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-e addition-agent effect of atoms of alkali metals (K, Na, Li, and Cs) and halogens (Cl and I) introduced into the combustion zone
of a dust flame of aluminum particles on the average size of Al2O3 nanoparticles is studied. A physical model of coagulation of a
monodisperse aerosol is proposed. -e model takes into account the formation of a complex plasma consisting of positive and
negative ions, electrons, neutral gas molecules, and suspended particles of the condensed phase in the combustion zone.-e effect
of the forces of Coulomb repulsion of unipolarly charged Al2O3 particles as well as their possible attraction by ion wind on the
constant of the coagulation rate is also taken into account. It is shown that at low ion concentrations in the plasma, the coagulation
rate is determined by the Coulomb repulsion of the particles, and at ion concentrations greater than 1020m−3 the coagulation rate
is determined by the attraction of the particles by the ion wind. -e results of calculations of the dependence of the average Al2O3
particle size on the concentration of the additives are in a good quantitative agreement with the experimental data. -e combined
effect of the additives and the equilibrium products of aluminum oxide (AlO, Al, and Al2O) evaporation on the concentration of
positive and negative gas ions, electrons, and Al2O3 particle size in the condensation zone is analyzed. -e peculiarities of the
influence of the additives of electronegative gases (Cl and I atoms) on the coagulation rate of a thermally ionized aerosol and on the
particle size of Al2O3 are considered.

1. Introduction

-e widespread use of aluminum in aerospace technology as
a high-energy additive to composite solid propellants ex-
plains the interest in studying the combustion of single
aluminum particles and their gas suspensions in various
oxidizers [1]. Currently, there are a number of studies de-
voted to the possibility of using aluminum in alternative
energy, for example, for hydrogen production [2], or for
energy generation in a metal-metal oxide-metal cycle [2, 3].
Dust flames of aluminum particles are used to obtain
powders of Al2O3 nanoparticles by the gas-disperse syn-
thesis method (GDS) [4–6]. For all practical applications of
aluminum combustion, it is important to control the
physical, chemical, and dispersion properties of its com-
bustion products. However, the physics and chemistry of the

formation of condensed Al2O3 during aluminum combus-
tion currently is far from complete understanding.-e main
problem that arises when analyzing the kinetic schemes for
the formation of alumina is the lack of experimental con-
firmation of the existence of Al2O3 monomer molecules in
the gas phase at combustion temperatures. In the literature,
various ways to circumvent this problem are proposed. In
some sources, the possibility of formation of Al2O3 mole-
cules in the gas phase with a very short lifetime is allowed
[7, 8]. In this case, the nucleation kinetics can be described
within the framework of the classical theory of homoge-
neous or heterogeneous nucleation. In other works, the
formation of Al2O3 nuclei is substantiated by the results of
quantum chemical and thermodynamic calculations, which
indicate the possibility of the formation and growth of stable
stoichiometric clusters (Al2O3)n (n � 2÷ 75) [9, 10]. Another
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approach is based on the assumption of chemical conden-
sation of aluminum suboxides [6, 11], as the mainmechanism
of condensed Al2O3 formation. In general, formation of Al2O3
in a gas phase is determined by stages of nucleation, surface
growth of particles, and their coalescence and/or coagulation.
Practically, depending on specific conditions, one of these
stages may dominate; this greatly simplifies the description of
the system’s evolution. In [12], it was shown that the nu-
cleation stage does not have a significant influence on the final
dispersion of Al2O3 particles, which are formed during
combustion of a gas suspension of aluminum particles in
oxygen-containing environment at atmospheric pressure.
-is result is explained by the fact that in the diffusion
flame of aluminum particles, nucleation proceeds in a
nonbarrier mode and is extremely fast. -e characteristic
nucleation time is several orders of magnitude less than the
characteristic heat-mass transfer times in the flame and the
burning time of an aluminum drop. Moreover, according
to [12], this condition is satisfied for both homogeneous
ion-induced heterogeneous nucleation and chemical
condensation. -e high rate of nuclei formation leads to
rapid depletion of monomers in the condensation zone
and, as a consequence, to the cessation of the formation of
new nuclei and the cessation of the surface growth of al-
ready formed nuclei due to addition of monomers. -e
main mechanism for the growth of nuclei under such
conditions, as in the case of the synthesis of nanoparticles
by burning or decomposing various precursors in the flame
[13–15], is coagulation of Al2O3 particles [5, 16].

-us, it can be assumed that the experimentally observed
weak dependencies of the size of Al2O3 particles on con-
centration of fuel and oxidizer in the gas phase, size of
aluminum particles, and type of carrier gas [6, 17, 18] are a
consequence of the weak influence of these parameters on
the rate constant of coagulation of Al2O3 particles. Con-
versely, if the rate constant of aerosol particles coagulation is
varied over a wide range, the size of the Al2O3 nanoparticles
will also change quite strongly.

Previous studies have shown that the most promising
way to control the size distribution of Al2O3 particles which
are synthesized in aluminum dust flame is apparently a
controlled thermal ionization of the combustion zone of a
two-phase flame [19, 20]. -e effect of the flame ionization
on the size of the combustion products is much stronger
than the effect of the main parameters of the dust flame. It is
well known that one of the effective ways to change the
ionization degree of the flame is to introduce into the
combustion zone atoms or molecules of chemical com-
pounds that have a low ionization potential. -is method of
the flame ionization is actively used to control the distri-
bution of soot particles [21] and other inorganic materials
[22–24]. -e ionization of the combustion zone of alumi-
num dust flame by introduction of additives of alkali metal
atoms was successfully applied in [19, 20] to control the
distribution of GDS-aluminum oxide. Obviously, the ef-
fectiveness of this way of the flame ionization is provided by
high combustion temperatures of aluminum in oxygen-
containing media (Tg∼2900–3300K) [25].

In [19], it was experimentally shown that the dependence
of the average particle size of Al2O3 on the concentration of
easily ionizable potassium atoms is nonmonotonic (with a
minimum). Later, an analogous dependence was obtained
for the additives of cesium atoms to aluminum [20]. -e
increase in the concentration of alkali metal atoms in the
flame leads first to a sharp decrease in the particle size of
Al2O3, which reaches a minimum and then begins to in-
crease with increasing concentration of ionizing additives. In
general, the fuel may contain additives of both electro-
negative and electropositive atoms, the combined effect of
which on the flame ionization and on the result of co-
agulation is practically not investigated.

At present, there are no physical models for the con-
densation of aluminum combustion products, which explain
the experimental data obtained in [19, 20].

-e aim of the present work is to analyze the effect of
thermal ionization of a dust flame on the formation of
condensed products of vapor-phase (or gas-phase) com-
bustion of aluminum particles and to develop a physical
model of coagulation of the ionized aerosol which would
adequately describe the experimental results and allow
prediction of effectiveness of application of various ionizing
additives for control of the size distribution of the target
products.

2. Physical Model of Coagulation of
Ionized Aerosol

2.1. Experimental Background of the Model. Let us briefly
discuss the experimental results obtained earlier, which were
taken into account in the ionized aerosol coagulation model
given below. Figure 1 shows the dependence of a particle size
of aluminum oxides on a type of the ionizing additive and its
concentration in the flame obtained in [19, 20].

In these studies, the synthesis of Al2O3 nanoparticles was
performed in a laminar diffusion dust flame (LDDF) of
aluminum particles (d10 � 4.8 μm in diameter), and their
concentration in the flame was Cf � 0.40± 0.04 kg/m3

[5, 6, 26, 27]. -e temperatures of gas (Tg � 3200± 100K)
and condensed (Tc � 3150± 150K) phases in a combustion
zone of such flame were previously measured by spectral
methods [25, 28, 29]. Within the measurement error, these
temperatures can be considered equal (Tg≈Tc). Aqueous
solutions of alkali metal salts—potassium carbonate
(K2CO3), potassium chloride (KCl), and cesium iodide
(CsI)—were first added to the aluminum powder, then
thoroughly mixed, and dried at the temperatures of 50–60°C.
-e mass concentration of the additives was varied in the
range aS � 0÷ 5wt.% [19, 20].

It was assumed [19, 20] that in the combustion zone of a
dust flame at the temperature T∼3000K, the metal salt
completely thermally decomposes to the constituent atoms,
and their concentration, in this case, is determined by using
the following formula:

na �
l · asCfNA

μs
·
300
Tg

, (1)
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where l is the number of metal atoms in a salt molecule
(e.g., l � 2 for K2CO3), μs is the molecular weight of the
salt, and NA is the Avogadro constant. Estimates show that
the effect of variation in the number of gas molecules in a
salt decomposition reaction on the concentration of ad-
ditives’ atoms na in the mass concentration range
aS � 0 ÷ 5 wt.% can be neglected. It is much more difficult
to estimate the errors in determining the concentration of
additives’ atoms resulting from the incomplete de-
composition of metal salts into atoms. Analysis of the
equilibrium constants of the decomposition reactions of
the thermally stable alkaline halides salts (Tg � 3200 K)
showed that for KCl, CsI, NaCl, the assumption of
practically complete dissociation of these molecules into
atoms is acceptable for additives’ concentrations
na < (1.5–2.0) 1021 m−3 [30]. At higher concentrations of
halides, it is necessary to take into account the degree of
dissociation of additives’ molecules into atoms. For ex-
ample, for na � 1.5 ·1021 m−3, the degree of dissociation for
the aforementioned halide molecules is 93–97%, and for
na � 1.5 ·1022 m−3, it decreases to 65–80%. For KCl, this
leads to a noticeable change in the dependence of the
particle size on the additives’ concentration at aS > 1 wt.%
(dashed curve in Figure 1).

If the additive molecules completely decompose into
atoms, then according to (1), the error in the concentration
of additives’ atoms na in the combustion zone is determined
primarily by the errors in determining the concentration of
aluminum particles in the combustion zone of the dust flame
and the gas temperature and does not exceed 15%. -e
statistical error in determining the particle size of Al2O3 did
not exceed 10%.

-e most correct approximation of the experimental
dependences in Figure 1 was calculated by an asymmetric
power function with powers (p) for the descending and
ascending branches of the dependence close to unity
(p � 1.05÷ 1.2). It can be seen in Figure 1 that there is a
sharp boundary of additives’ concentration passing through
the point of intersection of two “straight lines.” -is
boundary separates different physical processes that de-
termine the particle size of the combustion products in its
concentration range of atoms of the additives. Our task was
to identify and take into account these processes in the
physical model of ionized aerosol coagulation.

2.2.MainAssumptions andGoverningEquations of theModel.
To build the model of condensation of the thermally ionized
combustion products in a dust flame of aluminum particles,
the following assumptions were made:

(1) We assume that microsized spherical aluminum
particles (dp< 15μm, Cf� (0.20÷ 0.70) kg/m3) are
monodisperse and burn in the combustion zone of the
dust flame in the diffusion mode (Figure 2). -e
particle number density (taking into account thermal
expansion of the gas) of such flame is np � ((6Cf )/
(πd3

pρp)) · (300/Tg). For example, for dp� 5μm,
Cf� 0.40 kg/m3, and Tg� 3200K, the particle num-
ber density is np � 2 ·1011 m−3 and the distance
between particles (lp∼(np)−1/3) is lp >> dp. -us,
the combustion zones of the individual parti-
cles do not overlap, forming a microflame.
-is assumption was experimentally confirmed in
[4, 28].
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Figure 1: Dependence of the average radius of Al2O3 particles on the concentration of alkali metal atoms. Points: experiment; lines:
approximation.
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(2) For monodisperse metal particles, their microflames
can be assumed to be identical, and instead of an-
alyzing the burning gas suspension of the particles, it
is sufficient to consider simpler analysis of the
burning single particles. It is convenient to assume
that the volume of each microflame is equal to the
volume per particle Vp � 1/np. -e microflame has a
complex zone structure—the zone of vapor-phase
combustion, the zone of condensation, and the zone
of accumulation of the condensed products of metal
combustion (Figure 2) [12].

(3) It is assumed that the molecules of the combustion
products (monomers) which are formed in the
chemical reaction zone of the microflame have
identical chemical composition as the condensate
molecules. For aluminum, this assumption is used
rather widely [31] despite the fact that gaseous Al2O3
was not experimentally found at the aluminum
combustion temperatures.
To estimate the concentration of Al2O3 molecules in
the combustion zone of the microflame (n0), we use
the approximation of the infinitely thin diffusion
front of combustion of metal vapors and oxygen:
n0 � (aoxμmP)/(μoxkBTg) [32]. Here, aox � (apaO2)/
(apξO2 + aO2ξp), ap and aO2 are the mass fractions of
the combustion products in the front of the diffusion
flame, metal vapors, and oxygen outside the vapor-
phase burning zone of a drop, respectively;
ξp � (]pμp)/(]oxμox) and ξO2 � (]o2μo2)/(]oxμox) are
the stoichiometric coefficients of the reaction
4Al + 3O2 � 2Al2O3; µp, µO2, μm � ((aox/μox) +

(ai/μi))
−1, µox, and µi are the molecular weights of

aluminum, oxygen, the mixture of gaseous oxide
and ballast gas, alumina, and ballast gas in the
combustion zone of the microflame, respectively; P
is the pressure; and kB is the Boltzmann constant.

Since in the combustion zone the concentrations of
fuel and oxidizer tend to zero, the mass fraction of
the ballast gas in it will be close to ai ≈ 1− aox. For
example, in the case of combustion of the gas
suspension of aluminum particles in air (aO2 � 0.23)
at atmospheric pressure and Tg � 3200K, the value
of n0≈ 3 ·1023m−3.

(4) We assume that the nucleation process is fast [12],
and it is completed by the formation of the mono-
disperse stable nuclei with the initial concentration
of N0 � n0/ncr, where ncr is the number of molecules
of the monomer in the nucleus. If nucleation process
is fast, the depletion of monomers in the conden-
sation zone leads to the termination of new nuclei
formation and the surface growth of previously
formed liquid clusters of Al2O3(l). Further growth of
Al2O3(l) nuclei during metal combustion determines
the dispersion of the combustion products. In these
conditions, the features of the nucleation mechanism
(whether the condensation is homogeneous, het-
erogeneous ion-induced, or chemical) and the size of
nuclei formed in this stage do not noticeably affect
coagulation result [12].
For the microflame structure shown in Figure 2,
Al2O3 nuclei formed at the initial moment of time
will coagulate during the time tcoag, which is close to
the burning time of the metal drop tb. For nuclei
formed at the end of burning of the drop, co-
agulation time will be close to zero. -at means that
the characteristic size of the particles formed at the
end of burning of the metal drop will depend on the
radial coordinate of the microflame (1D spatial co-
ordinate problem). In [16], the problem was solved
under the assumption that all Al2O3 nuclei formed at
the initial moment of time and have coagulated
during the burning time of the metal drop (0D
problem). Calculations have shown that the average
particle size can differ markedly for 0D and 1D
problems. However, this difference practically dis-
appears if tcoag≈ 1.5tb. Since the Al2O3(l) particles are
in the combustion zone of the dust flame for some
time after burning the aluminum droplets and
continue to coagulate, the condition tcoag> tb is al-
most always satisfied. Based on these simplifications,
we will consider coagulation in microflames in the
0D approximation.

(5) -e experimental data for GDS nanooxides of metals
indicate that particle size distributions are single-
mode and narrow (coefficient of variation (CV) is in
the range of 30–70%) [6]. -erefore, the dynamics of
the change in the concentration of coagulating
particles N(t) can be determined in the mono-
disperse aerosol approximation:

dN

dt
� −

1
2

k · N
2
, (2)

where k is the coagulation rate constant.

∆L~2mm 2

3

Metal particle
Reaction zone
Condensation zone

Accumulation zone

Ip

1

∆L

Figure 2: Structure of the combustion zone of the dust flame
and microflame of an aluminum metal particle (dp � 4.8 μm,
Cf � 0.4 kg/m3) [12]. 1, laminar dust flame; 2, combustion zone; 3,
microflame structure.
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At the temperature Tg � 3200K, the mean free path of
molecules in gas is lg∼700 nm. For Al2O3 nanoparticles
with a radius rc< 50 nm, the strong inequality lg≫ rc is
satisfied, so the free-molecular approximation is ap-
plicable for the coagulation rate constant: k � 16 · π ·

r2W ·
�������������
(kBTg)/(π · mg)


· n1/6 [16], where mg is the mass

of the monomer molecule, rW � (3mg/4πρ)1/3 is the
Wigner-Zeits cell radius, n � n0/N is the number of
Al2O3 molecules in an oxide particle, and ρ is the
density of the condensed phase. -e radius of Al2O3
particles (rc) is related to their concentration (N) by the
simple relation rc � rW(n0/N)1/3.
For charged aerosol particles, the coagulation rate
constant (ke) depends on the magnitude and sign of the
charge of the particles and can be written as [33]

ke �

k 1−
U

kBTg
 , sign Zc1( ≠ sign Zc2( ,

k exp −
U

kBTg
 , sign Zc1(  � sign Zc2( ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where k is the constant of the uncharged particles
coagulation rate, U(Rmin) � (1/4πε0)((Zs1Zc2e

2)/
Rmin) is the energy of the electrostatic interaction of
particles with charge numbers Zc1 and Zc2, Rmin � 2rc
is the minimum distance of approach of the particles,
and ε0 is the electric constant.

(6) We assume that the charges of the particles of the
condensed phase have the same sign (either positive or
negative), and the charge will be considered as an
analogue quantity.-e condition of applicability of the
first assumption (as shown in [34]) is a unipolar charge
distribution criterion: ln2 p≥ 9e2/(2πε0rckBTg)

(where p �(ni/ne)
������
Me/Mi


is the charge asymmetry

factor, ni, Mi and ne, Me are the concentration and
mass of the ions (i) and electrons (e) in the gas phase).
-e fulfillment of the criterion e2/(4πε0rckBTg)≪ 1
allows us to consider the charge of the particles as a
continuous variable [34].

-ermal ionization of atoms and molecules of gases with
a low ionization potential, as well as processes of thermo-
and photoelectron emission from the particle surface, leads
to the appearance of electrons and positively charged ions in
the microflame. -e source of negative ions in the plasma is
electronegative gases, whose molecules have a high-affinity
energy (ε) to electrons. For example, chlorine molecules
(εCl � 3.61 eV), iodine (εJ � 3.06 eV), and aluminum sub-
oxides AlO (εAlO � 2.6 eV) and AlO2 (εAlO2

� 4.23 eV) [35]
can capture electrons, reducing their concentration in the
gas phase. Estimates show that the contribution of alumi-
num particles and the ionization of nitrogen and oxygen
molecules to the ionization equilibrium can be neglected
[19]. For thermally ionized plasma, the temperatures of
electrons (Te), ions (Ti), and condensed plasma components
(Tc) will be considered equal (Te �Ti �Tc �Tg). As was

shown in [13], such complex plasma can be considered as
Debye plasma.

Taking into account these assumptions, the average
charge of the monodisperse particles can be determined as
[36]

Zc �
4πε0rckBTg

e2
ln

nes

ne
 , (4)

where nes � 2 · ((2πmekBTg)/h2)3/2 exp(−(W/(kBTg))) is
the equilibrium concentration of electrons near the particle
surface of the oxide particle, ne is the electron concentration
in the interparticle space, W is the work function of the
electron, me is the mass of an electron, and h is the Planck
constant.

Under the assumption of the existence of a local ther-
modynamic equilibrium in the microflame, the concentra-
tion of charged components in the plasma can be estimated
from the solution of p+ l+ 2 equations of the ionization
equilibrium:

nen
+
ip

nap − n+
ip 

�
2gip

gap

]e exp −
Ip

kBTg
 ,

ne nal − n−il( 

n−il
�
2gal

gil

]e exp −
εl

kBTg
 ,

Zc �
4πε0rckBTg

e2
ln

nes

ne

 ,

ne � 
p

Zipnip + 
l

Zilnil + Zcnc,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

where nap is the concentration of atoms of electropositive
gases (p�K, Cs, Li, Al, Na, etc.), nal is the concentration of
atoms of electronegative gases (l�Cl, I, AlO, AlO2, etc.), n+

ip

and n−il are the concentrations of positive and negative ions,
Ip and εl are the ionization potentials of p-atoms and the
electron affinity of l-atoms, gip and gil are the degrees of
degeneracy for ions, gap and gal are the degrees of de-
generacy for atoms of the ionizing additive, Zip, Zil are the
charge numbers of positive (Zip> 0) and negative ions
(Zil< 0), and nc is the concentration of Al2O3 particles. -e
first p equations and the subsequent l equations of system (5)
are Saha equations for ionization of atoms of electropositive
and electronegative gases, respectively. -e last two equa-
tions of the system for the charge numbers of particles (Zc)
and the quasineutrality equation complete the system of
equation (5). In the calculations, it was assumed that the ions
of the gas phase were singly ionized (Zip � 1 and Zil �−1).
-e ratios of the degrees of degeneracy were taken to be
unity.

Analysis of the experimental data shown in Figure 1
allows us to conclude that the coagulation model must take
into account not only the Coulomb repulsion of like-charged
particles but also the possibility of their attraction. In physics
of dusty plasma, there are several different mechanisms that
can lead to the attraction of equally charged particles in a
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quasineutral plasma: the shadow (or Le Sage) attraction of
dust particles [37, 38], the attraction of like-charged particles
due to the collective effects in dusty plasma [39], and re-
combination forces [40]. After analyzing the mentioned
mechanisms given in [19], we have included a polarization
mechanism of the interaction of particles in the model of
coagulation in the microflame. A detailed description this
mechanism is given in [33].

To take into account the polarization interaction of the
charged particles, an effective interaction potential V(r) �

−χ | U(r)| was introduced, where the parameter χ describes
the plasma contribution to the pair interaction [33]:

χ �
Zini(1− S)

ZcNc
 

2
rc

r∗c
− 1 , (6)

where S� ne/ni, ni, ne is the ion and electron concentrations
far from the particle, Zi and Zc is the charge numbers of ions
and particles, r∗c �

�����������������
(nbσ0(1− S))/(πNc)

 �
ζ


exp(−(1/2ζ)),

σ0 is the cross section of the interaction of ions with
neutral gas atoms, and nb is the concentration of neutral
gas atoms. -e parameter ζ ≈ (4πε0kBTgrc)/(|Zc|e

2) de-
scribes the kinetic energy of ions in the field of the charged
particle.

After including the electrostatic and polarization in-
teractions, the coagulation rate constant (kep) becomes [33]

kep �

k 1−
V

kBTg
 , χ ≥ 0,

k exp −
V

kBTg
 , χ < 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(7)

If the radius of the particle rc is less than a certain critical
radius (r∗c ), then χ is negative and, according to (7), the
coagulation rate constant decreases exponentially with in-
creasing |U(r)|/(kBTg). However, if the particle size exceeds
the critical value (rc > r∗c ), then χ > 0 and the coagulation rate
of the charged particles begins to increase.

When the plasma contains the ions of different signs (for
example, potassium and chlorine ions), the forces of plasma
streams directed to the opposite sides of the particle surface
will be partially compensated depending on the ion con-
centration and their charge and mass. We will neglect the
difference in the ion masses, and their concentration (ni) in
(6) will be determined as the algebraic sum j of the con-
centrations (nij) of different ions ni � |jZijnij| (the sign of
Zij is determined by the sign of the ion charge).

Time integration of equation (2) with the coagulation
rate constant (3) or (7) and with the system of ionization
equilibrium equations (5) was performed to the time value
tb � 4 ·10−3 s (the burning time of the aluminum particle
with the diameter dp � 4.8 μm [16]). -e initial condition
N0(t � 0) � n0/ncr for (2) was used. Preliminary calcula-
tions have shown that the size of the critical nuclei ncr
practically does not affect the particle size of Al2O3;
therefore, all calculations were performed at the fixed
value of ncr � 100.

3. Results and Discussion

Next, we focus our attention on the analysis of the effect of
addition-agent type and concentration on the characteristic
particle size of aluminum oxide.

3.1. Coulomb Interaction of Particles in the Coagulating
Aerosol. Let us analyze the effect of the concentration of the
ionizing additives on the particle size of Al2O3 with taking
into account only their Coulomb interaction (equation (2)
with the coagulation rate constants (3)). Without the atoms
of easily ionizable additives or at their low concentration
(na< 1018-1019m−3), a thermionic electron-dust plasma
consisting of electrons and positively charged particles of the
condensed phase formed in the microflame. -e quasi-
neutrality equation for such plasma is ne ≈ Zcnc, and the
particle charge is determined from the solution of the
transcendental equation (4). For thermionic plasma, an
analysis of the influence of particle charge on the rate of their
coagulation was performed in [16].

In fact, the existence of purely thermionic electron-dust
plasma in the condensation zone is unlikely.-is is due to the
fact that in addition to emission processes, natural impurities
which are practically always present in the initial aluminum
powder and ionization of the products of aluminum oxide
equilibrium evaporation in the condensation zone also affect
the ionization of the microflame. -e main products of
evaporation of Al2O3 (l) are Al atoms and AlO and AlO2
molecules. For example, at the temperature Tg� 3200K and
atmospheric pressure, the concentrations of these gases in an
inert mixture of nitrogen and Al2O3(l) are nAl� 5 ·1021m−3,
nAlO � 6 ·1021m−3, and nAlO2

� 5 · 1021 m−3 [41]. Moreover,
taking into account the influence of size effects on the sat-
urated vapor pressure at the surface of Al2O3 nanoparticles,
these concentrations can be higher than the aforementioned
values. -e evaporation of Al2O3 particles in an oxidizing
medium leads to the opposite effect—a decrease in the
concentration of aluminum vapor and aluminum suboxides.

Calculations have shown that the aluminum vapor has
the strongest effect on the ionization equilibrium in plasma.
-is can be explained by the relatively low ionization po-
tential of aluminum atoms (IAl � 5.99 eV).-e appearance of
aluminum ions (n+

Al) changes the electron-dust plasma into
the complex one (ne ≈ Zcnc + n+

Al) and affects the charge and
particle size of Al2O3. It is important to note that despite the
high-affinity energy for the molecules of AlO and AlO2
(εAlO � 2.60 eV, εAlO2

� 4.23 eV), the effect of their ionization
on Al2O3 particle size, in contrast to aluminum vapor, can be
neglected. -e concentrations of aluminum atoms less than
1018m−3 (equivalent to nAl � 0) also do not affect the results
of calculations.

-e ionization of aluminum vapor affects the size and
electric charge of Al2O3 particles only at low concentrations of
ionizing additives, which have a lower ionization potential
than aluminum, or their absence. For example, for potassium
at concentrations nK> 1020m−3 and Tg� 3200K, aluminum
atoms in the concentration range nAl� 1018÷1022m−3
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practically do not affect the charge and particle size of Al2O3
(Figure 3). For nK< 1020m−3, the form of dependences 1–3 is
determined by the combined effect of both electropositive
gases (Al and K) on the ionization equilibrium in plasma.
Curve 1 (nAl� 1018m−3) has a maximum particle size at the
concentration of potassium atoms nK≈ 3.4 ·1019m−3, which
corresponds to a mass fraction of potassium carbonate in the
fuel aS∼0.01% (see the inset in Figure 3). For this concen-
tration of the additive, the charge of Al2O3 particles is close to
zero and the coagulation rate constant (3) has a maximum
value (ke � k). An increase in the concentration of aluminum
vapor (nAl> 1018m−3) is followed by a decrease in the positive
charge of Al2O3 particles, a change of the charge sign to
negative (nAl> 1021m−3), and an increase in this charge.

-e effect of electropositive and electronegative atoms
on the dependences of the particle size on the concentration
of these atoms is shown in Figure 4(a). Calculations were
performed at the gas temperature Tg � 3200K and at the
equilibrium concentration of aluminum atoms for this
temperature nAl � 5 ·1021m−3. For alkaline metals, Cs, K, Na,
and Li (Li is not shown in the graph because of a slight
difference from Na), for small na, the particle size of Al2O3
drops sharply, while for larger na values, the depen-
dence yields a very weak one. -ese calculations are similar
to the experimental dependences in Figure 1. -e insert in
Figure 4(a) shows these dependences on a logarithmic
scale. -e rates of change in the particle size (drc/dna) are
arranged in order of increasing ionization potential of alkali
metal atoms (ICs � 3.89 eV, IK � 4.34 eV, INa � 5.14 eV, ILi �
5.39 eV). -e minimum particle size at the concentration
na � 1023m−3 increases from 3 to 6 nm in the same sequence.

-e presence of electronegative atoms in the additives’
molecules (KCl, CsI, and NaCl) leads to weakening of the
dependence rc � f(na) (dashed lines in Figure 4(a)) in
comparison with the corresponding dependence for the
alkali metals K, Cs, and Na. -e greater the ionization
potential of metal atoms, the stronger the influence of
electronegative atoms (Cl and I) on the dependence
rc � f(na).

-e weaker effect of the additives’ concentration on the
particle size of Al2O3 (Figure 4(a)) is related to the nontrivial
dependence of the particle charge on the additives’ con-
centration (Figure 4(b)). -e nonmonotonic nature of this
dependence and the position of the minimum are de-
termined by the transcendental equation (4) for the charge
numbers Zc. -e electron concentration (ne) in (4) is a
complex function of the ion concentration, the concentra-
tion and the charge number of Al2O3 particles, and is de-
termined by the solution of the system equations (5).

As it follows from the discussion of Figures 4(a) and 4(b),
taking into account only the Coulomb interaction of the
coagulating particles does not allow us to explain the results
of the experimental studies shown in Figure 1.

3.2. Effect of Coulomb and Polarization Interactions in the
Ionized Aerosol. Now consider the joint effect of the elec-
trostatic and polarization interactions of the charged par-
ticles on the aerosol’s coagulation. -e dependences

rc � f(na) for the additives shown in Figure 5 were obtained
by solving equation (2) with the coagulation rate constant
(7). Let us to compare the calculation results shown in
Figures 4 and 5. We can see that taking into account the
contribution of the plasma to the pair interaction of the
coagulating particles (see equations (6) and (7)) practically
does not affect the behavior of these dependences in the
region of low concentrations of impurity atoms and sub-
stantially changes them in the region of higher impurity
concentrations. For K2CO3, KCl, and CsI additives (curves 1,
2, and 3 in Figure 5), qualitative agreement with the ex-
perimental data is observed (curves 1, 2, and 3 in Figure 1).
For NaCl and LiCl additives (curves 4 and 5 in Figure 5),
there is no minimum, and the dependence of the particle size
on the concentration is relatively weak. -is is due to a
higher work function of electrons from these metals in
comparison with Cs and K and, as a consequence, to a low
degree of ionization of the gas at combustion temperatures.

Coulomb repulsion of particles in aerosols leads to a
decrease in their size, while the forces of ion entrainment of
particles lead to their coarsening. -e competition between
these two mechanisms determines the minimum allowable
particle size (rc> 15 nm) larger than in the case of consid-
ering only the Coulomb interaction (rc � 3÷ 5) nm.

-e strongest parameter affecting the ionization of a
two-phase medium is temperature. -e temperature vari-
ation in the microflame does not lead to a qualitative change
in the calculated dependences (Figure 6). However, the
temperature has a strong effect on the minimum particle size
of Al2O3, which decreases by almost a half when the gas
temperature decreases from Tg � 3200K to Tg � 2800K
(Figure 6). Curves 1–3 in Figure 6 were obtained by taking
into account the dependence of the equilibrium concen-
tration of aluminum vapor on the temperature. -e com-
bustion temperature of the dust flame of aluminum particles
is strongly affected by the concentrations of fuel and oxygen
[28, 29].-erefore, it should be expected that the variation of
these gas suspension parameters in the presence of alkali
metals in the flame will have a significant effect on the size
distribution of the Al2O3 particles.

In the proposed coagulation model of the like-charged
particles (Al2O3), the coagulation rate is determined by the
competition between the forces of Coulomb repulsion (Fc) of
particles and their attraction by ion wind (Fi) forces. Since
both forces are proportional to the electric field E produced
by the Al2O3 particles [19], it is convenient to analyze the
ratio R� Fi/Fc as a criterion of changing the coagulation
regime, which does not depend on the electric field strength.
If R< 1, then the decrease in the coagulation rate and particle
size is determined by their Coulomb repulsion. If R> 1, then
the increase in the coagulation rate is determined by
the ionic wind, which rises with an increase in the con-
centration of ions in the gas. According to [19],
R(ni, nn, rc)� ((8

��
π

√
r2cni)/(3nnσinZc))(1 + (ρ0/2rc)), where

ρ0 � (1/(4πε0))((|Zc|e
2)/(miυ2Ti)) is the parameter that

characterizes Coulomb scattering of ions on Al2O3 particles,
mi and ni are the ion mass and ion concentration, nn is the
concentration of neutral atoms, υTi �

���������
3kBTg/πmi


is the ion

thermal velocity, σin is the collision cross section of ions with
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neutral atoms, nn � Pn/(kBTg) is the concentration of
neutral atoms in plasma, and Pn is the partial pressure of
neutral gas atoms.

Let us estimate the concentrations of ions in the flame, at
which the influence of ion wind becomes dominant. For the

experimental data shown in Figure 1, the minimum particle
sizes for the additives K2CO3, KCl, and CsI were observed
[19, 20] at the concentration of alkali metal molecules na �

1.45 ·1021, 3.0 ·1020, and 2.6 ·1020m−3, respectively. -e ion
concentration in the flame can be estimated using the first
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2, K; 3, Na; 4, Li) (T� 3200K, nAl � 0.5 ·1022m−3). Grey area in (a) covers the concentration range that was experimentally studied in [19].
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equation of system (5) under the assumption that ne≈ ni.-e
concentration of ions of the additive in this case is de-
termined by the positive root of the quadratic equation:
ni � (1/2)K(

����������
1 + (4ne/K)


− 1), where K � 2((mekBTg)/

(2πZ2))3/2 exp(−(/(kBTg))) and for K2CO3, KCl, and CsI is
ni∼3.7 ·1020, 1.4 ·1020, and 2.0 ·1020m−3, respectively. -ese
estimates are in a good agreement with the results of cal-
culations, which show that for these additives the increase in

the coagulation rate begins with ion concentrations
ni> (2÷ 4) · 1020m−3. At the same time, for NaCl and LiCl
additives, such values of ni are not reached even at very high
concentrations of additives’ atoms (na∼5 ·1023m−3).

For the additives of alkali metal atoms, the attainment of
a certain ion concentration (ni> 1020m−3), above which the
charged particle coagulation rate begins to increase, results
in limiting the range of Al2O3 particle size control. In
practice, it was possible to obtain a fivefold decrease in the
average particle size [19], while the analysis given above
predicts the possibility of a tenfold reduction in size.

A possible way to overcome this limitation is to use the
elements for the flame ionization that have a high affinity for
electrons, for example, chlorine atoms. -e main mecha-
nism of charging Al2O3 particles in such plasma is therm-
ionic emission. Atoms of chlorine capture thermoelectrons
from the gas phase and become negative ions. -e results of
calculations of the ionization equilibrium in such systems
are shown in Figure 7. At low concentrations of chlorine
atoms, their capture of electrons has practically no effect on
the concentration of electrons in the thermionic plasma
(curve 3) and the particle size of aluminum oxide (curve 1).
An increase in the concentration of chlorine atoms leads to
an increase in the concentration of chloride ions (curve 2).
-is increase is due to the capture of electrons by chlorine
atoms, so the concentration of electrons in the plasma de-
creases. According to (4), a decrease in ne leads to an increase
in the positive particle charge and, consequently, to a de-
crease in the coagulation rate and the particle size.

It is easy to see that there is a physical limit of the
concentration of ions of electronegative gases. -eir con-
centration cannot be higher than the concentration of
electrons in the gas phase (ne). -e electron concentration in
the thermionic plasma cannot exceed the concentration of
electrons on the particle surface (nes). For aluminum oxide
(W� 4.7 eV) at Tg � 3200K, concentration value is
nes≈ 3.5 ·1019m−3. According to Figure 7 (curve 2), the value
of n−Cl ≈ nes is reached at the chlorine concentration of
nCl∼1023m−3 (the mole fraction of chlorine atoms in the gas
phase is about 4-5%) and cannot be increased by a further
increase in the concentration of chlorine atoms in the flame.
-e value n−Cl is less than the limiting concentration of ions in
the plasma (ni> 1020m−3), at which the ion drag forces of
particles begin to predominate over the forces of their
Coulomb repulsion.

4. Conclusions

-e presented studies have shown that the thermal ioni-
zation of the combustion zone of a dust flame of aluminum
particles plays an important, possibly determining, role in
the formation and growth of condensed Al2O3 particles. -e
results of the study allow us to indicate the ability to control
the composition and properties of complex plasma opens
wide opportunities for efficient control of dispersive prop-
erties of alumina nanoparticles obtained by combustion
technique.

It was shown that in the case of flame ionization by the
additives of atoms of easily ionizable elements, the
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concentration of these atoms is an e�ective control pa-
rameter, the variation of which can provide opposite e�ects
on particle size. 	e atoms of alkali metals (K and Cs) at low
concentrations lead to a sharp decrease in the coagulation
rate and a decrease in the characteristic size of alumina
nanoparticles, and at higher additives’ concentrations, to a
rapid coagulation of the ionized aerosol. For the alkali metal
atoms with higher ionization potentials (Li and Na) than
for K and Cs, the variation of the additives’ concentration
leads to a relatively weak monotonic dependence of the
particle size on the additives’ concentration, for which the
ion drag of particles does not become dominant at any
concentration of Li and Na atoms. For potassium and ce-
sium salts (KCl and CsI), the constituent atoms of elec-
tronegative gases (Cl and I) have a weak e�ect on the
ionization equilibrium in the ame and on the particle size of
Al2O3. 	e authors argue that the proposed model of co-
agulation in the microame will help evaluate the suitability
of a chemical compound for its use as an additive to alu-
minum in order to control the distribution of GDS products.

	e possibility of accelerating or slowing the rate of
coagulation of particles in a microame provides important
practical applications. For the GDS method of alumina
nanoparticles, the coagulation inhibition mode is desirable,
since it allows �nely adjusting the size of the synthesized
particles in the range rc� 8÷ 50 nm. On the other hand, in
order to purify the gas phase from �ne particles in some
technological processes, it is desirable to work in a fast
(explosive) coagulation mode. To transfer coagulation to this
regime, it is necessary to use additives with a low ionization
potential (K and Cs), which can provide the concentration of
ions in the ame of ni> 1020m−3. To expand the range of the
size of GDS nanoparticles of aluminum oxide in a region of

small dimensions, it may be prospective to use the additives
of electronegative gases (as> 1%) with the high energy of
electron a�nity.
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