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Various formation mechanisms of polycyclic aromatic hydrocarbons and fullerenes in benzene flames have
been analyzed. It has been shown that the process of building-up of the aromatic structure of the given com-
ponents in the flame includes both the addition of acetylene molecules with subsequent intramolecular restruc-
turing and formation of new aromatic rings and coagulation in which fullerenes are assembled from different
aromatic fragments. We propose an optimal model of the process providing the best agreement with the avail-
able experimental data.
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The investigation of the formation of polycyclic aromatic hydrocarbons (PAHs) in flames is one of the main
directions in the chemistry of combustion and pyrolysis of hydrocarbon fuels [1]. The interest in the problems is pri-
marily determined by the ecological requirements for power plants, according to which the release of harmful sub-
stances into the atmosphere should comply with adopted standards. Many PAHs have high cancerogenic and mutagenic
activity [2] and cause photochemical smogs in cities [3]. The presence of PAHs in combustion products leads to the
formation of carbon on the working surfaces of power plants, which may lead to a decrease in the efficiency of their
operation [4].

Most PAHs molecules are planar, two-dimensional (2D) aromatic compounds consisting of condensed benzene
rings. Peri-condensed PAHs molecules with a relatively open structure contain a larger number of hydrogen atoms
than circum-PAHs molecules in which the outer boundary is closed by five-membered rings [5]. The so-called "arom-
ers" consisting of PAHs blocks have a bent 3D structure and can be considered as precursors of fullerenes in hydro-
carbon flames [6].

The fullerenes first synthesized in laser evaporation of graphites [7] represent hollow closed shells of spherical
or more complex 3D form constructed from hexa- and pentagonal carbon cells (C2n, n ≥ 15). The uniqueness of the
structure of these carbon formations determines their unusual physical and chemical properties, holding much promise
for practical applications [8]. At present, the field of application of fullerenes includes superconductors [9], catalysts
[10], optical and electronic devices [11], polymers and polymer composites [12, 13], biological and medical materials
[14], etc.

The methods of obtaining fullerenes of other carbon nanoparticles are rather versitile and, in particular, they
include arc discharge in the blanket of inert gas with the use of graphite electrodes [15], laser irradiation of the graph-
ite surface [16], decomposition of hydrocarbons on the surface of a metallic catalyst (CVD method) [17], laser pyro-
lysis of hydrocarbons [18], combustion of aliphatic and aromatic hydrocarbons at large fuel excess coefficients [19],
pyrolysis of hydrocarbons in an arc plasma-jet reactor of atmospheric pressure [20], etc. Among the methods of physi-
cal action on a gas leading to the formulation of higher PAHs and fullerenes is also ionizing radiation [21]. For in-
stance, in electron-beam cleaning of gases from harmful impurities an increase in the concentration of benz(a)pyrene,
coronene, and some other PAHs is observed [22, 23].

The construction of kinetic mechanisms for complex chemically reacting systems usually includes comparison
of model calculations with experimental data. At the present time, there is a large body of experimental information
suitable for testing kinetic models of the formation of higher PAHs and fullerenes at combustion of aliphatic and aro-
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matic hydrocarbons [5, 24–29]. This information includes the concentration and temperature profiles obtained with the
use of the GC-MS and MB-MS methods of analysis of the corresponding flames.

The last few years have seen a considerable progress in understanding the mechanisms of the formation and
further growth of PAHs up to fullerenes [30, 31]. A fairly detailed review of the kinetic models is presented in [32].
Nevertheless, the existing models do not give a good description of the process under consideration. In particular, the
concentration curves of fullerenes C60 and C70 calculated with the help of the detailed kinetic model of [31] are two
orders of magnitude lower than the measured concentration. The aim of the present work is to analyze the existing
formation mechanisms of higher PAHs and fullerenes and choose the most optimal kinetic model giving the best
agreement with the available experimental data.

Formation Mechanism of PAHs. Multiple experimental data show that the formation and further transporta-
tion of PAHs upon combustion of hydrocarbon fuels is a complex multistage process closely connected with the gen-
eral kinetic mechanism of combustion. The most important intermediate combustion product from the point of view of
the formation of PAHs is acetylene formed due to the high-temperature oxidation of any hydrocarbon fuels [33].

The kinetic scheme of the process includes the following main stages: 1) combustion of the initial fuel with
acetylene formation; 2) formation of larger molecules and radicals and, finally, of small aromatic molecules; 3) growth
of aromatic molecules due to the addition to them of small acetylene molecules; 4) coagulation of PAHs molecules
and radicals; 5) ion-molecular reactions. Despite the simplicity of this scheme, the structure of all stages and the role
of individual elementary reactions in the general process are still not clearly understood.

The first group of reactions responsible for the combustion process is determined by the composition of the
initial fuel and can be represented by kinetic models of different degrees of detailing [34]. On the one hand, these are
detailed kinetic models taking into account a large number of elementary reactions and chemical components and con-
taining enough information for describing a wide range of investigated phenomena (combustion in turbulent flow reac-
tors and jet mixing reactors, laminar premixed flames, etc.). On the other hand, in calculating complex gas-dynamic
flows when the computational difficulties make it impossible to include in the consideration a detailed kinetic model,
simplified kinetic models are used.

The formation of the first aromatic ring in a chemically reacting system containing thermal decomposition
products of the initial fuel includes reactions of addition of an acetylene molecule to radicals n−C4H3 and n−C4H5
with the formation, respectively, of a phenyl radical and a benzene molecule, as well as a recombination of propargyl
radicals C3H3 formed under interaction between acetylene molecules and methylene radicals [33]. The latter channel,
as recent investigations have shown [35], is dominating. In considering the combustion in the benzene/oxygen system,
the given group of reactions can be ignored.

The further growth of PAHs is associated with the interaction of aromatic radicals with acetylene molecules.
The process is described by the so-called HACA mechanism (H-abstraction-C2H2-addition) [33] which, on the one
hand, is a simplification of the kinetic mechanism of growth of the aromatic structure of PAHs molecules and, on the
other hand, it represents fairly exactly the main steps of the formation of aromatic rings: detachment of an H atom
under interaction of an aromatic molecule An with hydrogen atoms, and further addition of C2H2 to the aromatic radi-
cal Rn formed. Destruction of aromatic molecules and radicals occurs under their interaction with O atoms and O2
molecules, respectively.

It should be noted that five-membered rings are important elements of some PAHs. In particular, all fuller-
enes, except for hexagonal carbon cells, contain 12 pentagonal cells [36]. One of the main formation mechanisms of
aromatic molecules containing five-membered rings (aryl-5) is the oxidation of six-membered aromatic rings (aryl-6) in
oxy-PAHs (aryl-6-O) under their interaction with O2 and the subsequent decomposition of aryl-6-O into aryl-5 and CO
[37]. The further interaction of aryl-5 with acetylene forms PAHs with an odd number of C atoms in the molecule.

The coagulation mechanism describes the interaction between two PAHS particles (molecule/radical + radical)
with the formation of a PAH dimer (C–C bond between two particles) with subsequent dehydrogenatiton of the dimer
and closing of the ring [36]. On the basis of the structural similarity of PAHs particles for the rate constants of reac-
tions the corresponding values for reactions benzene + phenyl [38] and phenyl + phenyl [39] were chosen as standard
ones. Since the activation energies for these types of reactions are approximately equal, the pre-exponential factors in
the rate constants were corrected towards higher values in accordance with the increase in the frequency of collisions
ν � d2(8πRT ⁄ μ)1 ⁄ 2 for heavier PAHs particles than benzene [40]. If for the relation dn

 ⁄ d6 the expression dn
 ⁄ d6 =
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0.816n1 ⁄ 2 − 1 is taken, then the correction factor fmn for the coagulation rate constant of two heavy PAHs particles can
be written in the form

fmn = [0.408 (m1 ⁄ 2 + n
1 ⁄ 2) − 1]

2
 [12 ⁄ (m + n)]1 ⁄ 2 .

Unlike the general coagulation mechanism, in the so-called zipper-mechanism the bimolecular interaction of
two PAHs particles is accompanied by the splitting-out from their periphery of several hydrogen atoms. In so doing,
simultaneously several C–C bonds and the corresponding number of pentagonal and hexagonal cells are formed [41].

The zipper-mechanism plays an important part in the formation of fullerenes [32, 36]. The process  begins
with the formation of  sandwich-like configuration of two peri-condensed PAHs molecules. The dehydrogenation of
peripheral C atoms leads to the establishment between them of C–C bonds forming 12 pentagonal cells independent of
the size of molecules provided they are larger than or equal to coronene (C24H12). Simultaneously with the formation
of pentagonal cells their localization in energetically better positions occurs [41].

In estimating the kinetic parameters of the zipper-mechanism, it is necessary to take into account that with in-
creasing mass of PAHs radicals the difference in their behavior, as compared to the behavior of molecules of the same
structure, disappears [5]. While for the pairs phenyl/benzene and nephthyl/naphthalene a much lower concentration of
radicals and its later maximum are observed, the concentration curves of large PAHs radicals practically do not differ
from the corresponding curves for PAHs molecules. Therefore, it may be suggested that the differences in reactivities
between large PAHs radicals and molecules of equal structure at high temperatures are also insignificant [25].

An important role in the formation of higher PAHs and fullerenes can be played by ion-molecular reactions
[42]. Charged components are formed practically in all hydrocarbon flames, with the concentration of aromatic ions
being about four orders of magnitude lower than the concentration of neutral PAHs of the same structure [5, 25, 28,
43]. The appearance of charged components in the flames is associated in the first place with the chemiionization re-
action: CH + O→ CHO+ + e [42] with subsequent charge exchange of CHO+ on water molecules: CHO++ H2O →
H3O+ + CO [44]. The formation of positively charged aromatic ions PAH+ occurs as a result of the charge exchange
of H3O+ on the corresponding PAHs molecules [45].

The further behavior of aromatic PAH+ ions is only roughly understood because of the lack of kinetic forma-
tion. The main channel of growth of the structure of PAH+ is the reaction of addition of C2H2 to the aromatic radical
with a rate constant exceeding by two orders of magnitude the corresponding value for the addition of C2H2 to the
PAHs radical [46]. Kinetic data on the coagulation of PAHs ions and molecules are practically absent. The rate con-
stant of the dimerization reaction of C6H6

+ and C6H6 measured at temperatures close to room temperature and at a

TABLE 1. Kinetic Model of the Growth of the Structure of PAHs Particles in Hydrocarbon Flames

Reaction log A E ⁄ R, K Lit. source
HACA-mechanism

An + H → Rn + H2 14.40 8050 [31]
Rn + H2 → An + H 12.60 3970 [48]

Rn + C2H2 → An+2 + H 13.60 5080 [31]
Rn + C2H2 → Rn+2 13.60 5080 [31]

Rn + O2 → An–2 + HCO + CO 12.32 3760 [30]
Rn + H → An 14.34 — [49]

Coagulation mechanism
Rm + Rn → Am+n 13.14 56 [39]

Rm + An → Am+n + H 11.98 2170 [38]
Am+n + H → Rm + An 13.61 4420 [38]

Ion-molecular mechanism

H3O+ + An → Rn
+  + H2O 14.90 — [45]

Rn
+ + e → An + H 16.86 –945 [45]

An
+ + C2H2 → An+2

+ 14.75 — [46]

Note. The rate constant k = A exp (−E ⁄ RT).
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pressure p = 0.1 Pa [47] is about two orders of magnitude lower than the corresponding value for the dimerization of
phenyl radicals [39].

The table shows the simplified kinetic model of the growth of PAHs particles in hydrocarbon flames includ-
ing the above-described kinetic mechanism. In performing calculations, the model was corrected on the basis of com-
parison of the obtained results with the available experimental data. A detailed description of the changes made with
corresponding comments is given below.

Computational Procedure. Analysis of the formation mechanisms of PAHs and fullerenes was carried out on
the basis of comparison of the calculated concentration curves with the experimental ones with the example of a lami-
nar, one-dimensional, premixed benzene flame with axial diffusion: C ⁄ O = 0.80, the gas velocity in the burner v at a
temperature T = 298 K is 0.42 m ⁄ sec, p = 2.66 kPa [5, 28]. Since the considered PAHs components are high-molecu-
lar compounds, their diffusion coefficients are much lower than the corresponding values for the light components of
the flame. Therefore, it may be suggested that the diffusion effects weakly influence their concentration profiles and
can be neglected. In this case, to describe the dynamics of the process of transformation of the PAHs components, we
can make use of the approximation of the plug-flow reactor.

The concentration of PAHs particles in hydrocarbon flames is much smaller than the concentration of compo-
nents with which they interact (C6H6, C2H2, H2 molecules, H radicals, etc.) [5]. This provides the possibility of sepa-
rating the kinetics of their growth and the combustion kinetics. The available experimental data contain enough
information for the approximation of the concentration curves of the light components of the flame and its temperature
profiles, which removes the problem of computational modeling of the combustion in the flow with account for the
transfer processes, and in describing the transformation of PAHs particles makes it possible to restrict ourselves to the
solution of the direct kinetic problem.

Figure 1 shows the temperature and concentrations of intermediate components of the flame benzene/oxygen
(C ⁄ O = 0.72, the mass fraction of argon in the initial mixture is 30%, v25

o
C = 0.5 m ⁄ sec, p = 2.67 kPa) used in ana-

lyzing the formation mechanisms of PAHs and fullerenes [50]. The concentration profiles of C5H5 molecules and
C5H6 and C6H5 radicals are given in [24, 31]. It should be noted that the characteristics of the given flame somewhat
differ from the above characteristics of the flame in which the concentrations of PAHs molecules, radicals, and ions
were measured [5, 28]. Nevertheless, the concentration curves of the main components in these two flames (C6H6, CO,
CO2, H2, H2O, low-molecular hydrocarbons) do not differ widely from each other [28].

The process of formation and transformation of PAHs particles was calculated for a time up to tmax = 20
msec. The process time uses as a reference to the distance to the burner edge along the flame axis on the basis of a
comparison of the time and step scales [50] given in Fig. 1. PAHs molecules or radicals with the same number n but
with a different content of H atoms were considered as one component: An or Rn. In the numerical realization of the

Fig. 1. Molar fractions of components xi (1–5) and temperature T (6) depend-
ing on the distance to the burner l and the process time t in the benzene/oxy-
gen flame: 1) O2; 2) C6H6; 3) C2H2 (xi⋅10); 4) H (xi⋅102; 5) H2. T, K; t,
msec; l, mm.
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coagulation mechanism, the n value was varied from 5 to 90, and the m value was varied from n to 90 (see the cor-
responding reactions given in the table).

Results and Discussion. To estimate the contribution of different mechanisms on the formation dynamics of
PAHs and fullerenes, a series of calculations has been performed. In Fig. 2, the results of the calculation of maximum
concentrations of PAHs molecule with an even number of C atoms in a molecule are compared to the experimental
data of [5]. As is seen, the HACA-mechanism (curve 1) gives a good agreement between the calculated and measured
concentrations (xn)max only at n ≤ 24. The experimental values of (xn)max at 20 ≤ n ≤ 70 remain at a level of about
10−6, whereas the calculated values decrease sharply with increasing n. This can be due to the fact that in the consid-
ered flame at l ≥ 10 mm there is a decrease in the concentration of C2H2 by more than an order of magnitude com-
pared to its maximum value (see Fig. 1), which in calculating by the HACA mechanism leads to a corresponding
decrease in the rate of formation of large aromatic molecules.

Building-up of the aromatic structure in the HACA mechanism presupposes a sequential increase in the mass
of molecules under their interaction with acetylene molecules and, accordingly, a later appearance in the flame of
heavy PAHs components. Nevertheless, the experimental data show that heavier PAHs molecules can appear in the
flame at earlier stages of the process than light ones [51]. This indicates that the HACA-mechanism does not provide
an adequate description of the process of formation of higher PAHs.

Including in consideration the coagulation mechanism leads to some decrease in the concentrations (xn)max
(curve 2 in Fig. 2). This somewhat unexpected result can be explained by the reaction inverse to the coagulation re-
action: Am+n + H → Rm + An (see the table) which has a dominant role in the formation and decomposition of biphenyl
[38]. The interaction of two PAHs particles can lead, on the one hand, to the formation of biaryl (one C–C bond be-
tween two reagents) which then either decomposes into the initial components in the inverse reaction or, as a result of
the internal restructuring, transforms into a more stable aromatic compound with the formation of a new ring [52]. On
the other hand, in the zipper variety of the coagulation mechanism several C–C bonds between interacting PAHs par-
ticles appear simultaneously, which directly forms a stable aromatic molecule Am+n without the formation of an inter-
mediate biaryl compound. The interaction of this molecule with an H atom leads not to its decomposition into the
initial components but to the formation of an aromatic radical in the reaction Am+n + H → Rm+n + H2 (see HACA
mechanism in the table). Nevertheless, an attempt to completely exclude the considered inverse reaction from the ki-
netic scheme gives values of the maximum concentration (xn)max in the range 20 ≤ n ≤ 70 higher by one-two orders
of magnitude (curve 3 in Fig. 2).

The analysis performed makes it possible to distinguish the main features of the real formation mechanism
of PAHs in benzene flames. This is, firstly, the ability of the HACA mechanism to describe the behavior of aro-
matic components only for n ≤ 24. Secondly, the coagulation mechanism in its irreversible form (zipper-mechanism)

Fig. 2. Maximum concentrations of PAHs molecules with an even number of
C atoms as a function of n. Results of calculations: 1) HACA mechanism;
2) HACA mechanism + coagulation mechanism; 3) HACA mechanism + co-
agulation mechanism without account for inverse reactions; 4) recommended
mechanism. Dots show the experimental data of [5].
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begins to work at n ≥ 20. As mentioned above, the difference in reactivities between large PAHs radicals and mole-
cules of equal structure at high temperatures are insignificant [25]. Therefore, the kinetic model of the growth of the
structure of PAHs particles with large n values should contain the coagulation of aromatic molecules with a rate
constant equal to the corresponding value for the coagulation of aromatic radicals. As calculations show, the best
agreement with experimental data for the quantity (xn)max is reached taking into account the coagulation of aromatic
molecules having n ≥ 16.

Thus, the recommended formation mechanism of PAHs is benzene flames includes the HACA mechanism and
the coagulation mechanism in which decomposition of the molecule Am+n under its interaction with an H atom occurs
only at m + n ≤ 20 and coagulation of aromatic molecules begins at n = 16. The results of the calculation on the basis
of the given mechanism are presented by curve 4 in Fig. 2. It is seen that in general the calculation data follow the
behavior of the experimental points. In the range of large n values (50 ≤ n ≤ 70), the calculated values of the quantity
(xn)max are about twice lower than the measured ones.

It should be noted that in the considered kinetic model the PAHs components differ only in the content of C
atoms in the aromatic particle without concrete definition of its internal structure and, accordingly, of the number of
H atoms. This imposes certain restrictions on the practical use of results obtained with the aid of the model. Never-
theless, the existing detailed kinetic models that consider in detail the growth of PAHs particles are unable to catch all
essential details of the given process. In particular, the fairly perfect model developed in [31] gives a satisfactory
agreement with experimental data only for compounds with n ≤ 20. The calculated concentrations of fullerenes C60 and
C70 are about two orders of magnitudes lower than their measured values.

The formation of fullerenes C60 and C70 in the proposed kinetic model is a part of the general process of
growth of the aromatic structure of PAHs particles in which both the addition of acetylene molecules with subsequent
intramolecular restructuring and the formation of new aromatic rings and the coagulation are taken into account. Un-
like the known kinetic model [36] where the coagulation channel of the fullerene C60 formation takes into account
only the reaction C30 + C30 → C60, in the given kinetic model fullerenes are assembled from various aromatic frag-
ments in accordance with the general ideas about the character of the given process [53].

Figure 3 shows the dependence x60 = x60(t) calculated for various maximum temperatures in the flame. As
mentioned above, the initial data for the calculation (concentrations of the main components and the temperature pro-
file) were taken for the benzene/oxygen flame [50] whose parameters differ somewhat from the characteristics of the
flame in which the concentrations of PAHs molecules and radicals were measured [5]. In particular, the maximum
temperature in the flame in [5] is higher by 300 K and equals Tmax = 2250 K. As is seen from Fig. 3, the concen-
tration of fullerenes x60 increases sharply in the portion of the flame where its maximum temperature is reached and

Fig. 3. Concentration of fullerenes C60 versus the process time at various
maximum temperatures in the flame: 1) Tmax = 1950 K; 2) 2250. t, msec.

Fig. 4. Concentration of PAHs molecules with an even number of C atoms de-
pending on n: dots show the experimental data of [5] at l = 7 mm, the curve
presents the results of calculations at t = 5 msec.
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then decreases smoothly by about one order of magnitude at t = 20 msec, which agrees qualitatively with the available
experimental data [27].

Figure 4 compares the results of calculations of the concentrations of PAHs molecules with an even number
of C atoms with the experimental data of [5]. On average, higher calculated data at 20 ≤ n ≤ 40 and their lower values
at n > 40 are observed, which agrees with the general trend of curve 4 in Fig. 2. The behavior of the calculated de-
pendences xn = xn(t) follows the observed behavior of xn along the jet axis. These values pass through the maximum
within the limits of the fuel oxidation zone and then decrease so that in the combustion products the content of higher
PAHs is insignificant. The distance l from the burner edge at which the maximum of xn is reached increases, on av-
erage, with increasing n and is in the 9–12 mm range, which agrees with the experimental data of [5]. A typical pro-
file of xn = xn(t) is given in Fig. 5.

The formation of aromatic ions PAH+ was calculated at a given distribution of the H3O+ concentration along
the jet axis [44] on the assumption that PAH+ concentrations are much smaller than the concentration of H3O+. The
maximum value of the mole fraction of H3O+ reached at l = 8 mm was taken to be equal to 10−8 [28]. Despite the
fact that in the hydrocarbon flames the concentration maximum of negative ions is shifted (due to the diffusion ef-
fects) relative to the maximum of positive ions towards the burner [42], it is believed that the concentration of nega-
tive ions (electrons) at each instant of time is equal to the H3O+ concentrations.

In Fig. 6, the results of the calculation of concentrations of PAH+ ions with an even number of C atoms are
compared to the experimental data of [28]. The calculation curve was obtained with the use of only the mechanism of
charge exchange of H3O+ on the corresponding PAHs molecules and subsequent recombination of PAH+ and electrons.
As is seen from the table, the rate constant of the reaction of addition of C2H2 to the aromatic radical at T � 2000 K
exceeds by two orders of magnitude the corresponding value for the addition of C2H2 to the PAHs radical. Therefore,
account of the ion-molecular mechanism of PAH+ growth in the computational algorithm leads to a fast equalization
of PAH+ concentrations at a level of xn(PAH+) = 10−9. From this it follows that the given rate constant is at least one
order of magnitude higher.

CONCLUSIONS

1. The recommended formation mechanism of PAHs in benzene flames includes the HACA mechanism and
the coagulation mechanism. In the irreversible zipper kind of coagulation mechanism, the number of C atoms in the

Fig. 5. Concentration of C34 and its components depending on the distance to
the burner edge: dots show the experimental data of [5]: 1) C34H14; 2) C34H16;
3) C34H18; curve 4 presents the results of the calculation of the total concentra-
tion of C34. l, mm.

Fig. 6. Concentrations of molecular ions PAH+ with an even number of C
atoms depending on n: dots show the experimental data of [28] at l = 9 mm;
the curve presents the results of calculations at t = 5.2 msec.
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formed particle should exceed 20, and coagulation of aromatic molecules takes place for molecules with a number of
atoms C greater than 16.

2. The formation of fullerenes is a part of the general process of growth of the aromatic structures of PAHs
particles taking into account both the addition of acetylene molecules with subsequent intramolecular restructing and
formation of new aromatic rings and the coagulation in which fullerenes are assembled from different aromatic fragments.

3. The results obtained can be used in constructing kinetic models of the formation of polycyclic aromatic hy-
drocarbons and fullerenes in hydrocarbon gases under different physical actions on the gas, in particular, under the ac-
tion of ionizing radiation.

Part of this work was supported by the IAEA (International Atomic Energy Agency, Research Contract No.
F23024 ⁄ 13139).

NOTATION

A, pre-exponential factor in the reaction rate constant, cm3⋅mole−1⋅sec−1; An, aromatic molecule containing n C
atoms; d, molecule diameter, m; E, activation energy of the reaction, J ⁄ mole; f, correction factor to the coagulation
rate constant; k, reaction rate constant, cm3⋅mole−1⋅sec−1; l, distance from the burner along the flame axis, m; m, n,
number of A atoms in the aromatic particle; p, pressure, Pa; R = 8.31 J ⁄ (mole⋅K), universal gas constant; Rn, aromatic
radical containing n C atoms; T, temperature, K; t, time, sec; v, gas velocity, m ⁄ sec; xi, molar fraction of the ith gas
component; xn, molar fraction of aromatic particles containing n C atoms; μ, reduced mass of two colliding gas parti-
cles, kg; ν, collision frequency, sec−1. Subscripts: i, component number; max, maximum value.
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