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Abstract: In the period from 2019 to 2022, the joint American—-Russian space experiment (SE) Flame
Design (Adamant) was carried out on the International Space Station (ISS). The purpose of the joint
SE was to study the mechanisms of control of soot formation in a spherical diffusion flame (SDF)
formed around a porous sphere (PS), and the radiative extinction of the SDF under microgravity
conditions. The objects of this study were “normal” and “inverse” SDFs of gaseous ethylene in an
oxygen atmosphere with nitrogen addition at room temperature and pressures ranging from 0.5 to
2 atm. A normal flame is a flame formed in an oxidizing atmosphere when fuel is supplied through
the PS. An inverse flame is a flame formed in a fuel atmosphere when an oxidizer is introduced
through the PS. This article presents the results of calculations of soot formation in normal and
inverse SDFs. The calculations are based on a one-dimensional non-stationary model of diffusion
combustion of gases with detailed kinetics of ethylene oxidation, supplemented by a macrokinetic
mechanism of soot formation. The results indicate that soot formation in normal and inverse SDFs
is concentrated in the region where the local C/O atomic ratio and local temperature satisfy the
conditions 0.32 < C/0O < 0.44 and T > 1300-1500 K.

Keywords: space experiment; microgravity; spherical diffusion flame; ethylene; numerical simulation;
soot formation; radiative flame extinction

MSC: 80A21; 80A25; 80A30

1. Introduction

Soot formed during combustion of a hydrocarbon fuel is considered, on the one hand,
as among the main environmental pollutants, and on the other hand, as an undesirable
by-product of combustion, which increases the thermal load on the walls of the combustion
chambers of energy-converting devices [1,2]. Therefore, much attention is paid to the study
of the mechanisms of soot formation during combustion of hydrocarbons, and the develop-
ment of principles for arranging combustion without soot formation is considered among
the most important tasks of combustion science [3,4]. There are several recent topical review
articles in the literature on the issues of soot formation in stationary gaseous diffusion
flames obtained in burners with coflow and counterflow of fuel and oxidizer [5-11]. The
threshold local temperature for the onset of soot formation in diffusion flames, T,, has been
found to be approximately T, ~ 1300 K [12], 1400 K [13], 1450-1600 K [14], 1250 K [15],
and 1650 K [16]. In [17], it was proposed to study the features of diffusion combustion
of gases using a spherical diffusion flame (SDF) around a porous sphere (PS) under mi-
crogravity conditions. Under such conditions, the structure of a diffusion flame can be
described by a relatively simple one-dimensional (1D) model and the influence of various
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factors (fuel and/or oxidant dilution with inert gases, etc.) on soot formation and other
aspects of diffusion combustion can be studied. In this case, either a combustible gas or
an oxidizing agent can be supplied to the PS, and the space surrounding the PS can be,
respectively, filled with either an oxidizer or a fuel gas. After ignition, in the former case,
the so-called normal flame is formed around the PS, and in the latter case, an inverse
flame is formed. Studies of SDF in drop towers for a limited time (2.2 s) show [17-21]
that such flames are non-stationary: their size increases with time, and the temperature
decreases, which leads to radiative extinction. The radiative extinction of the SDF can
be sudden or gradual with fluctuations in temperature and other flame parameters [22].
In [23], a simplified soot formation model is used to describe soot formation in the SDF,
which contains three irreversible reactions: the fuel oxidation reaction with the formation
of a generalized radical, the soot formation reaction during the interaction of fuel with
the generalized radical, and the soot oxidation reaction. Calculations according to the
model show that soot formation in the SDF can be influenced by adding an inert gas to
the fuel. In [24], based on the calculations of 1D normal and inverse SDFs of ethylene, it is
concluded that the threshold local temperature at which soot formation in the flame stops
is approximately equal to T, ~ 1305 K. In this case, the threshold local C/O atomic ratio in
the mixture is approximately equal to (C/O), = 0.53. In other words, soot is formed only
where both the local temperature and the local C/O atomic ratio exceed these threshold
values. Note that for the onset of soot formation in homogeneous flames, the threshold
local value of the C/O atomic ratio, (C/O),, must exceed 0.6-0.7 [1] or 0.5 [11].

The development of detailed kinetic models of the soot formation process is currently
being actively pursued worldwide. Soot formation is a complex multistage process, includ-
ing the stages of formation of soot particle nuclei from products formed in the gas phase,
their surface growth and coagulation, their activation and deactivation, and oxidation.
The main remaining problem is the detailed mechanism for the formation of nuclei of
future soot particles. In this regard, the recent work [25] must be noted, which analyzes in
great detail all currently existing approaches to describing the process of formation of soot
particle nuclei with their possible structure and lifetime, as well as thermodynamic and
kinetic aspects of the process of formation of soot particle nuclei.

In the pioneering work on detailed kinetic modeling of the soot formation process [26]
a HACA mechanism (H-abstraction-acetylene-addition) was proposed aimed at explaining
the rapid growth of soot particle surface via the growth of polyaromatic hydrocarbons
(PAHs). The primary role in the HACA mechanism is attributed to the activation of the
growing hydrocarbon fragment by the detachment of an H atom and active site formation,
while an acetylene molecule attaches to this site and introduces two carbon atoms into the
fragment. Taking into account the structural restrictions at acetylene molecule addition,
this must form a five-membered ring of carbon atoms, which can then be transformed
to a six-membered ring. The main consequences of the HACA mechanism have been
confirmed by numerous computational and experimental works. Further development
of the mechanism led to the understanding that reacting particle activation can occur not
only by splitting off an H atom, but also by its addition as well as its migration inside the
particle. As for the nucleation of soot particles, the process of condensation of two pyrene
molecules (monomers) consisting of four fused aromatic rings was proposed. However,
the attractive van der Waals forces for the two pyrene molecules are too weak for the dimer
to survive till the next collision. Therefore, the concept of rotational excitation of one of the
fragments was proposed to stabilize the resulting complex. At present, the hypothesis of
the formation of a bridging chemical bond in the dimer, which stabilizes it, is more popular.

High-resolution atomic force microscopy confirmed the decisive role of polyaromatic
structures in the formation of soot particle nuclei [27]. Aromatic structures with one or
several aromatic rings as well as structures with five-membered rings, aliphatic side chains,
and linear polyene structures were experimentally determined. The formation of PAHs
by the HACA reaction sequence is accompanied by the formation of five-membered rings.
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Experiments showed the presence of such rings in the PAH precursor of nuclei and young
soot particles.

An important question is whether smaller aromatic structures, even those with one
or two aromatic rings, are involved in the formation of soot particle nuclei. Recently, a
positive answer to this question was given in several works [28,29]. However, there is still
no answer to the question of how the formation of a soot particle nucleus starts and how
this process proceeds.

A unified detailed reaction mechanism (DRM) of soot formation was proposed in [30].
This DRM is based on a detailed reaction scheme of soot formation and oxidation. It
includes the mechanisms of formation of PAHs, polyenes, soot precursors due to condensa-
tion of polyaromatic and polyene molecules, soot particle growth according to the HACA
mechanism and polyene molecule addition, the mechanism of acetylene pyrolysis and pure
carbon cluster formation, as well as the reactions of hydrocarbon (up to n-hexadecane)
oxidation. The main advantage of the DRM is that it satisfactorily describes all the available
experimental data on the soot yield during pyrolysis and partial oxidation of various
hydrocarbons obtained in kinetic shock tubes. The other advantage of the DRM is that
it operates with parameters of the condensed phase such as the particle diameter, mean
particle diameter, particle number density, and particle size distribution function. As for the
size distribution function, it should be emphasized that bimodal distribution functions of
soot particles are often presented in the literature. Bimodality also appears in the DRM [30],
if one takes into account the nuclei particles, and not just soot particles. The boundary
between them in the DRM is still conditional, but in the future, with further improvement
of the model and the emergence of new experimental data on the bimodality of the particle
size distribution function, it will be possible to refine these boundaries, which will probably
clarify the situation of what is considered a nucleus and what is a soot particle.

At long residence times, the process of physical aggregation (adhesion) of primary
spherical soot particles occurs simultaneously with the coagulation process. Secondary
soot particles with a certain fractal dimension are formed. The determination of the size of
such particles is a difficult task.

In the period from 2019 to 2022, the joint American—Russian Space Experiment (SE)
Flame Design (Adamant) was conducted on the International Space Station (ISS). The
purpose of the joint SE was to study the mechanisms of control of soot formation in the
SDF formed around a PS and the radiative extinction of the SDF under microgravity
conditions. The objects of the study were normal and inverse SDFs of gaseous ethylene in
an oxygen atmosphere with nitrogen addition at room temperature and pressures from 0.5
to 2 atm [31,32]. The purpose of this work is to simulate the evolution of normal and inverse
SDFs observed in the SE and determine the conditions for the onset of soot formation.

2. Materials and Methods
2.1. Statement of the Problem

Figure 1 shows a photograph of the PS with radius 7; = 3.2 mm, porosity ¢, permeabil-
ity x, and characteristic size of solid skeleton d, made of a material with density ps, heat
capacity ¢; and thermal conductivity As;, mounted on a gas supply tube with a passage area
Sin (inner diameter 1.5 mm) (Figure 1a) and the schematic of the computational domain
(Figure 1b). The volume of the chamber V, in which the assembly is placed, is approxi-
mately equal to 90 L (radius of the outer wall 7o, = 288 mm). At the initial time ¢ = 0, the
entire chamber is filled with a nitrogen-diluted oxidizer or nitrogen-diluted combustible
gas (hereinafter, external gas) with temperature Tp, pressure Py, and species mass fractions
Yo (hereinafter, index i refers to a specific species of the mixture). At ¢ >0, a combustible
gas or oxidizer (hereinafter referred to as the supplied gas) with constant mass fractions of
the species Y; ;, is supplied through the gas supply tube and PS with a constant mass flow
rate G;, (hereinafter, index in refers to the gas supply section). The supplied gas, passing
through PS pores, displaces the initial external gas from it and enters the chamber. All
experiments were performed with ethylene, a relatively simple individual hydrocarbon
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that burns with soot formation due to the presence of a double carbon bond in its structure.
The kinetics of ethylene oxidation and combustion is well studied. The gas supply through
the PS is accompanied by molecular mixing of the supplied and external gases and the
formation of a combustible mixture in the vicinity of the PS, which is ignited by an external
ignition source (hot wire) at time t;,,,. After a certain transition period, an SDF is formed
around the PS. In the experiment, the flame radius is determined by the average size of the
luminous zone. In calculations, the flame radius is defined as the radial coordinate of the
maximum gas temperature ¢, with the origin of the coordinate in the PS center. During
combustion, the position of the flame may change: the flame radius may both increase
and decrease. Generally speaking, depending on the governing parameters of the problem
(Gin, Yi,in, Yio, etc.), situations are possible whenry > rs and ry < rs. Combustionina flame
is accompanied not only by chemical energy release, molecular and turbulent transport of
mass, momentum, and energy, but also by the processes of radiative heat removal to the
surrounding space. Radiation is emitted mainly by triatomic molecules (H,O and CO;)
and diatomic molecules (N and Oy), as well as soot, which can form during combustion.

(a) (b)

Figure 1. Photograph of the porous sphere mounted on a gas supply tube (a) and the schematic of
the computational domain (b).

The physical and mathematical model must take into account all most important
processes in the described phenomenology. Since the Navier-Stokes equations are valid for
both non-porous and porous media, for solving the problem we apply the general three-
dimensional (3D) time-dependent Reynolds-Averaged Navier-Stokes (RANS), energy, and
species conservation equations for a multicomponent reacting mixture:

Ui O _ 9p 9 7
ot TPy T T Ty i+ ] ™
o5 +pU]a—xj—pQ+§+a—xj[(Tl]+”L’ij>U]]—l—a—xj(q]—l-qj)—l—ﬂ, )

N A
Par + Pl = e+ 5o (i +75) ) )
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where x; (j =1, 2, 3) is the Cartesian coordinate; p is the mean gas density; p is the mean
pressure; U is the ith component of the mean velocity vector; 7;; is the tensor of viscous
stresses; Tfj is the tensor of turbulent (eddy) stresses; [ = H+0.5); Uiz is the mean total
enthalpy (H is the mean static enthalpy); g; is the molecular heat flux; q; is the turbulent
(eddy) heat flux; Y; (I =1, ..., N) is the mean mass fraction of the /th species (N is the total
number of species in the mixture); w; and Q are the mean sources of mass and energy due
to chemical transformations; Q) is the heat source/sink other than that of chemical nature;
jiand j! j are the molecular and turbulent mass fluxes of the /th species, respectively. The
turbulent fluxes of momentum, energy, and species in Equations (1)—(3) can be modeled,
e.g., within the framework of a certain turbulence model. The governing equations are
supplemented with the thermal and caloric equations of state, the relationships for the
fluxes and source terms, the reaction mechanism of fuel oxidation and soot formation, as
well as by the initial and boundary conditions.

According to the phenomenology, the following simplifying assumptions can be adopted:

—_

The gas supply tube does not affect the evolution of the SDF.
All processes are spherically symmetric.
3. The porous medium in the flow region can be modeled by flow resistance according to

the Darcy law and heat exchange with the fluid according to the Newton law, i.e., the

porous medium can be represented by added momentum and heat sources, (g%)
t/s

N

and Y, respectively, in the governing equations. In addition, since the porous medium
reduces the volume accessible for fluid, the local flow velocity, U;, and superficial
velocity inside the porous medium, u;, are coupled by the undirected porosity value
¢: U; = gu;.

4. The structural and thermophysical parameters of the PS material are constant.

5.  PS absorbs thermal radiation of soot, H,O, CO,, N, and O,; thermal radiation of PS
is negligible.

6. Catalytic and gas-phase reactions in the PS are absent.

7. The gas flow is laminar.

8. The gas mixture obeys the ideal-gas thermal and caloric equations of state; gas ther-
mophysical properties are variable.

9.  The effect of thermodiffusion is negligible.

10. Sootis an equivalent gas with the molecular mass of atomic carbon, when simulating
soot reactions.

11.  Soot particles are the clusters of 20-25 carbon atoms, have the corresponding constant
size, and do not coagulate.

12.  The radiation heat flux is caused solely by soot, HO, CO;, N and O, emittance.

13. The outer wall of the chamber is impermeable, isothermal, and non-catalytic.

Assumptions 1 and 2 allow one to represent the computational domain in the form
of a central sector with a small opening angle divided into control volumes in the radial
direction. Assumptions 3 to 6 allow one to write the 1D energy conservation equation for
the porous medium in the form:

oTs o [ 0T )
Ps%ﬁ = /\sach (ax]> + Q; 4)

where T; is the temperature of the PS; (); is the heat source/sink for the PS. Moreover,
assumptions 3 and 5 mean that the term (), in Equation (4) contains only two contributions:
Y5 and the radiation absorption ()s¢, whereas assumption 4 implies that the PS radius
75 is constant. Following assumption 7, the turbulent fluxes in Equations (1)—(3) can be
omitted, i.e., Tl.t]- = q]t. = ]lt] = 0. Assumption 8 is conventional and implies the validity of
the equations of state:

N Y
p=pRTY W, ®)
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and T
_ 130
H; = H; +/T0 cp,ldT (6)

where W is the molecular mass; R is the universal gas constant; T is the temperature; H is
the standard enthalpy of formation of the Ith species at temperature T?; cp, is the specific
heat at constant pressure. Assumption 9 means that molecular fluxes g; and j;; can be

determined as:

oT \ . Y

gi=—|A=—|,ji=-Di=—",1=1,..., N—1 @)
] ( ax]> J aX]

where A is the thermal conductivity and D; is the effective diffusion coefficient of the /th
species in the mixture [33].

Keeping in mind that existing theoretical knowledge cannot fully explain the occur-
rence of soot particles, one is faced with a dilemma when simulating soot formation. On
the one hand, numerical modeling of the flame seems to require that, in order to match
the experimentally observed time instant of the appearance of soot particles, the initiating
PAH should be the size of pyrene, and dimerization should be considered as an irreversible
process, possibly with a rate reduced by less than an order of magnitude [34]. On the other
hand, one cannot fully explain the apparent irreversibility of such a process. In addition,
experiments in shock tubes, when the reaction time of the system is limited to one to two
milliseconds, convincingly indicate that much smaller molecular fragments with one or
two aromatic rings should participate in the formation of soot particle nuclei. Therefore,
a simple macrokinetic mechanism [35] of soot formation and oxidation including four
irreversible overall reactions is implemented herein:

CHy, + GH, =C+C+ CoHy (I)
C +CO, =CO + CO (1)

C + H,O = H, + CO (IIT)

C + OH = HCO (IV)

where soot C is considered as a gaseous species in the reaction mechanism with its own
mass fraction, Yse0¢, according to assumption 10. This mechanism uses acetylene CoH, as a
precursor of soot C. Except for soot C, all other substances involved in the reactions of soot
formation and oxidation are included in the DRM of ethylene oxidation [36] containing
48 species and 209 reversible elementary reactions. The kinetic parameters of reactions
(D—(IV), the pre-exponential factor, Ay, activation energy Ei, and the temperature exponent
in the expression for the rate of the kth reaction, are presented in Table 1.

Table 1. Macrokinetic mechanism of soot formation.

Reaction Ay, [L, mol, s] Ei /R, [K] ny
I 2x 1016 40,000 0
I 1x 10%° 40,000 0
I 1x 1015 40,000 0
v 1x 1012 0 0

Note that these parameters were determined using the thoroughly tested DRM of
soot formation [30]. In the DRM, soot particle nuclei are formed in processes involving
a radical or two polyaromatic radicals and a stable polyaromatic molecule, although the
contribution of purely radical reactions is very small. In the case of pyrolysis of acetylene
and ethylene, when the PAH concentration is relatively low compared to the pyrolysis and
oxidation of other hydrocarbons, the nuclei of soot particles are formed from polyene-like
fragments. Thus, depending on the specific hydrocarbon, either the polyaromatic or the
polyene pathways for the formation of soot particle nuclei dominate in the DRM.
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Parameters Ay and Ej in Table 1 were determined from the condition of the best
agreement between the results of calculations for the soot yield obtained on the basis of
DRM [30] and on the basis of the macrokinetic mechanism. For estimating the effect of
soot radiation it is conditionally assumed (assumption 11) that soot particles possess the
specific (per unit mass) emitting surface, Ssoot = 6/ (dsootPso0t) (here dsoot is the conditional
soot particle size, psoor is the soot density), which is directly connected to the soot mass
fraction Yseo. Thus, the simplest radiation model is used without radiation reabsorption
and scattering by soot particles.

Assumption 12 implies that the source term () in Equation (2) contains the contribution
Qso0t proportional to Spp¢. Assumption 12 also implies that the term Q) in Equation (2)
contains the contribution ()¢ proportional to the local instantaneous volume fractions of
H,0, CO,, Ny and O,. Assumption 13 is conventional.

The 3D governing Equations (1)—(4) are now greatly simplified and can be solved in
1D approximation using an available CFD code. The explicit form of the source terms
entering Equations (1)—(4) are as follows:

vl
- L ” / Ek N Y]P /
R T A (o S

. N )
Q=) , , Hw 9
Q = Qspot + Qg + ¥ (10)
Qsoot = UssootYsootP(T4 - Té) (11)
4
Qg =opY,  a(T)X,(T" - T3) (12)
¥s = as Sps (T =T ) (13)
Qs = ‘YS + ng (14)
Oy = bt / (Qsoot + Qg)dV (15)

dp\ _ [(9p\ _ M
(52).= (%), = 1o

where L is the total number of chemical reactions in the gas; vZk and v;,k are the stoichiomet-
ric coefficients of the I/th species in the mixture, which is a reactant and product in the kth
reaction, respectively; o is the Stefan-Boltzmann constant; 4; and X; are the emissivity and
volume fraction of the Ith emitting gas; «; is the heat transfer coefficient between gas and
PS; Sps = 6(1 — ¢)/d is the specific surface area of the PS; ¢; is the coefficient of radiation
absorption by the PS material; J; is the delta function used to account for radiation absorp-
tion only on the PS surface; u is the dynamic viscosity of the gas. Equation (16) is used
according to recommendations [37]. The values of the coefficients a; for HyO and CO, are
taken from the polynomials in [38], for N, and O, 4; is independent of the gas temperature
and is assumed to be equal to 0.1. The dynamic viscosity  and thermal conductivity A of
the gas, as well as the effective diffusion coefficients of species in the gas mixture, D;, and
specific heats ¢, | are calculated by the formulae presented in [39].
Initial conditions:

t=0,0<x<rw:p=po, T =Ty Y=Yy (I =0,,N,), Yl:0<l#O2,Nz) (17)

Boundary conditions:
t>0,

x=0:pUSi; =Gy, T=To, Y1 =Yy (I =CoHy, Np), Y =0 (I # CoHy, N2)  (18)
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x:rm:U:O,T:TO,%zO,lzl,...,N (19)

The task of calculations is to determine the spatial structure of the SDF and its evolution
in time, calculate the time dependence of such characteristics of the SDF as the flame radius
e the PS temperature T;, the maximum gas temperature Tt = Tgmax (flame temperature),
as well as the total soot mass:

roo
msoot,Z(t) = / 27'(Psoot‘Ysooif(t)xzdx
s

cumulative rate of soot formation:

: AMgpor 5 (t
msoot,Z(t) - 450;;’ ( >/

and integral soot mass fraction Y.t x::

1 [T
YSDOt,Z(t) - V/ 27—[Ysoot(t)x2dx
s

It is worth noting that, in accordance with the theory, an important parameter of
diffusion flames is the stoichiometric mixture fraction 0 < Zs; < 1 determined by the mass
fractions of the oxidizer Yy and fuel Yr in the burner:

Yo

Iyt = —————
st Yo+77Yp

where 1 = voWp/vEWE, and vp= 3 and vr = 1 are the stoichiometric coefficients in the
overall reaction equation CoHy + 30, = 2CO, + 2H,0, whereas Wy = 32 kg/kmol and
W = 28 kg/kmol are the molecular masses of oxygen and ethylene. Large values of Zg;
correspond to flames with oxygen excess, and small values correspond to flames with fuel
excess. Normal flames in an atmosphere of oxygen diluted with nitrogen, with the supply
of undiluted ethylene to the PS, correspond to small values of Z. Inverse flames in an
atmosphere of ethylene diluted with nitrogen, with the supply of undiluted oxygen to
the PS, correspond to large values of Z. It is generally believed that flames with low Zg;
values are more prone to soot formation than flames with large Zg; values [40,41].

2.2. Numerical Solution

The computational domain of Figure 1b contains a planar buffer channel with a cross-
sectional area S;;;, PS, and an outer space bounded by a wall. The planar buffer channel of
length rp = 10 mm is used to provide undisturbed boundary conditions. The buffer channel
is immersed in the PS so that the area of the inlet section in the PS is equal to S;,,. Symmetry
conditions are satisfied on the side surfaces of the computational domain. The spherical
part of the computational domain in Figure 1b is represented by a spherical segment with a
solid angle of 3°. The entire computational domain is divided into 1333 control volumes
compressed towards the outer surface of the PS, which ensures the grid independence of
the obtained results.

The set of governing Equations (1)—(4) with additional relations (5)—(16) is solved by
the control volume method using the segregated SIMPLE /PISO algorithm [32]. Convective
transfer in the law of conservation of mass is approximated by the central difference and in
the law of conservation of momentum by the total variation diminishing (TVD) scheme
with the MINMOD limiter. For the finite-volume approximation of all other equations, the
standard UPWIND scheme of the first order is used.

Before calculating the flame dynamics, an ignition procedure was developed. The
ignition procedure required the weakest possible effect on the flow field caused by the
ignition induced pressure rise. Preliminary calculations showed that the stronger the
ignition, the later the arising flow field became insensitive to ignition The resulting ignition
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procedure is as follows. In a time interval of 0.2-0.3 s after the start of gas supply to the PS,
in the region x € [rs + 0.0005 m, rs + 0.0060 m], the mixture temperature is instantaneously
changed to Tjg, = 1300 K. These time intervals and regions allow the formation of a small
portion of flammable premixed fuel-oxidizer composition. An ignition temperature of
1300 K is approximately the minimal temperature required for mixture ignition.

Calculations are made for the following values of governing parameters: Ty = 293 K,
po = 0.1 MPa (unless otherwise specified), S;;, = 5.10719 m2, #, = 0.0032 m, ¥+ = 0.288 m,
¢=05x =108 m?% d=10°m; & = 0.8, ps = 4000 kg/m>, ¢s; = 650 J/(kg-K),
As =5 W/(m-K), dspor = 2 nm, pspor = 2000 kg/m3, and N =49, L = 213.

3. Results of Experiments and Calculations

Tables 2 and 3 show the conditions for some selected experiments with normal and
inverse flames, respectively. The experiments were carried out both with pure ethylene and
with ethylene diluted with nitrogen. Ethylene and nitrogen were supplied either to the PS
(normal flames) or to the combustion chamber (inverse flames) from different cylinders
without premixing. The instantaneous flow rates of both gases were controlled by flow
meters. This approach made it possible to arbitrarily control the degree of ethylene dilution.
During the SE, no samples of soot or gas were taken. All information on the experiment
was sent to the Mission Control Center via communication channels.

Table 2. Conditions of some normal flames.

Combustion Chamber Porous Sphere
Flame p, atm
}(O2 }(N2 XC2H4 )(N2 Gin/ mg/s

19115B1 0.203 0.797 1.000 0.000 0.660 1.020
19206L6 0.194 0.806 0.288 0.712 0.660 1.010
19171D4 0.363 0.637 1.000 0.000 1.372 1.010
19189K1 0.363 0.637 0.476 0.524 1.372 1.310
F10 0.380 0.620 1.000 0.000 1.224 1.239
F02 0.391 0.609 0.288 0.712 1.800 1.190
F08 0.386 0.614 0.288 0.712 3.603 1.263
F05 0.400 0.600 0.288 0.712 4514 1.250
19156C2 0.366 0.634 1.000 0.000 2.529 1.040
19142]3 0.356 0.644 1.000 0.000 2.529 0.990
19150N1 0.296 0.704 0.168 0.832 4.885 1.010
19150G3 0.338 0.662 0.288 0.712 8.779 1.050
19175A3 0.391 0.609 1.000 0.000 1.960 1.270
19206A5 0.207 0.793 0.288 0.712 8.779 1.010
19206G1 0.205 0.795 1.000 0.000 2.529 1.010
19206G4 0.201 0.799 1.000 0.000 0.822 1.010
1920614 0.195 0.805 0.288 0.712 2.835 1.010
19115M4 0.193 0.807 0.476 0.524 1.380 1.020
19123F1 0.206 0.794 0.490 0.510 2.640 1.010
19123F2 0.206 0.794 0.489 0.511 2.640 1.010
19123F3 0.205 0.795 0.490 0.510 2.640 1.010
19123L1 0.202 0.798 1.000 0.000 2.510 1.010
1912312 0.201 0.799 1.000 0.000 2.510 1.010
19150N1 0.351 0.649 0.168 0.832 4.820 1.040
19189]3 0.378 0.622 0.502 0.498 5.010 1.300
19200H3 0.285 0.715 0.131 0.869 4.430 1.020
19115F1 0.204 0.796 0.292 0.708 2.180 1.040
19123A2 0.209 0.791 1.000 0.000 1.620 1.000
19123A3 0.208 0.792 1.000 0.000 1.620 1.000
19123A4 0.208 0.792 1.000 0.000 1.620 1.000

19123C1 0.207 0.793 0.290 0.710 4.460 1.000
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Table 3. Conditions for some inverse flames.

Combustion Chamber Porous Sphere
, atm

Flame Xe,n, Xn, Xo, X, Giymgls |
21328D1 0.257 0.743 0.212 0.788 10.05 1.03
21349M3 0.270 0.730 0.212 0.788 9.11 1
22018H2 0.097 0.903 0.497 0.503 6.37 1.01
22018]1 0.096 0.904 0.318 0.682 9.73 1.01
22018G3 0.098 0.902 0.850 0.150 7.89 1.01
22018G2 0.099 0.901 0.850 0.150 5.90 1.01
22018G1 0.099 0.901 0.850 0.150 3.90 1
21328N5 0.080 0.920 0.850 0.150 2.27 0.96
22035]2 0.096 0.904 0.850 0.150 5.90 0.51
21340M1 0.121 0.879 0.850 0.150 9.22 1.01
21340M2 0.274 0.726 0.262 0.738 8.8 1.01
21349N3 0.251 0.749 0.212 0.788 9.10 0.52
21349N4 0.246 0.754 0.212 0.788 10.03 0.52
22018B1 0.168 0.832 0.850 0.150 47 1
22024F1 0.187 0.813 0.412 0.588 9.16 1.01
22024B1 0.189 0.811 0.850 0.150 59 1.01

Figure 2 shows examples of images of a sooty normal flame (Figure 2a) and a sooty
inverse flame (Figure 2b) [42,43]. Normal and inverse sooty flames differ in that in a normal
flame, soot forms inside the flame, and in an inverse flame, it forms outside the flame. The
reason for this difference is the different arrangement of spatial zones with a composition
enriched with fuel: in a normal flame, fuel (ethylene) enters through the PS, which is heated
by the heat flux from the flame, thermally decomposes and gives rise to soot formation
nuclei inside the flame, while in the inverse flame, fuel (ethylene) is located outside the
flame and, being heated by the flame-induced heat flux, thermally decomposes in the outer
vicinity of the flame, giving rise to soot formation. The latter is clearly seen in Figure 2b,
where a yellow glow is observed outside of the flame.

(€Y (b)

Figure 2. Photographs of the spherical diffusion flames of ethylene in the Flame Design (Adamant)
SE under microgravity conditions on the ISS: (a) sooty normal flame; (b) sooty inverse flame [42,43].

Figures 3 and 4 show examples of the measured and calculated time histories of the
flame radius and temperature for normal and inverse flames, which undergo radiative
extinction ~48 and ~30 s after ignition, respectively. The symbols correspond to the experi-
ment, and the curves correspond to the calculation according to the model described above.
Figure 3 shows that both the normal and inverse flames slowly move away from the PS
with time. The measured and calculated flame temperatures agree satisfactorily with each
other (see Figure 4), and the radiative extinction of flames occurs when the temperature of
both the normal and inverse flames decrease with time to a value of approximately 1200 K.
It is important to note that the model satisfactorily describes both the dynamics of changes
in the flame size and the dynamics of changes in flame temperature. Similar findings were
reported in [44].
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Figure 3. Examples of the time histories of the flame radius: (a) normal flame; (b) inverse flame.
Symbols correspond to the experiment, and the curves correspond to the calculation.
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Figure 4. Examples of the time histories of the flame temperature: (a) normal flame; (b) inverse flame.
Symbols correspond to the experiment, and the curves correspond to the calculation.

Among the most important new results of the SE is the registration of quasi-stationary
inverse diffusion flames. Figure 5 compares the measured and calculated time histories of
the size and temperature of such a quasi-stationary inverse flame (the flame temperature
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was not measured in this experiment). It can be seen that, with time, the position of the
inverse flame stabilizes at a certain distance from the PS, and its temperature, after a certain
period of decline, is maintained almost constant at a level of 1600-1700 K.
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Figure 5. Examples of time histories of the size (a) and temperature (b) of a quasi-stationary inverse
flame. Symbols correspond to the experiment, and the curves correspond to the calculation.

Figure 6 collects all the calculated time histories of the temperature of normal and
inverse flames from Tables 2 and 3, which have undergone radiative extinction. The
radiative extinction of the flame is caused by an increase in its surface due to expansion and
a corresponding increase in heat losses due to radiation, leading to a decrease in the flame
temperature. Note that the radiative extinction of all considered flames was registered both
in experiments and in calculations. Regardless of the type of flame (normal or inverse), the
composition of the gas supplied to the PS, and the composition of the atmosphere around
the PS, the flame quenches when its temperature drops to ~1200 K. At a lower temperature,
the reaction rates become insufficient to sustain combustion, and the flame quenches. This
result is of great fundamental importance for the theory of diffusion combustion.

Figure 7 shows typical calculated structures of normal (Figure 7a) and inverse (Figure 7b)
flames 20 s after ignition. The temperature is normalized by the maximum value. The soot
mass fractions are increased by a large scale factor (10* in Figure 7a and 10 in Figure 7b) in
order to consider the details of the soot spatial distribution. It can be seen that at the point
at which the temperature reaches its maximum value, the concentrations of ethylene and
oxygen are almost zero, and the concentrations of intermediate and final reaction products
reach values close to their maxima. In both flames, at some distance from the flame, the
mass fractions of all intermediate and final reaction products drop to zero, whereas the
mass fractions of the initial substances and the gas temperature are restored to their initial
values. Despite the similarity of the structures of the normal and inverse flames, they
fundamentally differ in the spatial distributions of soot. If in a normal flame, soot is present
only inside the flame (between the PS and the temperature maximum), then in an inverse
flame, soot is present only outside the flame (outside the temperature maximum).
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Figure 6. Calculated time histories of the temperature of normal and inverse flames undergoing

radiative extinction.
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Figure 7. Typical calculated structures of normal (a) and inverse (b) diffusion flames in 20 s after
ignition. Soot mass fractions are increased by a factor of 10* (a) and 10° (b).

It is interesting to consider the temporal dynamics of soot yield in normal and inverse
flames from Tables 2 and 3. Figure 8 shows the dynamics of the calculated total soot mass
Moot x. Versus time for flames with different values of the Z,;. Each flame corresponds to a
fixed value of Zs;. Normal flames are represented by blue dots, while inverse flames are
represented by red dots. Each figure corresponds to a specific moment in time from 1 to
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50 s after ignition. The figure corresponding to the time of 1 s is repeated at the end of the
list for the convenience of comparing the soot yields at the times of 50 s and 1 s. From the
last two figures (see the dashed blue and red circles) it can be seen that the total mass of
soot formed at the initial moments of time (during ignition) in all normal flames (small Z;
values) gradually decreases (blue dots move down vertically), and in inverse flames either
almost does not change (large values of Z), or increases (small values of Zg;). Thus, the
dynamics of soot formation obtained with the simplified model as a whole does not agree
with the expected trend: normal flames with small Z,; values turn out to be less prone to
soot formation than inverse flames with large Z; values, although inverse flames with
small Z; values show the expected tendency to a greater propensity to soot formation.
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Figure 8. Dynamics of change in the calculated total soot mass 15,y versus time for flames
with different values of Zs;. Normal flames are represented by blue dots, while inverse flames are
represented by red dots.

The results obtained mean that soot formation under terrestrial conditions and under
microgravity conditions is different. The latter is related to the flow structure in a diffusion
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flame under microgravity conditions. In expanding normal flames, soot particles formed
inside the flame due to the pyrolysis of ethylene are carried by a radial flow towards the
flame to the high temperature region and are oxidized by intermediate and final reaction
products. In this case, due to the gradual decrease in the flame temperature, the rate of
soot formation in the vicinity of the flame decreases. Apparently, in expanding normal
flames with small Zg; values, the soot formed during ignition almost completely disappears
due to oxidation. In inverse expanding flames, the soot particles formed outside the flame
as a result of ethylene pyrolysis are carried by a radial flow away from the flame to the
low temperature region, where the rates of soot oxidation reactions are much lower than
in the flame. In this case, as in a normal flame, due to the gradual decrease in the flame
temperature, the rate of soot formation in the vicinity of the flame decreases. Apparently,
in inverse flames with large Z;; values the soot formed during ignition is virtually not
oxidized according to the simplified model. As for inverse flames with small Z; values,
these flames have a quasi-stationary structure, relatively small dimensions, and high flame
temperatures (see Figure 5). In the vicinity of such flames, soot continuously forms and the
formed soot is carried by the flow to the low temperature region and accumulates.

In addition to Figure 8, Figure 9 shows the results of calculations of the normal-

ized cumulative rate of soot formation 1y, » () in normal and inverse flames listed in
Tables 2 and 3 as a function of the instantaneous local gas temperature at the point of maxi-
mum soot mass fraction in the flame structure (see Figure 7). The cumulative rate of soot
formation in Figure 9 is normalized by the absolute maximum of the cumulative rate of soot

formation 1y, 3. (max) for each flame. As before, blue and red dots correspond to normal
and inverse flames, respectively. Figure 9 makes it possible to determine the temperature
in the flame structure at which the cumulative rate of soot formation changes sign (from

plus to minus). A positive value of msoo;lz (t) means that soot formation dominates in the

flame structure at a given time. A negative value of 1, » (t) means that soot oxidation
dominates in the flame structure at a given time. The temperature at which the sign of the

quantity mg,, 5 (t) changes from plus to minus can be interpreted as the threshold temper-
ature at which soot formation stops. It follows from Figure 9 that at the beginning of the
process (immediately after ignition), soot formation dominates (the points are in the upper
half-plane). Indeed, due to the fact that during ignition there are regions with a partially
mixed composition enriched with fuel and a high temperature, soot formation can be very
significant. This means that ignition strongly affects the dynamics of soot formation in
these flames. Therefore, to better understand the specific features of soot formation during
spherical diffusion combustion, one must consider the process time at which the role of soot
formed during ignition becomes insignificant. The flame temperature decreases with time,
and the normalized cumulative rates of soot formation also decrease tending to zero in the
temperature range 1300-1500 K. With a further decrease in temperature, soot oxidation
is seen to dominate (the points move to the lower half-plane). Thus, for normal flames,
the threshold temperature at which soot formation stops lies in the range of 1400-1500 K.
For inverse flames, this threshold value is somewhat lower: in the range of 1300-1400 K.
It should be emphasized that Figure 9 does not reflect the tendency of certain flames to

form soot, since the value 11y, 5 (t) is normalized by the maximum cumulative rate of soot

formation 1o,z (max). Here, only the temperature at which this quantity changes sign is
important. Based on the data in Figure 9, soot formation in inverse flames stops at lower
temperatures than in normal flames, i.e., inverse flames appear to be generally more prone
to soot formation than normal flames. The latter is consistent with the conclusions made
from considering Figure 8.

To confirm the established patterns of soot formation in normal and inverse SDFs,
we have plotted Figure 10, where at the time moments 2, 5 and 10 s after ignition, the red

dots show the positive values of the cumulative rate of soot formation, 115,y 5 (t) > 0, and

the blue dots show the negative values, msw;;(t) < 0, depending on the values of the
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atomic ratio C/O and the temperature at the point of the maximum soot concentration in
the flame structure. On the one hand, it can be seen that red dots appear at a minimum
temperature of 1260 K after 2 s (Figure 10a), 1300 K after 5 s (Figure 10b), and 1310 K after
10 s (Figure 10c) after ignition. Blue dots appear at a maximum temperature of 1470 K in 2,
5 and 10 s after ignition. If one assumes that the “memory depth” of the ignition stage is
approximately 10 s, then for the entire family of normal and inverse flames, the cumulative
rate of soot formation becomes positive when the temperature exceeds 1300-1500 K (blue
vertical band in Figure 10c). On the other hand, it can be seen that red dots appear at
a minimum value of C/O = 0.31 in 2 s (Figure 10a), C/O = 0.32 in 5 s (Figure 10b) and
C/0=0.331in 10 s (Figure 10c) after ignition. The maximum C/O values at which red dots
still exist are C/O = 0.58 in 2 s (Figure 10a), C/O = 0.49 in 5 s (Figure 10b), and C/O = 0.44
in 10 s (Figure 10c) after ignition. If one assumes that the “memory depth” of the ignition
stage is ~10 s, then for the entire family of normal and inverse flames, the cumulative
rate of soot formation becomes positive when the C/O atomic ratio lies in the range from
0.32 to 0.44 (red horizontal bar). Interestingly, the lower value (C/O), ~ 0.32 is close to
the stoichiometric value (C/O),, ~ 0.33 for the ethylene-oxygen mixture, at which the
temperature in the flame is maximum.
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Figure 9. The normalized cumulative rate of soot formation msooé,z(t) in normal and inverse flames
listed in Tables 2 and 3 as a function of the instantaneous local gas temperature at the point of
maximum soot mass fraction in the flame structure.

In [24], based on 1D calculations of the normal and inverse SDFs of ethylene, it was
concluded that the threshold local temperature at which soot formation in the flame stops
is approximately equal to T; ~ 1305 K, whereas the local C/O atomic ratio in the mixture
is approximately equal to (C/O), =~ 0.53. In other words, soot is formed only where both
the temperature and the C/O atomic ratio exceed these values. Figure 11 shows the key
graphs from [24]. The maxima of the temperature curves are close to the stoichiometric
atomic ratio (C/0O),, = 0.33, although the maxima of inverse flames are slightly shifted
towards lower C/O values. It follows from Figure 11a that the curves for all flames
converge at local values of temperature and C/O atomic ratio approximately equal to
1305 K and 0.53, respectively. Figure 11b additionally shows the calculated dependences
of the corresponding temperature values (Tps3) at C/O = 0.53 and the ratio (C/O);305
at a temperature of 1305 K, showing that for all flames considered in [24] the threshold
values of these parameters are approximately the same. Note that the calculations in [24]
were performed for the conditions of terrestrial experiments in a falling platform, which
provided a relatively short time for observing SDFs (up to 2.2 s only).
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Figure 10. Calculated dependences of the cumulative rate of soot formation msoo;; (t) onthe C/O

atomic ratio and temperature at the point of maximum soot concentration in the flame structure at dif-
ferent times after ignition: (a) 2 s; (b) 5s; (c) 10 s; red dots: #1590 3. (t) > 0, and blue dots: #5905 () < 0.
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Figure 11. Calculated dependences of (a) temperature on the local atomic ratio C/O and (b) tem-
perature Ty 53 and atomic ratio (C/O);3p5 on the stoichiometric mixture fraction Zs; in normal and
inverse flames in 2 s after ignition [24].

Figure 12 shows the results of our calculations in the form of the same dependences
of the gas temperature on the local C/O atomic ratio for normal and inverse flames from
Tables 2 and 3 in 2, 10, 20 and 30 s after ignition. Normal and inverse flames are represented
by blue and red curves, respectively. As in Figure 11a, the maxima of the temperature
curves are close to the stoichiometric atomic ratio (C/O),; = 0.33, while the maxima of
the inverse flames are slightly shifted towards lower C/O values. With the passage of
time, when the maximum temperature decreases to 1200 K, some of the considered flames
undergo radiative extinction, and the corresponding curves flatten out. As for the threshold
values T, ~ 1305 K and (C/0O), =~ 0.53 obtained in the calculations [24], they turn out to
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be inapplicable for SDFs in the Flame Design (Adamant) SE: there is no convergence of
the temperature curves at these values in 2 s after ignition (see Figure 12a), although at
T = T, =~ 1300 K, the values of the C/O atomic ratio vary from 0.32 to 1.0, i.e., include the
value (C/0O), = 0.53. These differences can be explained by the closeness of the conditions
in [24] to the moment of ignition: the soot formed during the ignition of a partially premixed
combustible mixture can affect the result. Indeed, as early as in 10 s after ignition (see
Figure 12b), all temperature curves approach each other significantly. The threshold
values of the C/O atomic ratio (0.32 < (C/O),. < 0.44) and temperature (1300 < T. < 1500 K)
established above (see Figure 9) are shown in Figure 12b,c, and Figure 12d as dashed
vertical and horizontal lines, respectively, and the parametric regions [(C/O),, T;] bounded
by these curves are colored with red fill. It can be seen that at times of 10, 20, and 30 s after
ignition, these parametric regions are realized in the structure of normal and inverse flames
with a relatively high temperature, while in the structure of flames with a relatively low
temperature, there is no soot formation at these times.
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Figure 12. Calculated dependences of temperature on the local C/O atomic ratio in normal (blue
curves) and inverse (red curves) flames in 2 (a), 10 (b), 20 (c), and 30 s (d) after ignition. The regions
colored with red fill correspond to the parametric domains of soot formation.

Thus, SDFs with a higher temperature should be more prone to soot formation than
flames with a lower temperature. The results in Figure 12 can be interpreted as follows: soot
formation in normal and inverse flames is concentrated in the region where T > 1300-1500 K and
0.32 < C/O < 0.44. Such a condition for the onset of soot formation in terms of temperature
generally agrees with the literature data for gaseous diffusion flames obtained in burners
with coflow or counterflow of fuel and oxidizer under the conditions of terrestrial grav-
ity [41,45,46]. As for the conditions of soot formation in terms of the local C/O atomic ratio,
the obtained threshold values of C/O turn out to be lower than the known literature data
(0.5 < C/0 < 0.7) for diffusion flames under the conditions of terrestrial gravity. However,
there are data in the literature that soot nanoparticles can also form at a local atomic ratio
C/0 = 0.4 in homogeneous ethylene-air flames at atmospheric pressure [47].

4. Discussion

The data in Figure 12 allow judgement about the tendency of certain flames to form
soot. When considering normal flames, the data in Figure 12 can be interpreted as follows.
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Near the PS, the C/O atomic ratio is very high; moving away from the PS corresponds to
movement along the C/O axis from right to left with a gradual increase in temperature.
Soot formation in the flame starts when C/O values become lower than (C/0), ~ 0.44,
and the temperature becomes higher than T, = 1300-1500 K. Soot formation ends when
C/O reaches a near-stoichiometric value (C/0O),, ~ 0.32, and the temperature reaches its
maximum value. With further movement to the left along the C/O axis, soot formation is
impossible due to the high temperature and the presence of free oxygen, which prevents
the formation of acetylene, a soot precursor in the macrokinetic mechanism. When con-
sidering inverse flames, the data in Figure 12 can be interpreted as follows. Near the PS,
the C/O atomic ratio is very low; moving away from the PS corresponds to movement
along the C/O axis from left to right with a gradual increase in temperature. Soot forma-
tion in the flame starts when C/O exceeds the near-stoichiometric value (C/0O),, ~ 0.32,
and the temperature passes through the maximum: the gas composition in the region
beyond the temperature maximum is enriched with fuel, which promotes the formation of
acetylene, a soot precursor. Soot formation ends when the value of C/O becomes higher
than (C/0O), ~ 0.44, and the temperature becomes lower than T, = 1300-1500 K. Such an
interpretation of the conditions of soot formation in SDFs makes it possible to propose
approaches for reducing the soot yield. Among the simplest approaches is a small partial
premixing of fuel and oxidizer despite premixing in terrestrial flames can promote pyrolysis
and soot formation [48]. Instead of pure ethylene, a partially premixed mixture of ethylene
with oxygen with an atomic ratio, for example, C/O =5 (normal flame), can be fed into
the PS, or an atmosphere with C/O =5 can be created in the combustion chamber instead
of an ethylene atmosphere with C/O — co (inverse flame). In both cases, in the zone
with (C/0O) > (C/0),,, the formation of acetylene (soot precursor) will be difficult due to
the presence of free oxygen. Apparently, such an interpretation of the conditions of soot
formation in SDFs is applicable to flames of different fuels, with the only difference being
that the lower limit of the C/O interval is determined by the type of combustible gas (for
ethylene and propane, this is (C/O), ~ 0.33-0.30, and for methane (C/O) = 0.25).

Note that in the macrokinetic mechanism of the formation of soot particles, which is
used in this work, some important stages of the soot formation process are absent. The
processes of propargyl recombination [40], surface growth of soot particles, and soot particle
coagulation are not considered. Therefore, such a model cannot adequately predict the size
of soot particles, their size distribution function, and the concentration of soot particles.
The model considers very small particles with a diameter of 2 nm, which is several times
smaller than the experimental one. Typical sizes of soot particles in various flames are
15-30 nm. Therefore, the macrokinetic mechanism considered in this paper better describes
the earliest stages of the soot formation process and worse describes its later stages [49-51].
Although acetylene molecules are not directly precursors of soot particle nuclei, the role of
acetylene in the process of soot formation is important, especially in the process of particle
surface growth.

One should also take into account that the process of oxidation of fuel-rich mixtures of
ethylene leads to the appearance of high concentrations of acetylene molecules along with
the formation of molecules of polyaromatic compounds. Therefore, it can be assumed that
the nuclei of soot particles are formed in this case along both polyaromatic and polyene
pathways. Since the macrokinetic mechanism considers very small soot particles, the role
of the process of their oxidation can most likely be overestimated.

All these circumstances must be taken into account when using the macrokinetic mech-
anism of soot formation and when interpreting the results of calculations. Nevertheless,
due to the fact that the microkinetic mechanism is based on the validated DRM of soot
formation the predicted general trends could be considered as reliable.

5. Conclusions

In this work, the evolution of 31 normal and 16 inverse spherical diffusion flames of
ethylene under microgravity conditions was calculated. With the help of calculations, the
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conditions of soot formation in such flames were determined. The calculations were based
on a one-dimensional non-stationary model of diffusion combustion of gases with the
detailed kinetics of ethylene oxidation, supplemented by a macrokinetic mechanism of soot
formation. It was shown that soot formation in normal and inverse flames is concentrated
in the region where the local temperature and local C/O atomic ratio satisfy the conditions
T > 1300-1500 K and 0.32 < C/O < 0.44. The condition for the onset of soot formation in
terms of temperature generally agrees with the literature data for gaseous diffusion flames
obtained in burners with coflow and counterflow of fuel and oxidizer under terrestrial
gravity. As for the conditions of soot formation in terms of the values of the local C/O
atomic ratio, the obtained threshold values of C/O turn out to be lower than the known
literature data (C/O > 0.53) for diffusion flames. The future work will be focused on the
further development of the computational approach by introducing a more elaborate model
of soot formation including the evolution of the soot particle size distribution function,
as well as a more elaborate model of soot radiation including radiation reabsorption and
scattering effects.
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Nomenclature

ay Emissivity of the /th emitting gas

Ay Pre-exponential factor

Cp,l Specific heat at constant pressure

Cs Solid skeleton heat capacity

(C/0), Threshold local C/O atomic ratio

d Characteristic size of solid skeleton

dsoot Conditional soot particle size

D; Effective diffusion coefficient of the Ith species
Ex Activation energy

<%)s Added momentum source in porous medium
Gin Inlet mass flow rate

H Mean gas static enthalpy

HIO Standard enthalpy of formation of the Ith species
I Mean gas total enthalpy

Ji Molecular mass flux of the Ith species

Jt i Turbulent mass flux of the Ith species

L Total number of chemical reactions in the gas

Moot 5. Total soot mass
Mgeory. ~ Cumulative rate of soot formation

1y Temperature exponent
N Number of gas species
P Mean gas pressure

Py Initial pressure

q; Molecular heat flux

q§ Turbulent heat flux

Q Mean source of energy due to chemical transformations
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Ysoot
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K
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Flame radius
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Universal gas constant
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Specific surface area of the porous sphere
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Time of ignition

Temperature

Initial temperature

Standard temperature

Threshold local temperature of soot formation

Ignition temperature

Temperature of porous sphere

Superficial velocity inside the porous medium
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Mean source of mass due to chemical transformations
Molecular mass

Molecular mass of oxidizer
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Cartesian coordinate
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