as 20 evelr for tlre interaction of rreutral and

-lrrgly clrarged particles. Tlre characteristic coagulation time for charged-clrarged
,.lrd charged-neutral particle interaction under plunre conditions varies fronr 0.1
-o 1 s that is snraller tharr tlre gas residence tinre in tlre plrrrne, Tres ź2 4 s. Tlre
loagulation between sucłr palticles in tłre plume may lead to formation of large
.ize aggregates witlr d >150 nn, włriclr can act as a cloud condensation lluclei.
Tlre appearance of a charge on the aerosol particle surface can accelerate the
:rormal condensation process and lower tłre saturation value required to vapor-
_iquid phase tra,nsfer due to a decrease of l(elvin barrier caused by attraction of
iipole molecules suclr as H2O, HzSOł, HNO3, organics bv clrarged droplet and,
:ltus, can facilitate tlre corrtrail forrłration,

l Concluding remarks

,\ number of plasma-chemical processes proceed during combustion of lrydrocar-
bon fuels. Tlre contbustion plasrrlas exhibit tlre typical properties of low tempera-
rure dusty plasnras: tlre preserrce of charged gaseous and particttlate conlponents,
the complex interaction betweerr ion (electrons) and cluster systenrs, significant
influence of particle and cluster chargirig on tlre heterogeneous pl,ocesses and co-
zlgulation of clusters. Conrbustion-assisted plasma-chemical processes can affect

D /l 1\
ł(n*ą),
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collsiLleral]l1. tlre pollutant forlrration alrcl corrtribute tłre envirotlmental effects.

Tcl srttltrrrarize one can conciude that tire al;ttudance of clusters arrd particles hav-

ing a siglrificant electrical charge ilnide the cotnbustor atrd irr tlre conrbustion

exlrartst rnay be used for scavengitrg of srrra11 size volatile aerosois and rrrolecttles

ir-itlt pernanent dipole nronrentum and. tlrls. to control the pollutant enlissions.
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