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ABSTRACT

The features of nonequilibrium processes in combustor, postcombustor flow, and in the plume of gas-
turbine engines which are responsible for the formation of gaseous pollutants, mainly, SO,, NO,, CO,,
HO,, HSO,, HNO,, and ions as well as for processes that give rise various sorts of volatile and nonvolatile
(with soot core) aerosols and ice particles are considered. The results of numerical simulation as well as
experimental studies of these processes are reported.
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INTRODUCTION

The aviation is the source of gaseous and particulate emissions into the atmosphere. The number of
species emitted by jet engine is much enough and depends on a kind of a fuel and on an engine design.
The emission from aviation engines is significantly smaller (in a factor of 40-50) than that from surface
sources. However, because the emissions of aircraft engines occur in the atmospheric regions (high
troposphere and low stratosphere), which are very sensible to various perturbations, the problem of
aviation effect on atmospheric processes and climate change has come into great importance [1].

The impact of aviation on the atmosphere is under way through the complex of interconnected processes.
In present, there are no any standard limitations for the concentrations of gaseous and particulate
pollutants emitted by aircraft engines at cruise altitudes. Nevertheless, it is believed that emissions of
different gaseous species and aerosols by aviation engines are of reverence to the impact of aviation on
atmospheric chemistry, ozone depletion, and climate [1-3]. Numerous model investigations showed that
gaseous species, mainly NO,, HO,, CO,, SO, organics, emitted from aircraft engine as well as
combustion and newly formed in the exhaust plume aerosols may influence significantly the total ozone
concentration, cloudiness, Earth’s radiation budget, and climate.

The ozone layer is a term that refers to the distribution of ozone that is naturally formed in the
stratosphere. This layer protects life on Earth from harmful levels of solar ultraviolet radiation. Climate is
defined as the typical behavior of the atmosphere, the aggregation of the weather, and is generally
expressed in terms of averages and variances of temperature, precipitation and other physical properties.
Climate is being affected by human activities that emit radiatively active substance such as greenhouse
gases or aerosol particles. Greenhouse gases in the atmosphere absorb infrared radiation, especially in the
“atmospheric window” region from 8 to 12 um, that would otherwise escape to space. This trapped
radiation warms the atmosphere, creating a positive radiative forcing which in turn warms the Earth’s
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surface. Aerosols, on the other hand, scatter or absorb solar radiation and prevent it from reaching the
Earth. This has a net cooling effect. Together, emissions of greenhouse gases and aerosols destroy the
existing radiative balance of the atmosphere and alter the heating and cooling rate of the Earth.

In view of the aviation impact on the atmosphere, the following gaseous species can play the most
important role: NOy, (NO+NO,), HNO, (HNO,+HNO3), SOy (SO,, SO3), H,SO4, HO (OH, HO,, H,0),
COy (CO, CO,), and nonmethane hydrocarbons. The elements of NOy and HO, groups participate in the
catalytic cycles of ozone destruction and the abundance of the species HNO,, HNO;, and NO, as well as
H,O can results in a broadening of the polar stratospheric cloud formation areas due to appearance of
additional HNO; and H,O in Polar Regions. The element of COy group (especially CO,) and hydrocarbons
are greenhouse gases and affect the Earth’s radiative balance.

Besides the gaseous species, aircraft engines emit aerosol particles and aerosol precursors. Soot and metal
particles are directly emitted by aircraft engines. Soot particles are believed to be the most important
aviation aerosols impacting contrail and cirrus cloud formation. As Lohmann and Feichter pointed out in a
recent review of the global indirect aerosol effects [3], black carbon, which is a major constituent of
carbonaceous particles emitted from incomplete combustion processes, contributes to the direct aerosol
radiative effect by absorption of visible radiation which results in a net reduction in shortwave radiation
and thus a negative forcing at the surface [3]. At the top-of atmosphere, carbonaceous particles exert a
positive forcing. This effect can be amplified if absorption of solar radiation by carbonaceous particles
occurs within cloud droplets. Since aerosol particles are predominantly a complex internal mixture of
chemical substances, the effects of coating insoluble black carbon particles with soluble organic or
inorganic species may have a strong effect on the cloud condensation nuclear (CCN) activation of those
particles. The knowledge of the coating effects is in turn a prerequisite for an adequate treatment of
carbonaceous particles in global climate models.

The newly formed in the exhaust plume aerosols are mainly the sulfate volatile aerosol particles. The
formation of sulfate (H,O/H,SO,) liquid small droplets (diameter of 1-10 nm) in generally caused by
emission of condensable gases such as water vapor (H,0) and gaseous H,SO, or SO, and SO; which can
be converted to H,SO,. Besides oxidized sulfur in different forms (SO4, H,SO,) and water vapor, aerosol
precursors emitted by aviation engine include chemi-ions, HNOs, and unburned hydrocarbons (organics).
A number of modeling studies have demonstrated that the emission of sulfur oxides (SO,, SO;) and,
especially, of sulfate aerosol particles can considerably affect the surface area of the sulfate stratospheric
aerosol layer. Moreover, the emission of sulfate aerosol particles into the stratosphere caused by the fleet
of supersonic high-speed civil transport aircraft, known as HSCTs, can result in ozone depletion.

In order to obtain the required information about pollutants emitted by aircraft engines it is needed to
conduct the investigations on the following topics: (1) formation of SO, HSO,, NO,, HNO,, HO,, C;H,0,
species, ions, and soot particles during the burning of high-order hydrocarbons (aviation kerosene) with air
in aero-engine combustor; (2) evolution of gaseous and particulate species (soot particles) in the
postcombustor flow of jet engine; (3) generation of ionic clusters and binary H,O/H,SO, (or ternary
H,0/H,S0O4/HNO;, H,0O/H,SO,/organics) volatile aerosols in aircraft plume, formation of the coverage
onto soot particle surface, and condensation of water vapour on activated large soot particles; (4) freezing
of soluble material accumulated on the surface of soot particles and contrail formation.

The general objective of this paper is to discuss the nonequilibrium processes in the combustor and in the
postcombustor flow of gas-turbine engine that are responsible for gaseous pollutant formation and
processes that give rise various sorts of volatile and non-volatile (with soot core) aerosols and ice particles
in the plume.
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FORMATION OF GASEOUS SPECIES, CHEMI-IONS, AND SOOT
PRECURSORS IN AVIATION COMBUSTOR

In present, for commercial aircraft engines the aviation kerosene is used as a fuel. Aviation fuels are
comprised of numerous hydrocarbons such as n-parafins, iso-paraffin, naphtene (cycloparaffin), aromatics,
alkenes, and sulfur in a trace amount [4]. Table 1 lists the properties and average composition of the
typical aviation fuels. Different surrogate blends have been proposed to model the ignition/combustion of
aviation fuels [4]. For example the possible JP-8 surrogate consists of 5% iso-octane, 5% methyl
cyclohexane, 5% m-xylene, 5% cyclooctane, 15% butyl benzene, 15% tetradecane, 10% hexadecane, 5%
butyl benzene, 5% tetralin, 5% I-methyl naptalen, and 5% 1, 2, 4, 5-tetramethyl benzene. The complexity
associated with the chemical composition of kerosene-type fuels is well recognized [5], and a detailed
computational consideration of all of the fuel components of kerosene would be prohibitive. Doute et al.
[6] report a chemical analysis of 79-mol % alkanes, 10-mol % cycloalkanes, and 11-mol % aromatics for
the fuel utilized in their investigation of kerosene flames. As was shown in [5] the chemical structure of n-
decane and kerosene flames is marked similarities. Thus the chemical composition of kerosene may be
modeled by a surrogate blend comprising 89-mol % n-decane and 11-mol % aromatic fuel, example,
benzene, toluene, ethyl benzene, and naphthalene.

Table 1. Typical aviation fuel properties

Property JP-4 JP-5 JP-7 (e tJ i}i_l) RP-1
Approx. formula CgsHir CioHn CioHos CiHy, CioHoy
H/C ratio 1.99 1.87 2.02 1.91 1.98
Boiling range 140-460 360-495 | 370-480 330-510 350-525
Freeze point -80 -57 -47 -60 :];_)%/ite;A_l; -55
Avg. composition
Aromatics, vol % 10 19 3 18 3
Naphthenes 29 34 32 20 58
Paraffins 59 45 65 60 39
Olefins 2 2 — 2 —
Sulfur, ppm 370 470 60 490 20

The kinetic model for kerosene surrogate blend should be supplemented by reaction mechanisms of S- and
N-containing species and chemi-ions (Cls) formation. Aviation kerosene contains between 0.001% and
0.3% sulfur per mass. Sulfur is present in the fuel as a compound of aromatic groups of hydrocarbons.
During the oxidation, the various S-containing species (in the fuel lean flame, mostly SO, (x=1, 2, 3) and
HSO;) forms. The kinetic model should describe rather accurately the proportions between SO,, SOs, and
HSO;. Such a model was developed by Starik et al. [7]. The point is that the most particles forming in the
exhaust plume behind aircraft at cruise are liquid and contain sulfuric acid [8], and some condensable
hydrocarbons [9]. The formation of volatile aerosols in the aircraft plume depends on the concentration of
gaseous O, OH, SO,, SO;, H,SOy4, and on Cls emitted by the engine. The concentrations of OH, SO;, and
H,SO, at core engine exit depend on the non-equilibrium chemistry in the combustor and in the
postcombustor flow from the combustor through the turbine and the expansion nozzle to the engine exit
[10, 11].
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N-containing species are generated due to oxidation of air nitrogen in the high temperature region inside a
combustor. The main species formed in an aviation combustor are NO and NO,. The following
mechanisms is believed to be responsible for NO, production: (1) extended Zel’dovich mechanism; (2)
“promt NO” or Fenimor mechanism; (3) NO, mechanism; (4) N,O mechanism; (5) NNH mechanism. The
extended Zel’dovich mechanism involves the oxidation of N, by O,: N,+O=NO+N, N+0,=NO+O and
reaction of N atoms with OH radicals N+OH=NO+H. The Fenimor mechanism passes via HCN:
CH+Np=HCN+N, O+HCN=NO+CH and occurs, mostly, in a fuel rich flame. The N,O mechanism is the
summation of NO production in the course of reactions with N,O: N,O0+CO=NCO+NO,
N,O+H=NH+NO, N,0+O=2NO. The NO, mechanism specifies the NO production in the course reactions
with  NO,: NO,+CO=NCO+NO, NO,+OH=HO,+NO, NO,+H=OH+NO, NO,+0O=NO+O,,
NO,+M=NO+O+M. The NNH mechanism involves the reactions with HNO and NH, species.

Besides the NO and NO, formation, the kinetic mechanism of N-containing species production should
describe also the formation of N,O, HNO, HNO,, HNOs, NOs, N H,, proportions between NO and NO,
and between NO, (NO+NO,) and NO, (NO=NO+N,O+NO;+HNOy). The ratio of NO, to NOy
concentration was measured in the exhaust plume for several aviation engines and varies from 5% to 25%
[12]. The NOy/NOy concentration ratio is close to 0.01 [13]. The quantitative information about HNO, and
HNO; emissions from aircraft is extremely important for atmospheric chemistry, formation of polar
stratospheric clouds, and prediction of the aviation effect on the atmosphere. For the aviation combustor
operating in a diffusion mode, the Zeldovich and Fenimor mechanisms are mainly responsible for NO
formation. Also the NO, mechanism plays a noticeable role in the NO, production inside the combustor. It
is worth noting that NO and NO, production inside the aviation combustor are in a strong interconnection.
The N,O and NNH mechanisms give smaller contribution in NO formation [14].

In order to predict the emissions of NO,, CO,, and unburned hydrocarbon (UHC) the two different
approaches has been developed. One of them is based on semi-empirical formulas so-called correlation
models that include the pressure and temperature of the gas at the combustor inlet as well as the residence
time for the gas inside the combustor (see, for example [15]). The other one is based on the use of multi-
reactor models, which calculate the concentrations of NO,, CO,, HO,, UHC, and the other species in the
each individual reactor by using the detailed kinetic reaction mechanism [14]. Note that this approach may
be used also to predict the emissions of S-containing species and Cls. To construct the reactor model, the
information on fields of the temperature and other flow parameters inside the combustor is required. To
obtain these fields the three-dimensional (3D) numerical simulation of turbulent combustion using the
CFD code with the equilibrium chemical model may be applied. Fig.1 shows the temperature field inside
the typical aviation combustor (this combustor is similar to that for PC-90A turbo-jet engine) computed
using standard STAR-CD software [14].

y,m flame front
fuel rich ame fron

Fig. 1. The temperature field inside the conventional aviation combustor.
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The simulations have demonstrated that predicted NO, emission index strongly depends on the applied
kinetic reaction mechanism. This illustrated by the data on the measured and computed using the different

kinetic models [16-18] the NO, emission index EINO, (EINO,= GNO2 / G I where GNOX , Grare the mass

flow rates of NO, and fuel, respectively) for typical aviation combustor operating in a diffusion mode (gas
residence time of 6.7 msec, the pressure of 10° Pa) for two values of the temperature at the combustor inlet
T.:=600 and 660 K presented in Fig.2. One can see that only the prediction using the DS reaction
mechanism is consistent with experimental data. The widely applied GRI-Mech 3.0 and Konnov 0.4
reaction mechanisms underestimate the NO, emission considerably. Furthermore, the GRI-Mech 3.0 and
Konnov mechanisms underestimate the NO,/NOj ratio (the predicted value of this ratio is as small as 1%).
The DS reaction mechanism predicts the NO,/NOy ratio of 5-10% that is consistent satisfactorily with
experimental data.

EINOy, g/kg
i m
<
8 1 ¢ cxperiment
] . = DS
6 - A Konnov 0.4
A
J ® GRI3.0
A
4 A °
i °
2 T T T 1
500 600 700 T, K

Fig. 2. Measured and predicted using different kinetic mechanisms (GRI 3.0, [16], Konnov 0.4
[17], and DS [18]) NO, emission index, EINOy, as a function of the combustor inlet temperature.

For modern gas-turbine engines the values of EINOy vary from 12 to 40 g/kg fuel. In order to lower
significantly the NO, emission up to EINO,=5-8 g/kg the lean premixed and prevoparised (LPP)
technology has been proposed. In LPP combustor a homogeneous burning of lean fuel/air mixture
(equivalence ratio 0.6-0.5) takes place. In this case, the maximal temperature inside the combustor does
not exceed 2100 K that is significantly smaller than that for traditional diffusion combustor (7=2400 K).
This reduces the rate of NO, production in the course of Zeldovich mechanism. However, the LPP
combustor exhibits the worse re-light and blow-out characteristics as compared to conventional diffusion
combustor.

Besides SO, and NO, species, the CO, CO, and unburned hydrocarbons (C<Hy) form inside the combustor.
The emission indices for various species depends on the engine power setting. The computations carried
out by using the multi-reactor model [14] exhibited that the decrease in power setting results in a strong
increase of EICO and EIC,H, and, conversely, in decrease of NO, and CO, emissions. The value of EISO,
does not depend markedly on power setting. Table 2 lists the predicted emission indices for NOy, CO,
CHy, SO,, SO;, species, as well as the values of residence time pressure and temperature of the air at the
combustor inlet for different power settings at FSC=0.04%.
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Table 2.

Parameters EINO,, EICO, | EICH,, | EISO,, EISO;,
Power setting P, MPa | Tur, K g/kg g/kg g/kg g/kg g/kg
0
_IOOA) 2.14 755 36.4 0.72 0.06 0.783 0.0199
Tres = 13.63 ms
0
85% 1.88 727 29.2 11.3 1.2 0.781 0.0213
T,es = 13.78 ms
)
_30% 0.89 591 12 76.7 12.9 0.748 0.0256
T,es = 14.78 ms
7%
0.41 485 8.7 105 18.8 0.723 0.0205
t=17.14 ms

The important precursors of volatile aerosol particles are Cls, which form in the combustor during the
combustion of hydrocarbon fuel with air via radical-radical and ion-molecular reactions [7, 19]. CIs may
induce the nucleation of volatile acrosols and promote the growth of aerosols via ion-assisted coagulation
[20]. Another possible mechanism of Cls influence on volatile and nonvolatile (with soot core) particle
formation is connected with ion-soot interaction. CIs may attach to soot particles, induce the charge, and
as a consequence enhance the water uptake by soot particles [21].

It should be noted that the most studies on ion formation were conducted for flames [19]. lon composition
strongly depends on the fuel/air equivalence ratio, ¢, and on the type of fuel (hydrogen, hydrocarbons,
aviation kerosene, etc.). The most frequently used technique to measure an ion concentration in flame is

massspectrometry [19]. Numerous types of positive and negative ions such as C,H;0", C,H;, CHj,
HCO', C;H50", C;H,0", H;0", H,0", O;, NO', NO;, HCO,;, HCO;, CO;, CO;, O,, OH", NO;,
NO;, CN™ were observed in hydrocarbon/air flames. In fuel rich flames, heavy hydrocarbon ions C,;Hj ,
C,oH{,, C,H/,, CsHJ,, as well as positively charged fullerene molecules may form [22]. Measurements
behind the aviation combustor demonstrated the presence of CxHyO+ and C,H,O ions as well as SOj,

SO,, and HSO, ions [23]. In order to understand the mechanisms and principal pathways of ion

formation the experimental data should be supplemented by numerical simulation. In this light, rather
complicated kinetic models for charged species formation during combustion of various fuels have been
developed [7, 24].

The processes of ion formation inside the aero-engine combustors are more complicated than those in
flames. The modern combustor operates in a diffusion mode. In this case, the fuel/air mixture composition
differs considerably in various regions of combustor. Therefore, a number of different ions can form inside
the combustor. The gas residence time for combustor (5-10 ms) is much smaller than that for flame (~100
ms). The total ion concentration of ~2:10° cm > at the exit plane of aero-engine combustor was measured
recently by Haverkamp et al. [25]. However, inside the combustor, the concentration of ions and electrons
may be estimated only by computations. To simulate the processes of charged gaseous species formation
inside an aviation combustor one have to apply approximate combustion models, for example, Flame Let
model [26]. In our computations this model was supplemented by the ion kinetics developed in [7, 24]. To
calculate the flow parameters inside the combustor (these parameters are needed as input ones for the
Flame Let model) with outlet pressure of 10° Pa and temperature 7, = 1540 K the 3D numerical simulation
of turbulent combustion using the standard STAR-CD software with the equilibrium chemistry was
conducted [27].
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Inside the combustor the maximal concentration for the most abundant ions in flames, C,H;0", is observed
in the fuel rich region located ahead of the flame front (see Fig. 1) and attains 10'" — 10> cm™. In this

region, the maximal concentration for negatively charged species is appeared for electrons and HCO,
ions. However, at the combustor exit the concentrations of these species are negligible. In the fuel lean
zone of combustor at the exit section only NO", H;O", SO;, HSO; or NO;NO; ions remain to be

abundant. The predicted total concentration of positive (negative) ions in the combustor outlet is around
2:10% cm™® [27] that is in a good agreement with measurements [25]. It is worse noting that the ion
composition strongly depends on the value of fuel sulphur content (FSC). The principal scheme of ion
formation in hydrocarbon flames and inside the combustor is presented in Fig.3.

| CoHytair+HS |
I
CH, CH*(a'%)
positive ions negative ions
H, CH, 0, CcoO
[H,0" 0" [fcRy] o] e
Oz: o t, Ao, |oH M7 COM
{0 | [GmoH—Gn] [N, pi s
NOZI |02 \ ,’ H+M 0 CO, ,",SOZ '
NO £ - al SO :.
No| [NO, | [y [Cas X o, ‘I_o [or P2a[50r] |
NO i i / C02+M" HOCHO \‘o so, HNO; i
Y v 1
(] (] [0, JRefeorco] et | 5o, 1 fmsor |
_________________________ !____.. l i I f i
| CisHy', CyHy', CHlys’, PAR ||+ O, '

Fig. 3. Principal scheme of ion formation in hydrocarbon+air flame.

Soot particles form in the fuel rich zone of combustor due to clustering and heterogeneous surface growth
of primary soot precursors such as polyyne molecules, and polyaromatic hydrocarbons [28]. In accordance
to modern models, the pyrene molecules which consist of four aromatic rings are the main soot precursors.
The particle inception with radius of approximately 1 nm is constructed from PAH. In the fuel rich zone of
combustor the concentration of pyrene molecules can be as large as 10" — 10'* cm ™ and concentration of
primary clusters (particle inception) attains 10'' — 10'* cm ™. It should be noted that combustion exhausts
are the typical dusty plasma. It consists of various molecular gases, ions, electrons, carbon clusters, and
soot particles. Therefore, in order to predict the charge and size distribution of soot particles it is needed to
take into account the plasma-chemical processes occurring inside the combustor. Figure 4 shows the
principal scheme of soot particle formation.
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Figure 4. A rough picture for soot formation in combustion plasmas.

Ions and electrons originated in the fuel rich zone of combustor attach to small clusters and soot particles.
As a result primary neutral clusters and particles acquire a significant charge [21]. Charged clusters with
opposite polarities coagulate more rapidly than neutral ones. The charged cluster induces the image charge
on a neutral particle. Therefore, for charge-neutral cluster (particle) interaction the appearance of the
image force enhances the cluster coagulation [29] and, as a consequence, facilitates the formation of soot
particles [30]. Fig. 5 depicts the predicted charge distribution of clusters with different sizes formed from
the neutral monodisperse primary precursors of initial concentration Ny=10"" cm™ with radius a;=1 nm at
time instants t=0.1 and 5 ms. One can observe that at an initial stage even small size clusters are
principally charged negatively due to the strong electron attachment. At the latter time instant the charge
distribution becomes to be more symmetrical and the size of clusters increases. Even small clusters with
radius @ = 4 nm may acquire the charge Q=4-5¢ (e is an elementary charge). Larger size soot particles with
a ~ 40 nm acquire the charge of (15-30)e in the region placed directly ahead of the flame front [21].

15-8
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Figure 5. Predicted charge distribution of clusters with radii smaller than given
value at No=10"" cm™ and ao=1 nm at the conditions in the fuel rich region
of combustor for time instants of 0.1 ms (a) and 5 ms (b).

The existence of a charge on the cluster (or soot particle) surface enhances the uptake of the molecules
having a permanent dipole momentum by cluster and soot particle. For example, the attachment
coefficient for H,O molecules to the cluster with a =4 nm and Q=>5e is by a factor of 10 larger at 7=2000
K, P=10° Pa than that for neutral cluster. Calculations showed that a noticeable proportion of soot particles
(~10%) having a relatively large charge can accumulate the water soluble compounds inside a combustor.
Thus, this fraction of soot particles may be activated to act as contrail nuclei with in an engine.

The analysis of the IR-Fourier spectra of combustor-generated soot particles exhibited that combustor soot
consists of two different fractions: a main fraction containing, mostly, amorphous carbon and a fraction of
impurities specified by a complex structure and a noticeable amount of water soluble compounds such as
organic sulfates, S-containing ions, and organic molecules on the surface of soot particles. It was observed
that ~13.5 wt % of water soluble fraction may be appeared on the soot particles within a combustor [30,
31]. The main fraction is supposed to form from neutral clusters or particles with a small charge, Q < 2e.
These particles can not accumulate polar molecules within a combustor and are hydrophobic. Conversely,
the fraction of impurities demonstrates the high level of hydrophilicity [30, 31].

NONEQUILIBRIUM PROCESSES IN TURBINE AND NOZZLE FLOW

Rapid expansion of hot gases with a complex composition through the turbine and nozzle (the residence
time is ~5-7 ms) causes the nonequilibrium chemical transformation and ion-soot attachment due to
change of temperature and pressure [10, 11, 32]. The typical values of temperature at combustor exit for
modern engines are ~1300-1800 K and at the nozzle exit ~450-650 K. The pressure in these sections for
cruise regime varies in the range 0.8-1.2 MPa and in the range 10-20 kPa, respectively.

In present, to investigate the nonequilibrium processes in the postcombustor flow of jet engines the
numerical simulation is used. The computation of the evolution of the chemical composition of combustor
exhaust gases in the turbine and nozzle flow for modern aero-engine at cruise of B-747 aircraft (Mach
number My=0.8 and altitude H#=10.8 km) based on the quasi-one dimensional (Q1D) model [7] showed
that the mole fractions, y;, vary considerably for most of the mixture components with minor variations
only for H,O, O,, N,, and CO,. The variations of the y; values are most pronounced for strong oxidizers
such as O, OH, and HO,, as well as for NO; and for the species of the NHy group. The effective mass
emission index of OH amounts to 5.4 g/kg at combustor exit and 66 mg/kg at engine exit. At engine exit,
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most of the initially formed OH radicals are depleted by reactions with NO, NO,, SO, and others, leaving
a mole fraction of about 10, and this explains why measurements so far found hardly significant traces of
OH at engine exit [33]. From measurements of HNO,, HNO;, NO, and NO, in aged exhaust plumes, OH
emission indices of 60 to 400 mg/kg have been derived using models describing the chemistry in the
diluting plume, starting from engine exit [34]. This fits reasonably with the present model results. The
small amount of OH emitted from the engine exit implies small (<1%) additional sulfur conversion to
H,SO, after engine exit. It should be noted that the concentrations of HNO, and HNO; in the turbine affect
each other.

Significant SO, oxidation occurs throughout the turbine and nozzle resulting in up to 10% oxidation of the
total SOy to (SO5;+H,S0Oy,) at the engine exit. The NO; and HNO, concentrations also increase significantly
within the postcombustor flow but stay below 1% of the sum of NO and NO, species, as found in
measurements [34]. Concentrations of sulfur species SO,, SO;, and H,SO,4 at the engine exit strongly
depend on FSC. Note that even for FSC=0 the marked amount of gaseous H,SO, and HSO, ions may be
abundant in the nozzle exhaust. This is caused by the presence of S-containing species, mainly COS, H,S,
SO,, in the atmospheric air, which is supplied to the combustor. For FSC=0 the concentration of the
gaseous H,SOy achieves 2.5-10% cm™. The abundance of gaseous H,SOj in the engine exhaust at FSC=0%
leads to formation of small sulfate volatile particles (with diameter d <1 nm) in the plume (see below).
During expansion of combustion exhausts throughout the turbine and nozzle, the concentrations of
different gaseous species may vary significantly. This is clearly seen from the data presented in Table 3.

Table 3. Predicted species molar fractions at the different
sections of the modern gas-turbine engine at FSC=0.04 %

Parametgrs Combustor Turbine Bypass flow Mixer Nozzle
and species

T.K 1414 774 375 480 473

P, kPa 2080 167 101 167 166
O, 1.26(-1) 1.26(-1) 2.00(-1) 1.82(-1) 1.82(-1)
H,O 4.96(-2) 4.96(-2) 5.77(-5) 1.25(-2) 1.25(-2)
SO, 7.68(-6) 7.33(-6) 3.79(-9) 1.83(-6) 1.84(-6)
SO; 1.56(-7) 4.89(-7) 0 1.22(-7) 3.99(-8)
H,SO, 4.36(-11) 2.47(-8) 5.06(-13) 6.20(-9) 8.89(-8)
N, 7.79(-1) 7.79(-1) 8.00(-1) 7.94(-1) 7.94(-1)
NO 4.80(-4) 4.78(-4) 1.00(-11) 1.20(-4) 1.20(-4)
NO, 1.68(-5) 1.66(-5) 6.03(-12) 4.18(-6) 4.22(-6)
HNO, 9.65(-8) 2.39(-6) 0 5.99(-7) 6.01(-7)
CcO 1.61(-5) 1.28(-5) 2.28(-7) 3.38(-6) 3.38(-6)
CO, 4.44(-2) 4.44(-2) 3.09(-4) 1.13(-2) 1.13(-2)

Decrease of FSC value results in the change of ion composition both at the combustor and at the nozzle
exit. The concentration of ions grows with the FSC increase. The total number density of positive
(negative) ions at the engine exit may vary in the range 2-10" — 2-10° cm™. For the free sulfur fuel the

concentration of NO; and NO; ions becomes noticeable and is comparable with the concentration of
HSO, ions.

During expansion through the turbine and nozzle, soot particles may change their charge as a result of
continuous charging and discharging events in a bipolar ion environment. To simulate the processes of the
soot particles charging in the turbine and nozzle flow the Q1D code with coupled gas phase ion and
neutral species kinetics, and kinetics of accumulation of a charge on soot particles with different radii was
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developed [32]. The computations performed for cruise regime of B-747 aircraft showed that ion-soot
interaction in the postcombustor flow leads to evolution of soot particles charge just in the high pressure
turbine of the engine.

At the nozzle exit the rather small soot particles with ¢<10 nm may accumulate only two elementary
charges. Large particles with a=60 nm may accumulate the elementary charges of 4-5. Due to smaller
mass of positive ions (NO', H;O") as compared with that for negative ions (HSO4, NO3’), which are
abundant at combustor exit, the concentration of positively charged soot particles are larger than
negatively charged ones. The proportions of neutral, positively and negatively charged soot particles
depend on the fraction of charged soot particles in combustion products. The predicted charge distribution
of soot particles (the median radius of lognormal size distribution is 25 nm, and geometrical deviation is
1.57), Ny(a), at the nozzle exit of RB-211 engine at B-747 aircraft cruise regime of are presented in Fig. 6.

N(Q), em”
S B ;<160 nm
10 04 <80 nm
. 1 B ;<40 nm
10 s B4 <20 nm
10 B ;<10 nm
] Oa<5nm
10°
10
1

6 -5-4-3-2-1012 3 456 7 8 9 1011 12
Q, elementary charge

Fig. 6. Predicted charge distribution of soot particles with different radii, a,
and total concentration N? =8.10° cm™ at the nozzle exit of RB-211 engine
at cruise regime of B-747 (M¢=0.8, H=10.8 km).

FORMATION OF AEROSOL PARTICLES IN AIRCRAFT PLUME

There are a number of gaseous pollutants, ions, aerosol precursors, charged and neutral soot particles in
the engine exhaust. Cooling of hot exhaust gases (7=600 K) caused by mixing with co-flow atmospheric
air (7,=200-220 K) leads to an occurrence of a complex of nonequilibrium processes resulting in
transformation of chemical composition of exhaust gases, formation of ionic clusters, mostly, HSO4
(H2S04), (n=1...3), NO5(HNO3),(H,0), HSO, (HNO;),, HSO4(SO3), H;O (H20)m, H;O'(CH,O)(H>0)m,
m=1..9, generation of liquid volatile H,O/H,SO4 small aerosol particles with diameter d<10 nm,
production of large particles with soot core coated by liquid soluble materials or by freezed solution [35-
38]. The size of soot particles and ice particles are in the range 10 nm — 1 pum. Fig. 7 shows the size
distribution of volatile (d<10 nm) and non-volatile particles in the plume of ATTAS aircraft [35]. The
microphisical processes which are responsible for volatile and non-volatile aerosol particle formation in
the aircraft plume are rather complicated. The schematic of these processes are presented in Fig. 8.
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Fig. 7. Size distribution of aerosol particles (d is the particle diameter) in the plume of ATTAS
aircraft. Dashed, dotted, and solid lines correspond to the mode of primary soot particles,
mode of agglomerated particles, and total distribution of soot particles.
Measurements: squares, rhombuses, and circles.
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Fig. 8. The schematic of processes being responsible for aerosol particle formation

Despite of a number of experimental and numerical investigations of the microphysical processes in the
plume many questions are still unresolved. Up to now there is lack of quantitative consistent between
computed and observed data on volatile aerosols particle concentration in the plume. Moreover, the main
mechanisms of formation of relatively large volatile particles with d>5 nm are not still undetermined. Two
hypotheses were proposed to improve the agreement between simulation and in-situ measurements of
number density of large-size volatile aerosols. First, it was hypothesised that abundance of SO;
additionally to SO, at the nozzle exit results in a growth of the size and number density of volatile aerosol
particles [40]. Previous analysis prescribed the SO; concentration at the nozzle exit as a free model
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parameter and did not take into account the presence of HSO; and H,SO, species at the nozzle exit besides
SO;. However, as it was shown above these species may be abundant at the nozzle exit as a result of a
strong oxidation of SO, and SOj in the turbine and nozzle flow.

As compared to the case where only SO, is abundant at the nozzle exit, the analysis demonstrated that the
presence of SO;, HSOs, and H,SO, species in the nozzle exhaust leads to an increase of H,SO, partial
pressure, nucleation rate, sulfur conversion efficiency, intensification of coagulation processes, change of
the particle size distribution, and an increase of the number of large-size volatile aerosols in the near field
plume. Fig. 9 depicts the evolution of the H,O/H,SO, volatile aerosol number density, V,, with different
diameters along B-747 aircraft plume axis at cruise for FSC=0 % and 0.04 % when all S-containing
species are present in the nozzle exhaust and when only SO, is abundant at the nozzle exit. Markedly, that
even for FSC=0% the abundance of SO; and H,SO, which are produced in a combustor due to burning the
hydrocarbon fuel with atmospheric air containing sulfur species, results in a formation of sulfate aerosols
in the plume (at 100 m — 150 m distance from nozzle exit). But diameter of these volatile particles does
not exceed 1.2 nm and concentration of the particles with d > 1 nm is around 10* cm™. When only SO, is
abundant at the engine exit there are no any sulfate aerosols in the plume [38].

a 9 L
1 ——d>2nm
54 —8—d >5nm

i 53
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Fig. 9. Predicted evolution of the number density of volatile H,O/H,SO4 aerosol particles with
particle diameters larger than a given size d along the plume axis of B-747 for two cases of initial
S-containing species abundance at the engine exit: all S-containing species are present (solid
curves) and only SO; is abundant (dotted curves) at FSC=0% (a) and FSC=0.04% (b).

At the mediate fuel sulfur content (FSC=0.04%) the concentration of sulfate aerosol particles with d > 5
nm stays below 10* cm™ at a distance of 1000 m from nozzle exit, and remains so even when SO;, HSOs,
and H,SO, are produced in the engine. If only SO, is abundant at the nozzle exit, the concentration of such
aerosols is negligible. Schoder et al. measured concentration of about 10° cm™ of relatively large volatile
particles with d > 5 nm in the near field plume of the ATTAS aircraft for FSC=0.026 % [41]. These results
could not be explained by the formation of sulfate aerosol precursors (SO;, HSO;, H,SO,) in the
combustor.

The second idea is connected with emitted condensable hydrocarbons and Cls, which were considered to
be responsible for the generation of the observed large volatile aerosols in the aircraft plume [9]. In these
study the unified mechanism to form volatile particles is supposed to be coagulation between charged
clusters. The key questions in this theory are following: what sorts of ions may be generated and what
amount of these ions may be abundant at the nozzle exit. In order to explain measurements [41] the
concentration of ions at the engine exit should be as large as 2-10° cm™. However, this value of ion
concentration is believed to be too large and is not produced in modern aero-engines.

In-situ flight measurements exhibited the existence of volatile sulfate aerosol particles with d=2-5 nm at
15-20 m distance from nozzle exit. However, the Q1D models predict the formation of sulfate aerosols in
the plume axis at 35-40 m distance. The appearance of sulfate particles at the short distance from engine
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exit is caused by the turbulent diffusion of aerosol particles from the boundary streamline (7 =1) dividing
the engine core flow and bypass flow to the axis of the plume. Fig.10 shows the location of the nucleation
region in the plume of B-747 aircraft at cruise predicted by two-dimensional 2D model for turbulent plume
of bypass engine.

Atmosphere

0 * 10 20 30 xm

Fig. 10. Location of nucleation region in the plume of B-747 aircraft at cruise for FSC=0.04 %

predicted by 2D model (7 is the normalized radius of the plume, A depicts the
boundary of the engine core flow, B depicts the boundary of the plume)

The amount of volatile aerosol particles depends on the fuel sulfur content, type of combustor, parameters
at the combustor inlet, engine design, and flight altitude. Figure 11 presented by Schumann et al. [37]
shows the variation of sulfate aerosol particle emission index PEI (PEI defined as the number of aerosol
particles forming due to burning of 1 kg fuel) for different subsonic aircrafts (engines) as a function of
FSC measured in-situ during a various European campaigns (Sulfur 5,6,7; SNIF; SUCCESS; POLINAT).
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Fig. 11. Particle number emission index (PEI) of detectable volatile particles in noncontrail
plumes versus FSC from various measurements normalized to plume age 3s.
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Aerosol microphysical and chemical processes are similar in subsonic and supersonic aircraft plumes. The
aerosol changes will differ because soot emission levels, aerosol formation potential, and plume dilution
properties vary with engine type and atmospheric conditions at cruise altitudes. Significant increases in
stratospheric aerosol are expected for the operation of a large fleet of supersonic aircraft, at least for non-
volcanic periods.

As was mentioned above, soot particles emitted from engine consist of two fractions. One of them, the
fraction of impurities, has hydrophilic properties and involves the activated particles. The second one is
the main fraction and involves non-activated hydrophobic particles. These particles may be partly
activated due to a deposition of solvable material on their surfaces in the plume. The simulation exhibited
that general mechanisms responsible for such a process are the coagulation of soot particles with volatile
sulfate aerosols and heterogeneous binary (H,O/H,SO,) nucleation [30, 43]. It turned out that small size
particles with diameter d < 15 nm are activated, generally, due to coagulation process and larger particles
(d> 15 nm) are activated due to heterogeneous nucleation [30]. Depending on FSC, 5-15 % amount of
soot particles of hydrophobic fraction may be activated in the plume. The activation degree grows with the
FSC increase.

The other pathway of soot particle activation deals with the existence of charged soot particles in the
plume. The computations show that various ionic clusters, mainly HSO4 (H,SO4)m, HSO4 (HNO3),,
(m=1...3), H;0"(CH,0)(H,0),,, and H;0"(H,0), (n=1-6) form in the plume. Their concentration at 10 m
distance from engine exit may be as large as 10°~10" cm™ [30]. Due to dilution of the plume and
attachment of ionic clusters to soot particles their concentration decreases rapidly with the plume age
increase and at 50 m distance drops to 10°-10° cm™ that is consistent with measurements [35].
Nevertheless, the significant charge continues to be on the particle surface even to 100 m distance from
the engine exit. Heterogeneous binary H,O/H,SO,4 nucleation on the surface of charged soot particles
occurs much faster than on the neutral one.

Coated by water solution soot particles at atmospheric supersaturation conditions can condense a
significant amount of water vapor that leads to an increase of their size. This is illustrated by Fig. 12 and
Fig. 13, which depict the evolution of the radius of soot particles and concentration of sulfuric acid in
particles the solution coating soot particles along the plume of B-747 aircraft for particles with different
initial radii (Ry) at lognormal distribution of fresh soot particles.
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Fig. 12. Evolution of normalized soot particle radius along the plume of B-747 aircraft
at cruise for different initial radius values of fresh soot particles, Ro.
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Fig. 13. Evolution of H2SO4 concentration in the solution accumulated on the surface of soot
particles with different initial radii, Ro, along the plume of B-747 aircraft at cruise.

One can see that only relatively large soot particles can accumulate a significant amount of water
molecules on their surface. The concentration of H,SO, in the H,SO4/H,0 solution is smaller than 10%
only for particle with Ry>25-30 nm. Therefore, only these large particles can freeze. That is why the
amount of ice particles observed in the plume (Ni..~10°-10* cm™) is significantly smaller than the number
density of fresh soot particles emitted by engine (N,~10°-10° cm™) [37].

Soot emissions for current aircraft engines are specified under the International Civil Aviation
Organization (ICAO) using smoke number measurements. The smoke number is dominated by the largest
soot particles collected onto a filter. Sampling soot particles smaller than about 300 nm on such filters
becomes inefficient. Correlations between smoke number and soot mass concentrations may be used to
estimate the soot mass EI from ICAO certification data. A mean value has been estimated to be
approximately 0.04 g/(kg fuel) for the present subsonic fleet. Soot emissions depend strongly on engine
types, power settings, and flight levels, additional information is generally needed to relate smoke number
to emissions under flight conditions.

The diameter of soot particles emitted by aircraft engines are in the 10 nm — 100 nm range and the values
of particle emission index depending on the engine type for subsonic transport aircraft vary from 1.8-10"* -
3-10" kg'1 [37]. The soot mass (El;.) and number emission indices (PEl,) at cruise for different fleet
and smoke numbers (SN) were reported by Schumann et al. [37] and are presented in Table 4.

Table 4. Soot Mass and Number Emission Indices at Cruise and Smoke Numbers®

Aircraft Elgoo, g kg'! PEl,, 10" kg SN at 100% SN at 30%

B707 0.5+0.1 1.740.3 54.5 n.a.
ATTAS 0.1£0.02 1.740.35 46.3 10.9
A310 0.019+0.01 0.6+0.12 5.8 n.a.
B737 0.011+0.005 0.35+0.07 4 25

B747 0.27,0.45 16.0 n.a.
DC10 0.46 11.4 1.6
A340 0.120.003 0.18+0.05 12.6 1.0

*Elo0r and PEI,.: soot mass and number emission indices per unit mass of fuel burned; smoke number
(SN) at two power settings: 100% and 30%.
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Thus, besides gaseous species such as H,O, CO,, NO, NO,, SO,, SO;, CO, and HNO,, HNO;, OH, N,O in
a trace amount, aircraft plume is the source of small volatile sulfate aerosol particles, neutral and charged
soot particles, which may be partly activated as CCN, as well as ice particles at the conditions of contrail
formation (H,O vapour supersaturation over the water surface is necessary to form a contrail).

AIRCRAFT ENGINE EMISSIONS AND ATMOSPHERIC PROCESSES

As is believed the most important gaseous pollutants impact on the ozone concentration in the atmosphere
are NO, NO,, H,0. Modeling studies showed that emissions of NO, by aircraft into the stratosphere may
result in ozone depletion. In contrast, the NO, emissions into the troposphere lead to an increase of ozone
concentration [2]. The quality of the effect of NO, emissions on the atmospheric ozone depends on the
surface area of sulfate stratospheric aerosol layer and polar stratospheric clouds.

In the published in 1998 paper [44] four independently formulated two-dimensional chemical transport
models with sulfate aerosol microphysics are used to evaluate the possible effects of sulfur emissions from
supersonic high-speed civil transport aircraft (HSCT) operating in the stratosphere in 2015. The aircraft
emission scenarios employed in the estimations represented 500 aircrafts operating in the year 2015 and
burning 82x10° kg of fuel annually, with the geographical fuel use distribution derived in [45]. The HSCT
aircraft cruise at Mach 2.4, which a cruise altitude of 18-21 km. Engine emissions are specified by an
emission index. The results were presented for two values of EINO,, 5 and 15 g/kg. An EINO, of 5 g/kg
represents a significant reduction in emission index from current supersonic aircraft (values of about 12-20
g/kg are typical), though technological advances in the last several years have shown that an EINOy of 5
g/kg is achievable. EIH,O of 1230 g/kg is used in all calculations. The EISO, was taken to be 0.4 g/kg,
based on projections that sulfur content in jet fuel will decline from its current average value of 0.8 g/kg.

All models have shown much larger increases in aerosol surface area when aircraft sulfur was assumed to
be emitted as particles of 10 nm diameter rather than as gas phase SO,. If it was assumed an emission
index for SO, of 0.4 g (kg fuel burned)' in 2015, maximum increases in stratospheric sulfate aerosol
surface area range from 0.1 pm”cm™ to 0.5 pm?cm™ with sulfur emitted as SO, gas and from 1.0 pm*cm™
to 2.5 um’cm” with sulfur emitted as particles. Model differences in calculated surface area were deemed
to be due mainly to differences in model transport. Calculated annual average ozone perturbations due to
aircraft emissions with EINO,=5 g/kg, EIH,0=1230 g/kg, and EISO,=0.4 g/kg varied from -0.1% to 0.6%
at 45°N for sulfur emission as SO, gas and from -0.4% to -1.5% with sulfur emission as 100% particles.
The variation in the ozone concentration due to HSCT emissions of SO, and sulfate particles of 10 nm
diameter predicted by Atmospheric and Environment Research (AER) 2D model [44] is shown in Figure
14.
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Fig. 14. Calculated percent change in the ozone concentration depending on the altitude due to
HSCT emissions with a scenario: 500 aircrafts operate at cruise (M=2, H=18 km), EINOx=5 g/kg,
EIH0=1230 g/kg, EISO,=0.4 g/kg, [Cly]=3 ppbv. The solid line represents a case with no SO,
emissions, the dashed line represents a case with SO, gas emissions only, the dotted line
represents a case with emissions 90% as SO, gas and emitted as 10%. Sulfate aerosols (d=10 nm),
dot-dashed line represents a case with emissions of 100% sulfate aerosol particles (d=10 nm).

The authors of this paper strongly recommended for future analysis of HSCT impact on ozone to take into
account in assessment calculations, the chemical and microphysical processes within the plume and far
wake for accurate atmospheric modeling. IPCC (1999) pointed out that the future aerosol impact will
depend on trends in fuel consumption, fuel sulfur content, engine soot emissions, and the efficiency with
which fuel sulfur is transformed into aerosols behind the aircraft. Any aerosol increase will be enhanced if
future air traffic operates at higher altitudes, because of longer atmospheric residence times of the
emission products. Any climate change causing reduced temperature and increased humidity at flight
levels would enhance aerosol and contrail formation.

Thus, the emissions of sulfate aerosol particles by aircrafts can significantly influence on the surface area
of stratospheric aerosol layer and as a result on the radiative forcing as well as on the total ozone
concentration. This exhibits the necessity of reasonable limitation on sulfate aerosol particles emitted. For
modern aviation fuels the typical value of FSC does not exceed 400 ug or 0.04%. Therefore, we can
suggest for prospective jet engines the limitation standard for sulfate aerosol particle emission index of (1-
2)-10" kg™

The main source of carbon-containing particles in the atmosphere is the combustion of natural fuel and
biomasses on the Earth's surface. Every year, up to 12 Tg of soot are emitted to the atmosphere [2]. The
estimated value of soot emissions by aircraft for the year of 1992 is several orders of magnitude smaller
10° Tg. However, the role of surface sources at a height of 10 km may be insignificant because of a high
activity of soot aerosols as CCN, their precipitation and washing from the lower troposphere. On the other
hand, a constant increase in the frequency of aircraft flights gives grounds to predict an increase in the
mass concentration of aviation soot aerosols exactly at a height of 10 km in northern latitudes. At the
specified index of soot emission 0.04 g/kg, in the middle latitudes of the Northern Hemisphere, the annual
maximum increase in the mass concentration of soot particles can reach 0.6 ng/m’ [2].
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According to the ICAO data, by 2050, a five-tenfold increase in the intensity of commercial flights is
expected [2]. During the accumulation of soot particles in the troposphere owing to an increase in fuel
consumption by aviation, the region covered with contrails is also increased. According to the prognosis
given in [46], this region will be increased from 0.06 (1992) to 0.23% (2050), and, accordingly, the
radiation effect of contrails will be increased by a factor of four (from 3.5 mW/m* to 14.8 mW/m?).
Unfortunately, the radiation effect of cirrus clouds initiated by aviation still remains to be estimated [2].
Even the sign of this effect has not been determined yet. However, it is clear that soot particles, unlike
sulfate aerosols, can cause heating that leads to the cooling of the vertical temperature profile in the
atmosphere, the slowing down of evaporation, and, correspondingly, to a decrease in cloud formation.
Therefore, additional studies are necessary to estimate the effect of soot emissions by aviation on cloud
formation and precipitation and to estimate the dependence of this effect on the physicochemical
properties of aviation soot aerosols. Nevertheless, it is believed that in order to minimize the impact of
aircraft flights on the atmosphere and especially on climate the limitation standard should be introduced
for the soot particle emissions from prospective aircraft engines.
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