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Abstract—The independent experimental data on the variation of the rate of carbon film formation on the hot
cylinder surfacein an acetylene—argon flow are theoretically analyzed. The quantitative model usesthe detailed
mechanism of the gas-phase pyrolysis of acetylene and takes into account both thermal conductivity and diffu-
sion of the gaseous components in the boundary layer. An increase in the rate of the heterogeneous thermal
decomposition of acetylene experimentally observed at high temperatures cannot be described within the
framework of the pyrocarbon formation mechanism that accounts for the contribution of the products of the
partial gas-phase pyrolysis of acetylene. The experimental data are quantitatively described using the model
developed earlier for the growth of soot particles. The quantitative macrokinetics of the heterogeneous growth
of the carbon film is determined assuming that the above description correctly reflects an experimental increase

in the rate of the heterogeneous reaction.

INTRODUCTION

Acetylene is the main product of hydrocarbon
pyrolysisat temperatures above ~1273 K. Therefore, its
heterogeneous decomposition requires extensive inves-
tigation. Tesner [1] published a comprehensive review
of the available data on pyrocarbon formation from
gaseous hydrocarbons. The rate of pyrocarbon forma-
tion from acetylene at temperatures below 1273 K was
repeatedly measured and found to be proportional to
the acetylene concentration with a rate constant of
1.7 x 10 x exp(—=33[kca/mal]/RT) g cm? s Pa! [2, 3].
The kinetic measurements of the heterogeneous pyrol-
ysisabove 1273 K are hampered by the contribution of
the products of the gas-phase decomposition of acetylene
to pyrocarbon formation. Al’'tshuler [4, 5] measured the
rate of carbon film formation from gaseous acetylene at
14002400 K using athin cylindrical conductor heated by
electric current in a gas flow. The apparent rate constant
was 2.5 x 10° x exp(=30[kca/mal]/RT) g cm? s! Pa’!
up to 1700 K, which agrees well with that measured in
[2, 3] under different experimental conditions. How-
ever, the experimental rate of pyrocarbon formation
abruptly increases above 1700 K, as expressed by
the first-order equation with the rate constant
1.5exp(=76[kcal/mol]/RT) gcm? s Pa’! [4, 5]. Figure 1
presents the Arrhenius plot of the rate constant for carbon
film formation. The rate constant values (in cm/s) were
obtained by processing the initial data using the equa-
tion k' (cm/s) = ((RT/Am)k™ (g cm2 s! Pa!), where
R (Pacm? K- mol!) is the universal gas constant and
Am=24 (g/mal) isagainin the carbon film weight dur-
ing the pyrolysis of 1 mol of acetylene. Anincreasein
the rate of carbon film formation was explained by the
contribution of the products of acetylene gas-phase
decomposition, although it remaines unclear what
decomposition products play akey rolein this process.
Kiefer and von Drasek recently carried out an extensive

kinetic study of the gas-phase pyrolysis of acetylene
[6]. Their data enable a comprehensive numerical anal-
ysis of the problem, including calculating the rate of
pyrocarbon formation taking into account the gas-
phase pyrolysis of acetylene in the boundary layer and
determining the contribution of the products of this
reaction to carbon film growth. This was one of the
goals of our present study.

The data obtained in [4, 5] dso suggest that an experi-
mental increase in the rate of carbon film formation is
related to the formation of soot particles. The soot growth
rate during hydrocarbon pyrolysisis 2-3 orders of magni-
tude higher than that of pyrocarbon formation in the gas-
eous medium of the same composition [7]. This phenom-
enon has not been explained so far. Obvioudly, the
mechanism of carbon film formation, including the het-
erogeneous decomposition of gaseous hydrocarbons to
pyrocarbon at the hot surface, changes to some other
mechanism at high temperatures. In this case, an
approach developed earlier [8-12] to describe the
kinetics of soot particlegrowth should also be applica
ble to the growth of the carbon film in the above exper-
iments without special changes. Therefore, the second
goal of this study was to check the polyine model of
soot formation under experimental conditionsthat were
not taken into account when building this model.

MODEL OF CARBON FILM FORMATION
FOR EXPERIMENTAL CONDITIONS OF [4, 5]

When gas flows around a cylinder, a thin boundary
layer isformed near the cylinder surface, within which
the gas flow rate ranges from zero on the cylinder sur-
face to the value corresponding to the stream running
on the outer surface of the boundary layer. The bound-
ary layer thickness is estimated as 6 = 1.2 d/(Re)®3,
where d isthe cylinder diameter, Re = Ud/v isthe Rey-
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Fig. 1. The Arrhenius plot of the apparent rate constant for
the heterogeneous pyrolysis of acetylene. Experiment: (dot-

ted line) ky = 1.25 x 103exp(—30 [kcal/mol]/RT) cmis [4, 5]
and (solid line) ky = 7.5 x 10%exp(~76 [kcal/mol]/RT) cms.
Calculation: the reduced rate of the formation (w/[C,H],
cm/s) of (1, 3, 5) pyrocarbon and (2, 4, 6) coke for the
(1, 2) 10% C,Ho/Ar mixture and & = 0.037 cm, (3, 4) 10%
CoHo/Ar and =0.045 cm, and (5, 6) 20% C,H,/Arand 6 =
0.022 cm.

nolds number, U isthe gas flow rate, and v isthe kine-
matic gas viscosity [13]. Taking into account the
parameters used in the experiments of [4, 5] (the gas
flow rate U = 1.5 x 10° cm/s, the conductor diameter
d= 0.03 cm, and the kinematic gas viscosity v =
1.5 cm?/s), the boundary layer thickness & is estimated
to be ~0.01-0.02 cm. Neglecting the convective trans-
fer within the boundary layer, the following equations
and boundary conditions can be used to quantitatively
describe carbon film growth:

«0 k _ et
_y a_yy \]i+ri - O, Ji|y:d/2 - I’i ,
ai|y:d/2+5 = Qi i=1..n, (D
~« 0 Kl +g=0. T o7 T
R4 ay’ T 4=0, T4 =Ts Tly-g245= To:

Here, y is the coordinate along the boundary layer
thickness perpendicular to the surface of asolid; k=0
for the flat boundary layer and k = 1 for the cylindrical
one; g isthe relative weight concentration of chemical
gaseous component (n is the number of components);
Tis the gas temperature; r; and g are the sources of
chemical components and heat due to the gas-phase
reactions, respectively; J, and J; are the gaseous com-
ponent and heat flows due to diffusion and thermal con-
ductivity, respectively; T, and a, ; are the temperatures
and concentrations of the gaseous components in the
oncoming stream, respectively; T, isthe temperature of
the hot surface at which the carbon film is formed; and

KRESTININ

rihEt are the sources (sinks) of the chemical gaseous

components in heterogeneous reactions. The boundary
layer thickness slowly increases near the cylinder sur-
face along the current lines from the point of the flow
stop [13]. Convective transfer within the boundary
layer is negligible. These two facts together make the
gas composition near the cylinder surface dependent on
the coordinate a ong the boundary layer. L et us assume
that these corrections are negligible compared to the
effects used in the description and let us eliminate them
from set (1) of the equations. This set of equations also
neglects the formation and growth of soot particles in
the gas phase and their contribution to carbon film for-
mation. The inclusion of the equations of the polyine
model of soot formation [10-12] into set (1) indicated
that this process can be neglected under the experimen-
tal conditions of [4, 5] up to 2000-2200 K. This can be
attributed to the fact that the nucl eation zone shiftsfrom
the hot wall inside the boundary layer with the maxi-
mum concentrations of higher polyines as was shown
by the calculations. Despite a higher temperature, their
concentrations near the surface are lower because of the
high rate of heterogeneous decay (Table 1). Growing
soot particles are extruded from the boundary layer by
thermophoresis, and their contribution to the kinetics of
the bulk pyrolysis of acetylene near the walls remains
insignificant. The contribution of soot formation
becomes noticeable only at arather high temperature or
in the case of athick boundary layer, that is, under con-
ditions that were beyond the scope of this work.

The scheme of the reactions of the gas-phase pyrol-
ysis of acetylene taken from [6] and dlightly corrected
includes nearly ahundred reversible chemical reactions
involving 27 different chemical gaseous components. The
description of the chemical growth of the carbon film on
the surface is similar to that of the polyine model of soot
formation for the growth of soot particles [8-12], and the
rate constants for elementary steps are the same. A brief
description of the method is presented below, and details
can be found elsawhere [10-12].

The polyine model of soot formation implies that
gaseous polyines C,,H, (n =2, 3, ...) can form a poly-
mer during the radical—chain polymerization on the
surface. It is also assumed that the radical—chain poly-
merization occurs only if the rate of formation of the
surface polymer layer is higher than that of carburiza-
tion of the resulting polymer. Therefore, the polyine
model includes two different mechanisms of carbon
film formation on the surface of a solid (or aerosol spe-
cies) in a hydrocarbon atmosphere. One is pyrocarbon
formation when the rate of polymer growth w, islower
than the rate of its carburization w,,,, The kinetics of
this processis studied in detail by Tesner and Borodina
[1-3], who measured the rate constants for the hetero-
geneous pyrolysis of a number of hydrocarbons. When
calculating the rate of pyrocarbon formation in this
work, | took into account the contribution of the main
products of the bulk pyrolysis of acetylene, including
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Table 1. Scheme of the heterogeneous reactions of pyrocarbon (PC) formation and their rate constants

. e = Aexp(—E/RT), cmi/s
No. Reaction?
A, cm/s E, kcal/mol Reference for the A and E values

1| CH,—PC 1250 30 [5]

2 | GH; —PC 10° 10° Thiswork, estimates

3 C6H2 —_— PC 4OC 5 "

4 | CgH, —= PC 100° 0 y

5 | CpH, —PC 200° 0 "

6 | CH, — PC 1000 275 [1]

7 | H — decay 200 0 Thiswork, estimates

8 | CpyH —=PC,n=1,2, ... 4000¢ 0 "

9 C2H:; — PC 50 O "
10 C4H’o: — PC 50 O "
11 | CypH; —PC,n=3,4, .. 2000¢ 0 "

8Therate of carbon film formation by the x; — PC reaction with the rate constant kih “ (cm/s):w(gem2sY = Amy kih . [xi], where Am
(9/mol) is the increment in the weight of the condensed phase during the pyrolysis of the 1 mol of the gaseous x; species and [x;]

(mol /cm3) is the concentration of the x; species.
b A=4cns, E = 14.8 keal/mol [1].

€ These rate constants are not available; they are apparently overestimated.
d The effici ency of radical decay is most likely overestimated (see the text).

radicals. Table 1 presents these reactions with the rate
constants used in the calculations. For many reactions
listed in Table 1, the kinetic parameters are currently
unknown and cannot be theoretically estimated with
sufficient accuracy. The choice of the apparent kinetic
parametersfor certain reactionsisdiscussed below. The
general idea was to arrive at an upper estimate of the
carbon film growth rate based on the mechanism of
pyrocarbon formation.

Another mechanism implies the formation of a
polymeric material (coke), which occurs when the rate
of polymer growth wy, is higher than that of carburiza-
tion Wy, It is assumed that, under the conditions of
coke formation, the surface of a polymer layer is cov-
ered with the C—H groups that produce local radical
sites where the C-H bond is cleaved to eliminate a
hydrogen atom. The polymeric layer grows mostly via
heterogeneous reactions on these radical sites.

The model also implies that polyines C,,H,, (n =2,
3, ...) favor branching in the chain polymerization as
soon as a complex of several polyine molecules is
formed on the surface radical site. Additional radical
sitesin this case are formed by the cyclization reaction,
which inevitably occurs in this polyine complex. The
assumption of branching in the chain polymerization of
polyines is necessary to explain the fact that certain
radicals (soot nuclei) irreversibly grow during the for-
mation of new species. Within the framework of the
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polyine model, new soot particles are formed only
when the condition of polyine vapor supersaturation is
met:

Wbr > Wterm + Wca.rb'

)

Here, w,, is the rate of branching of the surface radical
sites (mol cm=2 s™), Wi, + W, (Mol cm™? s72) is the
rate of their decay by both the heterogeneous reactions
involving gaseous molecules and radicals (w,,,,) and
the carburization of the polymeric material (w,,,,). Dur-
ing the whole nucleation period when condition (2) is
met, the occupation of the surface of the growing soot
particles with radical sitesis maximal. Therefore, coke
formation at this stage can be called “ rapid polymeriza-
tion.” Haynes and Wagner [14] and Minutolo et al. [15]
suggested a certain process that forms the basis for the
growth of soot particles during their formation, which
is often referred to as rapid polymerization. Many
researchers are surprised by the tremendously high
experimental rates of soot particle growth resulting in
the formation of aerosol species with diameters of sev-
eral hundreds of angstroms for several millisecondsin
the flames. By analogy with the condensation of the
supersaturated vapor of simple substances, condition
(2) can be considered as a condition for polyine vapor
supersaturation. Indeed, if it is met, the probability of
branching for any surface site for growth is higher than
that the probability of its decay, the gaseous radicals
(nuclei) that can produce a polyine complex become
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Table 2. Heterogeneous reactions of polymer growth

KRESTININ

Prototype reaction
(kisthe rate constant, cm® mol~* s)

| E, keal/mol

Rate constant
Reaction type? k" = Aexp(~E/RT), cnv's
A, cm/s
CH+H —»=C +Hp 1400
C +H,—~CH+H 80
C +CH, —>CCH+H’ 150
C +ArH—>C-Ar+H'® 9
C +H —=CH 200
C'+R —CFR° 200
C" +CyH, —CPY'® 200
n=23, ...
Branchi
C-PY +CH, —1.2C 600
CPY +CyuH,—2C ,n=3 ... 600

Decay of radica sites

Generation of radical sites

16 PhH +H — Ph + H,,

(k = 2.5 x 10%exp (—16[kcal/mol]/RT), [21])

12 Ph+H, — PhH+ H',

(k = 2.5 x 10%3exp(—11[kcal/mol]/RT), [21])
12 Ph+C,H, —> PhC,H + H ',

(k = 4.0 x 10%%exp (-11.6[kcal/mol]/RT), [22])
4 Ph+PhH — PhPh+ H ',

(k = 4.0 x 10 exp(—4[kcal/mol]/RT), [22])
0 Ph+ H — PhH, (k=10%, [23])
0 Ph+ C,H —= PhC,H, (k = 10'3, [23])

Polyine polymerization on radical sites

0 C, Hg + C,H, —= C4Hsg (k= 10%, [23])

ng of radical sites’

0
0

@ See Note (a) to Table 1.

b c" isthe surface radical site, C-PY " isthe surface radical site with the polyine molecule attached to it.

CAristhearyl radical; R™ isthe hydrocarbon radical.

4 Inthe branchi ng reactions, the coefficients on theright side denote the average number of theradical sitesformed upon the rearrangement

of the polyine complex structure.

the sites for polyine polymerization and irreversibly
grow into polymeric globules, which are the initial
forms of soot particles.

In terms of the polyine model, the kinetics of carbon
film formation at the stage of polymer formation can
approximately be described by the following set of
equations[11, 12], the steady-state solution to whichis
obtained at infinity:

(Nu2) S = (1),

—a (Wterm + Wcarb) + alwpol (nbr - 1)’

3)

- al(Wterm + Wearh + Wpol)'

Here, a (0 < a) isthe surface coverage by radical sites;
a, (a, < 1) isthe surface coverage by radical sites with

one attached polyine molecule; Wy, is the rate of radical
dte generation a the inert polymer surface by H-atom
abstraction from the C—H group, W, istherate of their
decay in the heterogeneous reactionsinvol ving gaseous
molecules and radicals, and w,,,, (mol cm= s?) is the
rate of their decay by polymeric material carburization;
W, (Mol cm? s?) istherate of polyine addition to rad-
ical sites; (n,, — 1) > 0 is the degree of branching of the
stes for growth (the average number of additiona radicdl
sites generated upon the restructuring of a polyine com-
plex); A isthe surface area.occupied by one surface radical
site, ~1071 cn?® [16]; and N, is the Avogadro number.
The approximate expression for the branching rate w,,
which is true under steady-state conditions at w,,, +
Wcarb > Wgen iS

“)

Therate constantsfor the heterogeneous reactions at
the stage of polymer formation givenin Table 2 are esti-

2
W, = WpoI (nbr - 1)/ (Wterm + Weop + 2Wpol)'
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mated using the model based on the approach sug-
gested by Howard [16]. This approach implies that the
surface radical site and the gaseous phenyl radical
exhibit the same chemical activity. Taking this into
account, the rate of the heterogeneous reaction can be
determined by the number of collisions of gaseous spe-
cies with the surface radical sites multiplied by the
coefficient calculated from the avail able kinetic datafor
the gas-phase analogous reaction. This coefficient is
equal to the ratio of the rate constant for the anal ogous
reaction to the number of binary collisions between
gaseous reactants involved in the reaction. Within the
framework of this approach, the expression for the rate
of the heterogeneous reaction takes the form [10]:

K = O.25(u/mx)o'5k+/(NAT[Rz.), 5)

where k™ is the rate constant for the heterogeneous
reaction (cm/s); k* (cm® mol-! s) is the rate constant
for the gas-phase prototype reaction between the phe-
nyl radical Phwith amolecule (radical) X; my and p are
the weight of the X species and the reduced weight of

the Ph—X pair, respectively; and R.- (cm) isthe colli-

sion radius for the surface radical site C. Although
this approach is not ideal, it allows for estimating the
unknown rate constants for heterogeneous reactionsin
aconsistent way so that their main error can be repre-
sented by afactor that is amost independent of temper-
ature and reaction type. This unknown scaling factor
takes into account the difference in the chemical activ-
ities of the phenyl radical and the surface radical sitein
reaction with the same gaseous species.

Therate of the decay of the surface sites by the car-
burization of the polymeric material can be estimated
as W, = Keg/(NAA), Where K, IS the apparent first-
order rate constant for carburization. The k_,, vaue,
measured for the soot particles formed in the ethylene
flame [17], is 1.8 x 10° x exp (27 [kcal/mol]/RT) s~!.
In general, the carburization rate depends on the chem-
ical composition of the gas phase surrounding a grow-
ing particle. For example, the addition of benzene
vapors to diacetylene allows one to decrease the rate of
carburization of the soot particle material and thusobtain
samples of tranducent soot particles, the microphoto-
graphs of which are shown in [18]. This provides direct
evidence for the polymeric nature of the soot materia at
an early stage of particle formation. At the stage of coke
formation, the rate of carbon film formation can be
expressed as Wy, = 0MyyWyy, Where my, is the average
weight of 1 mol of polyinesinvolved in polymerization.

Note that, despite the fact that the above polyine
model is presented in chemical terms, it cannot be con-
sidered asastrict physicochemical variant of the mech-
anism of soot formation. Nevertheless, it is still useful
as a quantitative kinetic model, and its practical appli-
cation was confirmed by the perfect agreement between
the calculated and experimental data for all main
2000
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Fig. 2. Concentration profiles for the products of the gas
phase pyrolysis of acetylenein the boundary layer. The calcu-
lation was performed for the surface temperature of 1740 K,
the acetylene concentration in the flow of 10%, and the
boundary layer thickness & = 0.037 cm. The H, concentra-

tion virtually coincides with the profile of the diacetylene
concentration. Theratio of the distance from the carbon film
surface to the & value is plotted along the x axis.

parameters of soot formation during hydrocarbon
pyrolysis, such as the induction period, the concentra-
tion of the soot particles, and the soot yield. The calcu-
lations were performed for 900-2000 K and for differ-
ent hydrocarbons. methane, acetylene, ethylene, ben-
zene, diacetylene, and naphthalene [12].

RESULTS AND DISCUSSION

Figure 1 compares the Arrhenius plots of the rate
constant for carbon film formation [4,5] and the
reduced rate (with the apparent first-order rate con-
stant) w/[C,H,] calculated according to the above
model, where the rate w is expressed in mol cm= s,
The diffusion flowsin set (1) of the equations were cal-
culated in the binary diffusion approximation. The dif-
fusion coefficientsin argon for polyines and other spe-
cies of linear structure with the carbon skeleton C,,

were estimated by the equation Dg, = Dgy (1/n).

This relationship follows from the expression for the
binary diffusion coefficient D ~ [W[Ao*N), where [W[is
the average relative rate of the species, o* ~ 2n isthe
cross-section of the collision of the inert gas atom with
the linear carbon cluster species[19, 20], and N is the
concentration in the mixture 1/cm?). Calculations pre-
sented in Fig. 1 neglect the temperature dependence of
the boundary layer thickness. For the 10% C,H,/Ar
mixture, the value of & = 0.037 cm was chosen in such
a way that the transition from pyrocarbon to polymer
formation occurred at 1740-1800 K, as was observed
in the experiment. Thisboundary layer thickness seems
dightly overestimated as compared to the estimates for
the experimental conditions of [4, 5]. However, to
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Fig. 3. Concentrations of the products of the gas-phase
pyrolysis of acetylene near the surface as a function of the
surface temperature. The calculation was performed for the
acetylene concentration in the flow of 10% and the bound-
ary layer thickens 8 = 0.037 cm.

obtain the appropriate agreement with the experiment,
0 was set to 0.022 cm in the cal cul ations with the acet-
ylene concentration of 20%, which was also used inthe
cited papers (Fig. 1). Note that the apparent thickness of
the boundary layer can be measured in the experiments as
the thickness of the smoked region surrounding the heated
cylindrical conductor and, thus, the chosen numerica val-
ues can be checked. Asfollowsfrom thed ope of theArrhe-
niuscurvesin Fig. 1, the activation energy for polymer for-
mation obtained from the calculation data assuming that
the o value is temperature independent is dightly lower
than the experimentd one. However, d ~ T, and this correc-
tion provides a better agreement between the experimental
and calculated activation energies.

Figure 2 presents the profiles of the concentrations
of the stable products of the bulk pyrolysis of acetylene
asfunctions of the boundary layer thickness (which are
higher than 10~ mole fraction) and the concentrations
of severa hydrocarbon radicals that contribute signifi-
cantly to the surface growth of the carbon film. Among the
pyrolysis products not shown in Fig. 2, note ethylene
(C,H,) with a concentration of ~0.8 x 10~* mole fraction
near the surface, triacetylene (C¢H,) (~10-> molefraction),
and hexene-3-diene-l5 (HC=C-CH=CH-C=CH)
(~0.5 x 10~* mole fraction). The calculations show that

diacetylene and the C,H; and C,H, radicals (with the

rate constants for decay listed in Table 1), in addition to
acetylene make the main contribution to the rate of car-
bon film formation under the conditions of pyrocarbon
formation at ~1700 K.

Above 1700 K, only polyines, such as diacetylene
and triacetylene, make a noticeable contribution to the
process in addition to acetylene. The rate constants for
the heterogeneous pyrolysis of polyines are unknown,
and the values listed in Table 1 most likely exceed their
contribution to pyrocarbon formation. Nevertheless,
even in this case, the calculated rate of carbon film
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growth during pyrocarbon formation remains much
lower than the experimental one.

At temperatures up to 2200 K, the C,H " radical does
not affect carbon film growth, although the rate constant
for itsdecay iscloseto the maximal value (Table 1). This
estimate for the rate constant follows from the fact that
the rate of the heterogeneous reaction should be lower
than the rate of the gaseous species flow to the surface
(or the average number of collisions with a unit surface
per unit time) equal to ~1/4 V[X] mol cm™ s, where
vO(cm/s) is the average thermal rate of the gaseous
reactant species and [X] (mol/cm?) is the reactant con-
centration. For C, hydrocarbons, 1/40¥1J2 x 10* cm/s
at T = 1500 K. Thus, the efficiency of the decay of the

C,H; and C,H, radicals (the number of efficient colli-
sions with the surface divided by the overall number of
collisions) was set equal to ~(2-5) x 10~ in Table 1. It
may appear that an increase in the rate congtants for the
heterogeneousreactionsfor theseradicalsby 1-1.5 orders
of magnitude results in an agreement between the
experimental and calculated results and that the calcu-
lated rate of carbon film growth during pyrocarbon for-
mation coincides with the experimental one. Figure 2
shows that the maximum concentration of these radi-
cals is shifted from the surface into the bulk of the
boundary layer. Thisindicates that the rate of their het-
erogeneous decay isdiffusion-controlled. Therefore, an
increase in the rate constants only dightly affects the
contribution of the radicals to carbon film formation. |
deliberately set arather low rate constant for the heter-
ogeneous decay of the H radical in Table 1. This leads
to overestimating the conversion of the gas-phase
pyrolysis of acetylene in the boundary layer. However,
the products of the bulk pyrolysis under these condi-
tions are insufficient to obtain the observed rate of car-
bon film growth by the mechanism of pyrocarbon for-
mation.

Figure 3 illugtrates how the concentrations of the prod-
ucts of acetylene pyrolysisin the bulk near the hot surface
change with the surface temperature. Above 1800 K, the

C,H; and C,H, concentrations remain unchanged on

heating. This provides further evidence for the fact that an
experimental apparent activation energy for carbon film
formation of 76 kcal/mol cannot be obtained at high tem-

peratures by an increase in the contribution of the C,H,
and C,H radicasto thisreaction.

Because soot particles are formed from polycyclic
aromatic hydrocarbons within the boundary layer at
high temperatures in accordance with the aromaticity
theory [23, 24], it seems necessary to estimate the pos-
sible contribution of these components to carbon film
growth. The schemes of gas-phase reactions resulting
in the formation of polyaromatic compounds [23, 24]
include a great number of chemical components. This
fact complicates solving set (1) of eguations for the
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boundary layer. The upper estimate of the contribution
of polycyclic aromatic hydrocarbons to the heteroge-
neous growth of the carbon film can reliably be
obtained as follows. Neglecting the surface reaction,
the boundary layer can approximately be considered as
a chemical ideal plug-flow reactor with a temperature
equal to the surface temperature and with a residence
time of the gaseous mixture in it equal to T ~ &*/D
(where D is the diffusion coefficient). The T value is
~0.25 msat aboundary layer thickness of 0.037 cm. By
solving the spatially homogeneous non-steady-state
system of equations da;/dt = r;, where the g, and r; val-
ues are determined in set (1) of the equations, one can
estimate the concentrations of chemical componentsin
such areactor at t = 1. Figure 4 presents the solutions to
the spatially homogeneous model for various tempera-
tures and two residence times of the gaseous mixturein
the reactor: 0.25 and 0.50 ms. In the spatially homoge-
neous model, the chemical scheme of the gas-phase
reactions was substantially extended and contained the
formation of benzene and naphthalene. For compari-
son, Fig. 4 also presents the vinylacetylene concentra-
tions near the hot surface cal cul ated according to set (1)
of the equations for the boundary layer. As can be seen,
the maximum vinylacetylene concentration in the spa-
tially homogeneous model for 0.5 ms at 1400-2000 K
is close to that calculated by the equations for transfer
near the hot surface in the same temperature range.
Taking into account a similar temperature dependence
for the concentrations of vinylacetylene, benzene, and
naphthalene (Fig. 4), one can obtain rough upper esti-
mates for the concentrations of aromatic components
near the surface heated to a temperature higher than
1400 K: (2-5) x 107 and (1-2) x 107 mole fraction for
benzene and naphthalene, respectively. The concentra
tions of the higher polycyclic aromatic hydrocarbonsin
the boundary layer are still lower. Therefore, the contri-
bution of polycyclic aromatic hydrocarbonsto pyrocar-
bon formation in the experiments of [4, 5] remains neg-
ligibly small as compared to that of acetylene over the
entire experimental temperature range. Thisisdueto a
short characteristic time of boundary layer “ventila-
tion” and the dow accumulation of polycyclic aromatic
hydrocarbons. Note that, near the surface with a tem-
perature of more than 1600 K, further heating only
causes an increase in the concentrations of polyinesand
their radicals (Fig. 3). The concentrations of all other
gaseous products of acetylene pyrolysis decrease.

Al'tshuler [4, 5] claimed without sufficient experi-
mental evidence that the heterogeneous pyrolysis is
first-order with respect to acetylene concentration over
the temperature range studied. Figure 5 presents the
calculated reduced rate of coke and pyrocarbon forma-
tion as a function of acetylene concentration. Both the
temperature (2000 K) and the boundary layer thickness
(6=0.037 cm) remained unchanged. The curvesin Fig. 5
suggest that the reduced rate of carbon film formation
during polymerization is linearly proportional to the
acetylene concentration; that is, therate itself is propor-
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Fig. 4. Temperature dependence of the concentrations of (1, 1)
benzene, (2, 2') naphthalene, and (3, 3') vinylacetylene calcu-
lated from thekinetic equations under spatially homogeneous
conditions at constant temperature. Curves (1, 2, 3) were cal-
culated for the residence time in the reactor of 0.5 ms,
whereas curves (1, 2, 3') correspond to the residence time
of 0.25 ms. Filled squares represent the solution to set (1) of
equations for the boundary layer for vinylacetylene.
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Fig. 5. Calculated curve for the reduced rate of carbon film
formation w/[C,H,] vs. acetylene concentration. T = 2000 K,

0 =0.037 cm: (1) the reduced rate of pyrocarbon formation;
(2) the reduced rate of coke formation; and (3) the rate con-
stant K for pyrocarbon formation from [5].

tional to the concentration to the second power. Under
the conditions of pyrocarbon formation, the calculated
reduced rate only dlightly increases with anincreasein
the acetylene concentration because of an increase in
the contribution of the products of bulk pyrolysisin the
boundary layer. Figure 5 aso shows that the mecha-
nism of carbon film formation changes at an acetylene
concentration of ~7% vol %.

The experimental data of [5] suggest that the rate of
carbon film formation increases with a decrease in the
rate of the approaching gas flow. Figure 6 compares the
calculated and experimental [5] curves of the reduced
rate vs. the gasflow rate. In both cases, the acetylene con-
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Fig. 6. Reduced rate of carbon film formation w/[C,H,] asa

function of the rate of the approach gas flow U: (1) the
experimental value from [5] and (2) the calculated value.

centration (20% C,H,/Ar) and temperature (1773 K)
coincide. The boundary layer thickness for different
gas flow rates (U) was calculated by the equation o =
O, (Uy/U)?3 =0.022 cm, and U, = 1.5 x 10° cm/s.

CONCLUSIONS

Comparison of the calculated and experimental data
allows me to draw the following conclusions:

(a) The heterogeneous reaction on the surface of a
solid (particle) cannot quantitatively be described
within the framework of the model of pyrocarbon for-
mation from gaseous hydrocarbons taking into account
the contribution of the products of the gas-phase pyrol-
ysis of acetylene. Under certain conditions (the acety-
lene concentration, the blowing rate, and temperature),
the experimenta rate of carbon film growth is much
higher than that of pyrocarbon formation in this atmo-
sphere.

(b) The gas-phase pyrolysisin the boundary layer an
acetylene is passed around the hot surface forms the
composition of atmosphere near the surface similar to
that surrounding the soot particles during their nucle-
ation. Therefore, the high rate of carbon film formation
on the surface of asoot particle is solely determined by
the properties of the hydrocarbon atmosphere sur-
rounding this particle rather than the specific features
of anew soot particles;

(c) The kinetics of the carbon film growth on the
surface that accounts for the contribution of the prod-
ucts of the gas-phase pyrolysis of acetylene can quanti-
tatively be described to afirst approximation in terms of
the approach developed earlier and applied to the
growth of soot particles. However, the chemical mech-
anism that reflects an increase in the rate of the hetero-

KRESTININ

geneous reaction under these conditions requires fur-
ther extensive investigation.
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