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Abstract--The nonisothermal nature of hydrocarbon pyrolysis explains the differences in the critical temper- 
atures of soot formation in the experimental studies of these processes. When reaction heats are taken into 
account, the critical temperatures become close to 1600 K for all the systems studied. The estimated standard 
enthalpy of carbon atom formation in the composition of soot particles is AHf z = 11 + 6 kJ/mol. A kinetic 
model is proposed for soot formation in ethylene pyrolysis that describes the exl~erimental data. The calculated 
temperature of soot particles may differ substantially depending on the choice of a model for energy exchange 
in collisions. 

INTRODUCTION 

Most experimental data on the kinetics of soot for- 
mation were obtained in flames and shock tubes. The 
main results concerning experimental measurements 
and the model were discussed in review papers [1, 2] 
and a monograph [3]. The kinetic measurements of soot 
formation in shock waves have well-known advan- 
tages, the majority of which are the absence of the 
effects of reactant diffusion and heat transfer and the 
possibility for varying the ratio between initial compo- 
nents arbitrarily. In shock tubes, the kinetics of soot for- 
mation was studied in the pyrolysis of many substances 
[3, 4]. The experimental findings formed the basis for 
constructing kinetic models, which enable the descrip- 
tion of the following features of hydrocarbon pyrolysis: 

(1) The presence of induction period Xin o followed 
by self-acceleration; 

(2) Transition to a steady-state level when the 
weight fraction of soot Y is approximated by the for- 
mula Y ~ [ 1 - exp(-kefft)], where kef f is the effective rate 
constant of soot formation; and 

(3) Low-temperature dependence of the soot yield at 
the steady-state level is volcano-shaped with pro- 
nounced lower and higher temperature boundaries. 

The lower boundary of soot formation Tcr is espe- 
cially interesting because (a) Tcr may provide informa- 
tion on the zones of soot formation in the combustion 
of diffusional flames and (b) T~r enables reasoning on 
the main factors that initiate soot formation. Table 1 
summarizes the data [5] on the values of Tcr in diffu- 
sional flames for various hydrocarbons. This table also 
presents the results of T~r determination in shock waves. 
A substantial difference in the values of Tcr for different 
compounds and sometimes for the same compound 
from different sources is worth commenting on. This 
difference is explained by the fact that, in kinetic exper- 

iments on soot formation in shock waves, the condition 
of the substantial dilution of a reacting mixture with an 
inert gas is not always fulfilled, although dilution main- 
tains a constant temperature. The difficulty in creating 
these conditions is associated with the fact that soot is 
formed only after reaching a threshold concentration of 
a hydrocarbon in the mixture; that is, [C] > [C]c~, where 
[C]cr = (3-5) x 10 -7 mol/cm 3. Therefore, to carry out 
experiments under a pressure of about 1 atm, the initial 
mixture should be used that contains at most 1% of car- 
bon-beating molecules. Because soot formation occurs 
at high conversions, a change in temperature relative to 
the initial temperature may be several hundreds degrees. 
Such a temperature change may affect the process 
kinetics, and this should be taken into account when 
interpreting kinetic experiments. 

Soot formation in CC14 is an eloquent example. 
According to Frenklach et al. [6], Tcr ~ 2500 K in CCI a 
pyrolysis. This value is much higher than that obtained 
by Starikovsky et al. [5] for the same process and the 
values for other compounds listed in Table 1. This differ- 
ence is due to the fact that Frenklach et al. assigned the 
results on the soot yield to the initial temperature 
behind a shock wave. Since these experiments were 
carried out in the mixtures containing 9% ofCC14 in Ar, 
a decrease in the temperature of the mixture should be 
substantial in pyrolysis. 

Note that the main characteristics of soot formation 
in the pyrolysis of halogenated and nonhalogenated 
hydrocarbons are very close. Specifically, Table 1 
shows that the values of the critical temperature for all 
compounds are about the same, provided that the 
nonisothermal nature of the processes, is taken into 
account. Therefore, we suggest that the mechanisms of 
soot formation in the pyrolysis of halogenated and non- 
halogenated hydrocarbons are similar. 
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Another interesting aspect of nonisothermal soot 
formation is the possibility for the appearance of a dif- 
ference in the temperatures of growing particles and 
ambient gas. The growth of soot particles is accompa- 
nied by the corresponding energy release. This energy 
is accumulated on the internal degrees of freedom of 
growing particle possibly resulting in its overheating. If 
growth is fast, the dissipation of evolved energy in col- 
lisions with the particles of ambient gas may not be effi- 
cient enough, and a difference in the temperatures of 
gas and soot particles appears. 

The above conclusions may be illustrated by an 
experimentally observed difference in the temperatures 
of gas and soot near a heated support on which carbon 
film grew from the hydrocarbon phase in a reactor [7]. 
The temperature difference may reach hundreds of 
degrees, and this should be taken into account when 
describing the qualitative features of film growth. To 
our knowledge, there are no data on the temperatures of 
soot particles in the pyrolysis of hydrocarbons in shock 
waves, although they might be a useful source of 
kinetic information on particle growth. 

Nonisothermal effects considered above substan- 
tially affect the whole process of soot formation. To 
elucidate the nature of this effect, thorough analysis of 
the available experimental data and the creation of the 
corresponding model that would quantitatively predict 
thermodynamic aspects of the process are necessary. 
The goal of  this work is to develop of such a model and 
study nonisothermal effects considered above. 

KINETIC MODEL DESCRIPTION 

Choice of a model. The modeling of the soot forma- 
tion process is a challenge. The model should contain a 
block of gas-phase reactions that provide building 
blocks for the formation of a carbon matrix and the 
mechanism for the formation of the structure of this 
carbon matrix. 

Of all kinetic models for soot formation, the mech- 
anism proposed and developed by Frenklach [8] is most 
widely used. This mechanism is based on the addition 
of an acetylene molecule to a growing carbon matrix 
with the elimination of hydrogen atoms to the gas 
phase. This is the so-called Hydrogen Abstraction- 
Acetylene Addition (HACA) mechanism. Hydrogen 
atoms propagate the chain and recover acetylene mole- 
cules. Another approach is based on the assumption 
that polyyne molecules C2nH2 play an essential role. 
This mechanism formed the basis of a model proposed 
by Krestinin [9]. He proposed serious thermodynamic 
and kinetic arguments in favor of his mechanism, and 
these arguments let us consider this mechanism as a 
possible pathway for soot formation along with the 
competitive HACA mechanism and motivate submit- 
ting it to more thorough analyses. 

Table 1. Critical temperatures for soot formation in flames 
and shock waves [5] 

Fuel 
Tcr, K 

flames shock waves 

Acetylene 

Allene 

Ethylene* 

Benzene 

1,3-Butadiene 

Isobutane 

Toluene 

Methane 

Propane 

CCI 4 

CH2C12 

C2H2C12 

C2HCI 3 

C2H3C1 

CH3CI 

CHCI 3 

C6F6 

CF 4 

Hydrocarbons 

1665 

1585 

1700 

1580 

1650 

1684 

1570 

Halogenated hydrocarbons 

R 

m 

n 

1580 

1600 

1550 

1650 

1600 

1600 

1600 

1650 

1550 

1680 

2500** 

1580 

1800 

1800 

2000*** 

2000*** 

2000*** 

1600 

1700 

* Upper and lower values of Tcr obtained in shock tubes corre- 
spond to the measurements at high and low pressures. 

** Data from the experiments with mixtures containing 9.3% 
CCI 4 should be corrected taking into account that the gas mix- 
ture is substantially cooled because of CCI 4 dissociation 
before the start of the soot formation process. 

*** Tcr obtained at high concentrations of fuel in the starting mix- 
ture; these values should be corrected for the nonisothermal 
nature of the process. 

Description of the kinetic scheme. To model the pro- 
cess of soot formation taking into account nonequilib- 
rium temperature effects, we should use a kinetic 
scheme for which reliable thermochemical data on the 
main intermediate species are available. The kinetic 
scheme that models the process of soot formation in 
acetylene pyrolysis [9] formed the basis of  such a 
scheme. The mechanism of acetylene pyrolysis is based 
on the dominating role of polyyne molecules in the pro- 
cess of soot formation. This scheme was adapted to eth- 
ylene pyrolysis as described in Table 2. 
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Fig. 1. Transformations of the main species in ethylene pyrolysis. 

Figure 1 illustrates the sequence of transformations 
of the main species. Polyyne molecules are formed via 
the following reversible reactions 

C2nH2 + C 2H" , " C2n + 2H2 + H, 

C2n H" + C2H2 - " C2n + 2H2 + H, 

C2nH 2 + C 4H" . . C2n + 4H2 + H, 

C2nH" + C4H 2 , - C2n + 4H2 + H. 

These fast radical reactions result in an increase in the 
concentrations of species with a high C/H ratio. 

Bimolecular reactions between polyyne molecules 
with the elimination of molecular hydrogen lead to 
the formation of species with 20 carbon atoms or 
more. These reactions were considered to seed soot 
particles Z: 

C2nH 2 + C2mH 2 ,. Z + 2H 2 (m + n > 20). (I) 

A strict consideration of the properties of the con- 
densed phase (including soot particles), which is 

formed during the gas-phase reaction, requires the 
knowledge of the function of particle distribution over 
sizes. However, this is a very complicated problem, and 
therefore various approximations are used [10]. In this 
work, we are restricted to the monodispersed approxi- 
mation, which proved acceptable in other studies [11-13]. 
Within the framework of this approximation, it is only 
necessary to know the weight of the material formed 
and the concentration of the species. 

The reactions of Z particles with carbon-bearing 
molecules and gas-phase radicals containing one or two 
carbon atoms (C2nH" and C2nH2, n = 1-7) lead to an 
increase in the weight of soot and the recovery of chain 
carriers: H, H 2, CEH' ,  and CEH 2. These reactions take 

the following form within the monodispersed approxi- 
mation: 

Z + Ca,Ha - Z + H 2, (II) 

Z + C2nH" - Z + H. (III) 
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Table 2. Parameters of reactions included in the kinetic scheme of the soot formation process in ethylene pyrolysis 

79 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Reaction 

C2H 4 + M .  - C2H 2 + H 2 + M 

C2H 4 + M . . . .  C2H ~ + H + M 

C2H 4 + H .  - C2H ~ + H 2 

C2H 4 + H .  - CH3 + CH 2 

C2H 4 + H  2 ~  CH3 + CH3 

C2H 4+ C2H" . . C2H ~ +C2H 2 

C2H 4 + H 2 + M . .  C2H 6 + M 

C2H 4 + C2H ~ . - C4H 6 + H 

C2H ~ + M .  " C2H 2 + H + M 

C2H ~ + H .  "C2H 2 + H  2 

C2H ~ + H . - C H  2 + C H  2 

C2H; + C2H" . - C2H 2 + C2H 2 

C2H ~ + C2H ~ . - C4H 6 

C 2 H 2 + M .  " C2H" + H + M  

C2H 2 + H ~  " C2H" + H  2 

C2H2+H 2 -  - C H  2 + C H  z 

C2H 2 + C2H" . - C4H 2 + H 

C2H 2 + C2H 2 + M . - C4H 4 + M 

C2H 2+C2H 2 . . C4H 2 + H  2 

C2H 2 + C2H 2 �9 - C4H ~ + H 

C2H" + C2H" . - C4H" + H  

CH 2 + CH 2 ~ C2H 2 + H + H 

C H 4 + M .  ~ CH3 + H + M  

CH 4 + H .  , CH3 + H 2 

CH3 + M .  - C H 2 + H + M  

CH3 + H .  - CH 2 + H 2 

CH;  + CH;  . - C2H 6 

C4H 4 + M  . " C4H 2 + H  2 + M  

C4H 4 + M .  " C4H ~ + H + M 

C4H 4 + H  . " C4H ~ + H  2 

Rate constant 

forward reaction reverse reaction 

logA E a, kJ/mol logA E a, kJ/mol 

16.48 

17.64 

14.80 

15.95 

17.37 

13.48 

16.04 

12.38 

14.68 

13.60 

15.16 

1 1 . 9 8  

12.04 

20.00 

13.96 

16.78 

13.65 

17.45 

14.00 

15.54 

14.00 

14.30 

20.73 

14.98 

18.57 

13.78 

12.45 

16.52 

17.50 

1 1 . 6 0  

296.0 15.04 

410.0 15.87 

71.1 13.65 

250.0 13.60 

362.0 15.67 

0 13.28 

159.0 17.36 

33.6 13.66 

152.0 14.39 

0 13.94 

285.0 13.30 

0 13.27 

5.0 15.41 

531.0 19.43 

95.7 13.01 

316.0 13.48 

0 15.03 

217.0 18.59 

218.0 14.43 

326.0 15.80 

0 16.48 

0 15.87 

437.0 18.74 

37.4 13.61 

453.0 17.30 

63.1 13.12 

-11.1 15.46 

314.0 15.84 

356.0 16.64 

0 11.36 

126.0 

-7.1 

90.0 

0 

129.0 

101.0 

283.0 

39.7 

-36.9 

248.0 

0 

330.0 

361.0 

12.0 

13.3 

0 

61.4 

345.0 

197.0 

128.0 

200.0 

96.6 

0 

36.7 

0 

46.8 

347.0 

163.0 

27.2 

108.0 

Refe- 
rences 

[311 

[32] 

[311 

[33] 

[31] 

[34] 

[351 

[34] 

[31] 

[33] 

[36] 

[37] 

[311 

[37] 

[311 

[36] 

[38] 

[31] 

[34] 

[34] 

[9] 

Estimate 

[311 

[311 

[31] 

[391 

[311 

[34] 

[341 

[401 
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Table 2. (Contd.) 

No. 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

5O 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

ZHIL'TSOVA et al. 

Reaction 

C4H 4 + H .  - C2H ~ + C2H 2 

C4H 4+ C2H' . . C2H 2+ C4H ~ 

C4H 4+ C2H ~ �9 �9 C4H ~ +C2H 4 

C4H 4+ C4H" . - C4H ~ +C4H 2 

C4H ~ + M �9 , C4H 2 + H + M 

C4H 3 + H �9 - C4H 2 + H 2 

C 4 H 2 + M ,  - C 4 H ' + H + M  

C4H 2 + H ,  , Call" + H 2 

C4H 2+ C2H" , , C4 H" +C2H 2 

C4H 2 + C2H" �9 - C6H 2 + H 

C4H 2+ Call" , , C6H 2+ C2H" 

C4H + C2H 2 , , C6H 2 + H 

C4H + C4H 2 , ~ CsH 2 + H  

C6H 4 + M �9 - C6H 2 + H 2 + M 

C6H 2 . - C6H" + H  

C6H 2 + H ,  - C6H' + H 2 

C6H 2+ C2H �9 . C6 H" +C2H 2 

C6H 2 + C 2 H  , - C s H  2 + H  

C6H 2+ C4H , , C8H 2+ C2H" 

C6H 2 + C4H �9 " C10H 2 + H 

C6H 2 + C 4 H  ~ - . C6 H" +C4H 4 

C6H 2 + C6H . " C12H2 + H 

C6H' + C2H 2 ~ CsH 2 + H 

C6H" + C4H 2 �9 �9 CloH2 + H 

C8H 4 + M �9 , C8H 2 + H 2 + M 

CsH 2 , �9 CsH" + H 

Call 2 + H .  �9 C a l l ' + H 2  

CsH 2 + C2H" . . CsH" + C2H 2 

CsH 2+ C2H" �9 �9 CloH 2 + H  

CsH 2+ C4H" , , CloH2+ C2H" 

Rate constant 

forward reaction reverse reaction 

logA E a, kJ/mol 

13.15 

13.60 

13.00 

13.68 

16.01 

13.91 

17.82 

13.20 

13.30 

13.30 

15.23 

13.60 

15.54 

17.79 

14.90 

14.00 

13.81 

13.60 

13.48 

13.30 

13.30 

13.60 

13.60 

13.30 

17.70 

14.90 

14.00 

13.51 

13.30 

13.48 

logA E a, kJ/mol 

-37.6 12.32 

0 14.32 

60.6 13.91 

32.1 13.30 

249.0 15.56 

0 14.08 

488.0 17.34 

5.9 13.34 

0 14.39 

0 14.00 

141.0 14.30 

0 14.00 

75.4 17.61 

200.0 14.48 

502.0 13.11 

86.9 13.30 

-125.0 13.60 

0 14.00 

135.0 14.00 

0 14.00 

83.6 12.38 

0 14.00 

0 14.00 

0 14.00 

209.0 14.48 

502.0 13.43 

86.9 13.30 

-47.2 13.60 

0 14.00 

135.0 14.00 

21.0 

190.0 

150.0 

83.6 

-10.3 

178.0 

108.0 

62.4 

139.0 

62.7 

0 

66.0 

0 

0 

108.0 

0 

0 

62.7 

0 

66.0 

18.6 

66.0 

66.0 

66.0 

0 

30.1 

0 

0 

62.7 

0 

Refe- 
rences 

[311 

[381 

[341 

[91 

[381 

[341 

[311 

[311 

Estimate 

[381 

[91 

[381 

[311 

Estimate 

[34] 

[34] 

[91 

[34] 

[91 

[9] 

[9] 

[9] 

[34] 

[91 

Estimate 

[34] 

[34] 

[91 

[91 

[91 
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Tab le  2. (Contd.) 

81 

No. 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

8O 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

Reaction 

C8H 2 + C4H" . - C12H2 + H 

CsH 2 + C4H ~ . - C8H" + C4H 4 

C8H 2 + C6H" . - CI4H2 + H 

C8H" + C2H 2 . - CIoH 2 + H 

C8H + C4H 2 ., - C12H 2 + H 

C8H + C6H 2 , ' -  CI4H 2 + H 

CIoH4 + M ,  - CjoH 2 + H 2 + M 

CloH2 - '~ CloH + H 

C I o H 2 + H ,  , CloH + H  2 

�9 �9 

CloH 2 + C2H _~ . Clo H + C2H 2 

C10H2+ C4H ~ ~ - CIoH" +C4H 4 

CIoH 2+ C2H ~, - CI2H 2 + H  

C10H 2+ C4H , , .C12H2+ C2H 

CIoH2 + C4H . " C14H 2 + H 

CIO H + C2H 2 . " CI2H 2 + H 

CIO H +C4H 2 .  " C I 4 H 2 + H  

C12H4 + M ,  - CI2H 2 + H 2 + M 

CI2H2 ,  " Ct2H + H  

C I 2 H 2 + H ,  - CI2H + H  2 

C12H2+ C4H ~ - - C12 H" +C4H 4 

CI2H 2+ C2H , ,. CI2H +C2H 2 

CI2H2 + C2H , ~ CI4H2 + H 

CI2H + C2H 2 , " CI4H 2 + H 

C14H 4 + M , - CI4H 2 + H 2 + M 

H 2 + M ,  - H + H + M  

CIoH 2 + CIoH 2 ~ Z + H 2 + H 2 

CI2H 2 + C8H 2 ~ Z + H 2 + H 2 

CI2H 2 + CIoH 2 " Z + H 2 + H 2 

CI2H 2 + CI2H 2 ~" Z + H 2 + H 2 

CI4H 2 + C6H 2 " Z + H 2 + H 2 

CI4H 2 + CsH 2 ," Z + H 2 + H 2 

CI4H 2 + CIoH 2 ~ Z + H 2 + H 2 

Rate constant 

forward reaction reverse reaction 

logA E a, kJ/mol 

13.60 0 

13.30 83.6 

logA E a, kJ/mol 

14.00 66.0 

12.68 -59 .4  

13.00 

13.60 

13.60 

13.00 

17.70 

14.90 

14.00 

13.51 

13.30 

13.30 

13.48 

13.30 

13.60 

13.30 

17.70 

14.90 

14.00 

13.30 

13.51 

13.30 

13.60 

17.70 

15.11 

12.81 

12.81 

12.81 

12.81 

12.81 

12.81 

12.81 

0 

0 

0 

0 

209.0 

502.0 

86.9 

-47 .3  

83.6 

0 

135.0 

0 

0 

0 

188.0 

502.0 

86.9 

83.6 

-47 .3  

0 

0 

188.0 

423.0 

0 

0 

0 

0 

0 

0 

0 

14.00 

14.00 

14.00 

14.00 

14.48 

13.43 

13.30 

13.60 

12.37 

14.00 

14.00 

14.00 

14.00 

14.00 

14.48 

13.43 

13.30 

12.37 

13.60 

14.00 

14.00 

14.48 

14.49 

66.0 

66.0 

66.0 

66.0 

0 

30.1 

0 

0 

0 

62.7 

0 

66.0 

66.0 

66.0 

0 

30.1 

0 

18.6 

0 

62.7 

66.0 

0 

-13.1 

Refe- 
rences 

[9l 

H 

H 

Estimate 

[91 

H 

M 

H 

M 

H 

M 

Estimate 

[91 

H 

H 

H 

Estimate 

[311 

[9] 
M 

M 

pp 

H 

pp 
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No. 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

Reaction 

C14H 2 + Cl2n2 ,. Z + H 2 + H 2 

Ci4H 2+C14H 2 m.Z+H 2 + H  2 

Z + C 2 H 2 + M  . . Z + H 2 + M  

Z+  CEH" + M  . - Z + H + M  

Rate constant 

forward reaction reverse reaction 

logA E a, kJ/mol logA E a, kJ/mol 

Z+C 4H 2 . " Z + H  2 

Z +  C4H , " Z + H  

Z + C6H 2 - Z + H 2 

Z+  C6H ,- Z + H  

Z + CsH 2 ,. Z + H 2 

Z +  CsH - Z + H  

Z + CloH2 - Z + H 2 

Z +  CioH - Z + H  

Z + Cl2H2 - Z + HE 

Z +  C12 H ,. Z + H  

Z + C14H2 ,. Z + H 2 

Z + C4H 4 ,. Z + H 2 + H 2 

Z +  C2H , �9 Z +  C4H 

Z+C 2H 2 �9 " Z + C 4 H  2 

Z + Z  , Z 

12.81 

12.81 

13.72 

13.74 

11.48 

11.48 

9.70 

9.70 

9.70 

9.70 

9.70 

9.70 

9.70 

9.70 

9.70 

9.70 

13.30 

13.30 

12.65 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

184.0 

182.0 

0 

28.84 

28.86 

10.30 

13.30 

11.48 

11.48 

D 

m 

577.0 

577.0 

10.3 

446.0 
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0 
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t t  
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Note: The rate constants are described in the form k = Aexp(-EalRT) in mol, cm 3, and s. 
The rate constants for reactions with Z as a reactant are proportional to the frequency of collisions and change with a growth of the 

average size M z of soot particles. This was taken into account by multiplying the values cited in the table by TII2B 112 M 213 (for reac- 

tions 95-110 or by T 1/2 M 116 for reaction 111), where B is the number of carbon atoms that transfer from the gas into the solid phase 
or backward. 

We also included reactions that are the reverse of  (II) 
and (III) for  n = 1 and 2. The occurrence of  reverse 
reactions enabled us to determine the equilibrium yield 
of  soot. In addition to other reactions, we included in the 
model of  soot formation the step that describes the pro- 
cess of  soot particle coagulation in a simplified form: 

Z + Z  . .Z .  (IV) 

Thus, the weight of  carbon in the condensed phase 
changes in reactions (I)-(III),  and the concentration of  
particles changes in reactions (I) and (IV). I f  the rates 
of  these processes are known, the changes of  the aver- 
age size of  soot particles can be calculated. 

The rate constants for reactions responsible for the 
formation of  soot particles, their growth, and their 
destruction (reactions 86-111 f rom Table 2) were fitted 
to experimental  data. Clearly, these reactions are not 
elementary and describe several physical and chemical 
processes. 

Determination o f  the heat of  formation for soot par- 
ticles. To reveal thermal factors that affect the kinetics 
of  soot formation, it was necessary to determine the 
thermodynamic parameters of  soot particles formed in 
the reaction. The determination of  soot formation heat 
should be considered separately. 

Wang and Frenklach [14] analyzed the formation 
heats for polyaromatic molecules and benzenoid radi- 
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cals calculated by different methods (group method, 
semiempirical molecular dynamics simulations, and 
quantum mechanics). These data were compared to the 
experimental data for various substances [15]. Wang 
and Frenklach proposed the methods for calculating the 
heats of formation using a combination of quantum- 
mechanical and group methods. The values of the heats 
of formation per one carbon atom are 11.5-16.0 kJ/mol 
for coronene (depending on the calculation method) 
and 6.3-11.8 kJ/mol for large molecules (H/C ~ 0). 
The experimental data have been only found for 
medium-sized substances (up to perylene, whose for- 
mation heat is 16.5 kJ/mol). The calculation results for 
large molecules strongly depend on the method. 

Our analysis of the experimental temperature 
dependence of the soot yield in n-hexane pyrolysis at 
various pressures [16] suggested that the heat of soot 
formation can be estimated by a method other than 
those considered in [14]. It is important that experi- 
ments reported in [16] were carried out using the same 
setup and the same method for soot measurements as in 
this work. 

The main idea that forms the basis for the method 
discussed below is to describe a shift of the bell-shaped 
curve of soot yield in a temperature scale depending on 
the molar fraction of the hydrocarbon in the starting 
mixture with argon. This effect is most pronounced in 
experiments with n-hexane [16] and n-heptane [I 7]. In 
the experiment with ethylene, the shift is small. This is 
because the process of soot formation in ethylene is vir- 
tually thermoneutral. Therefore, we did not expect any 
noticeable shift in the case of ethylene. The shift is 
more pronounced for n-hexane comparatively to n-hep- 
tane [17]. In our opinion, there are two reasons for that. 
First, in the experiments with n-heptane, the mixture 
contained some amount of oxygen (with a stoichiometric 
coefficient of 5), which may substantially compensate 
for the heat loss during the decomposition of starting 
molecules by heat evolved in their partial oxidation. 
Second, the experiments with n-heptane were carded 
out in a tube with a small diameter (3.1 cm). Therefore, 
the gas-dynamic heating of gas is possible behind a 
reflected shock wave because of the turbulization of the 
boundary layer and the partial adiabatic compression of 
gas near the end of the tube. Therefore, we chose the 
experiments with n-hexane to estimate the heat of soot 
formation. 

Open circles in Fig. 2 show the results of the 
measurements of soot yield in n-hexane pyrolysis for 
different pressures behind the shock waves. The con- 
centration of n-hexane behind the front of a reflected 
shock wave was about the same in all the runs (-8.33 x 
10 -7 mol/cm3). Each of three series of experiments 
forms its own bell-shaped curve, which is shifted 
toward higher temperatures when the pressure is lower 
(see Fig. 2). The maximum value of soot yield for each 
series is approximately the same (20--22%). Because 
the yield of soot is determined by the corresponding 
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Fig. 2. Soot yield (Y) versus initial (open circles, triangles, 
squares; dashed lines) and final (solid circles, triangles, and 
squares; solid lines) temperatures of the mixture behind the 
shock waves in n-hexane pyrolysis at the (1) 25, (2) 50, 
and (3) 100 bar. The concentrations of n-C6HI4 are (1) 0.714, 
(2) 0.273, and (3) 0.144%. 

thermodynamic conditions formed due to physico- 
chemical processes in the mixture during pyrolysis, we 
may assume that, despite the differences in initial con- 
ditions, the final temperature of the mixtures in the 
points of maxima of bell-shaped curves is the same. 

The experimental points shown in Fig. 2 refer to the 
initial temperature of the mixture without considering 
that the overall process is endothermic and the final 
temperature of the mixture is lower than the initial tem- 
perature. Considering that the relative shifts of bell- 
shaped curves are due to the nonisothermal nature of 
the process, let us estimate the apparent heat of soot 
formation. 

Figure 2 shows bell-shaped curves for a series of 
experiments differing in pressure. The curves shift 
toward higher temperatures for a higher molar fraction 
at a constant concentration of n-hexane. Let us deter- 
mine approximate maxima (:/'max) for each mixture and 
construct a plot of these maxima versus the n-hexane 

0 0 
molar fraction (Nhex/N m ) in the initial mixture (Fig. 3). 
The resulting dependence is approximated by a linear 
equation 

0 0 
Tma x = 1793 + 29153Nhex/Nm, 

where N ~ m is the initial concentration of molecules in 
the gas. 

This result enables the estimation of the heat of soot 
formation per one carbon atom. Let us assume that soot 
particles contain 22% of the starting carbon (Fig. 2) and 
that the rest of carbon and the entire hydrogen remain 
in the gas phase and form hydrocarbon species, which 
are in local thermodynamic equilibria. Upon calculat- 
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Fig. 3. Temperature of the maximal yield of soot versus 
n-hexane molar fraction in the initial mixture in the pyroly- 
sis of n-hexane behind a shock wave at various pressures. 

ing the final equilibrium composition of gas and know- 
ing the composition of the starting mixture and initial 
and final temperatures, we may calculate the heat of the 
process and the heat of soot formation from the condi- 
tion of heat balance 

o + ~_~Ni(AHT, i - ATCi) NhexAHr, hex 

AHT z = i , ( 1 )  
' Ncz 

where AHr. nex is the enthalpy of n-hexane formation at 
T = 1793 K; AHr, i, Ni, and Ci are the enthalpy of forma- 
tion, equilibrium concentration, and heat capacity of 
species that are taken into account in the calculation of 
the equilibrium composition of the final gaseous mix- 
ture; AT is a change in the temperature of mixture after 
the reaction; and Ncz is the concentration of carbon 
atoms accumulated in soot particles. 

The equilibrium composition of the gas is calculated 
from the balance condition with respect to carbon and 
hydrogen atoms. Thermodynamic equilibrium con- 
stants for the species [18] were used corresponding 
to the conditions of the maximum yield of soot, 
taking into account a shift in the temperature: T= 1793 K, 

the initial concentration of n-hexane is N~hex = 8.33 x 

10 -7 mol/cm 3, and the yield of soot is Y = 22%. In this 
calculation, we assumed that the gas contains only 
small molecules and radicals containing up to four car- 
bon atoms. We calculated the equilibrium composition 
taking into account the species containing at most two, 
three, and four carbon atoms. The results of calculation 
show that, with an increase in the number of species under 
consideration, the values of AHr, z increase: -5 kJ/mol 
for C2; 23 kJ/mol for C2- and Ca; and 26 kJ/mol for C4. 

As can be seen, the value of AHr. z obtained when C 3 
species are taken into account differs substantially from 
the values obtained when only C2 species are taken into 
account. However, a further increase in the number of 
species that are taken into account, the AHr, z value 
remains virtually the same. Therefore, it is reasonable 
to assume the estimated value AHr, z = 26 kJ/mol. 
Because the error in determining AT is about +_20 K 
(see Fig. 2), the error in determining the maximum 
yield of soot is ~20%, and the error in determining 
AHr, z associated with the inaccuracy in the equilibrium 
composition of the gas phase is -2  kJ/mol, we obtain 
from equation (1) that the error in determining AHr, z is 
+6 kJ/mol. Thus, AHr, z = 26 + 6 kJ/mol. Using the data 
on the heat capacity of gaseous graphite [ 18], we obtain 
the value of the standard heat of soot formation AHf, z = 
11 + 6  kJ/mol. This value correlates well with the 
results of the earlier calculation [ 14]. 

Using the value AHf, z = 11 kJ/mol, we calculated 
the final temperature for each of the experimental 
points in Fig. 2 using the method described above. Fig- 
ure 2 shows the dependence of the soot yield on the 
final temperature of the mixture (solid circles). It is 
seen that the results of soot yield measurements for dif- 
ferent pressures form a unified dependence on the final 
temperature of the mixture. 

Calculation o f  the temperature o f  soot particles. 
The complete description of the energetic characteris- 
tics of the particles should be based on solving the set 
of macrokinetic equations for the nonequilibrium energy 
distribution (ED) function, taking into account that, in 
the condensation process, the size distribution (SD) 
function of particles is also formed. In practice, finding 
a solution for the two-dimensional distribution function 
is very difficult. Considering current capabilities in 
describing the nonequilibrium effects in kinetic pro- 
cesses involving microparticles, the best results can be 
obtained if the apparent vibratory temperature for 
medium-sized particles is used. The use of vibratory 
temperature has approved itself in molecular and 
chemical kinetics [11, 12]. Also, Monte Carlo calcula- 
tions [13] point to the fact that, for the particle, one can 
introduce some apparent temperature Tapp (which, in 
fact, should be considered the vibratory temperature); 
that is, a particle has Boltzmannian ED and its temper- 
ature differs from that of the gas phase. 

The calculation of the average size of soot particles 
using the methods of formal kinetics is easy. For that, it 
is enough to introduce the equations for the concentra- 
tion of soot particles and carbon atoms which enter the 
composition of these particles into the set of the differ- 
ential equations of chemical kinetics. From the stand- 
point of formal kinetics, soot particles are not different 
from other components (molecules, radicals, and 
atoms) of the kinetic scheme. The corresponding differ- 
ential equation can be written in a usual form taking 
into account the number of carbon atoms that transfer 
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into the condensed phase and back to the gas phase in 
reactions (I)-(III) or similar reactions. 

To estimate the temperature of soot particles, let us 
consider their energetic balance, which accounts for 
heat fluxes associated with the reactions of particle 
growth and destruction and energy exchange with the 
atoms of ambient gas. 

The main physical parameter that characterizes the 
process of energy exchange is the value of the average 

energy that transfers in a collision AE. This parameter 
can be estimated using the statistical theory of unimo- 
iecular reactions [ 19, 20]. This approach considers soot 
particles as quasimolecular entities with corresponding 
ED [11, 21-24]. This function is formed due to compet- 
ing chemical processes resulting in the deterioration of 
equilibrium ED and energy exchange in collisions with 
the atoms of a buffer gas, which recovers its deterio- 
rated equilibrium. 

To carry out this calculation within the framework 
of statistical theory, it is necessary to know the number 
of vibratory energetic states for a particle W(E) in the 
interval [0, E] and their density depending on the exci- 
tation energy p(E). Strict determination of these func- 
tions requires summing over the whole spectrum of the 
vibratory frequencies of a particle. In the simplest case, 
when E -> hto (quasiclassical approach), the number of 
energetic states for the vibratory motion of a molecule 
is adequately approximated by the equation 

W( E) = AE',  

where s is the number of vibratory modes. We will fur- 
ther use this formula and the corresponding expression 
for the state density 

d W(E) _ sA E ~- i 
p(E) = dE 

The statistical model [25-29] of energy exchange 
implies that, during collision, a collisionai complex is 
formed whose lifetime is long enough for the random- 
ization of its energetic states. Upon the decomposition 
of this complex, energy is randomly distributed accord- 
ing to statistic weights of various degrees of freedom of 
products. If before the collision, the internal energy of 
the species is E0 and the kinetic energy of collision is 
E 0, then the probability p(AE) of a change in the inter- 
nal energy of the species is AE (-E 0 < AE < E0) equal to 

AE 

~ (E0 + x) '~- l(E 0 - x)O/2_ ldx  

p(AE) = -E~ 
E 0 

[ ( E  + x).~- l(E ~ _ x ) 0 / 2 -  ~dx 

- E  0 

where 0 is the number of degrees of freedom of the 
translational motion of species participating in the col- 

lision (in the general case, 0 = 4). Upon integration, we 
have 

E o + AE 
p(AE) = e S ( l + s - s e ) ,  e = 

E0 + E a" 

The probability density (the distribution function) of an 
energy change during collision is 

F(AE) = dp(AE) s (s+ 1)^s-l,, e). 
dAE = E 0+E0 e ~ -  

The average change in the energy and the average square 
of the energy change during collision with energy E0 are 

E0 
sE  o - 2E 0 1" 

(AE) = j A E F ( A E ) d A E  = 
s + 2 

- E  0 

Upon averaging these expressions according to the 
Maxwell distribution function over collision energies 
F o = (RT)-IEoexp(-Eo/RT),  we have 

A---E = RT.  s - O  
1 + s / 2 '  

0 = E o / R T .  

If the apparent temperature of a particle is T z and the 
gas temperature is Tg, then O = sTz/Tg at high values of 
s, and the average energy transferred during collisions 

is AE = 2R(Tg - Tz). The temperature of particles 
changes because of vibratory-translational relaxation 
at the rate 

( d T z ~  2(I,(~ V'av Nm 
dt ./vr = ~ (Tg + Tz), (2) 

2 �9 ,r2/3 where t~ = nrolVl z is the collision cross-section of soot 
particles with the gas molecules; M z is the number of 
carbon atoms in a particle; r 0 is the average size per one 
carbon atom in a particle; v',v = (8nkTg/p.) i/2 is the aver- 
age heat rate, 1 a is the apparent mass; Nm is the concen- 
tration of molecules in the gas phase; and ~ is the coef- 
ficient of collision efficiency. 

Intramolecular vibratory energy exchange during 
collision is usually incomplete. That is, during colli- 
sion, not all of the modes of a particle take part in the 
process of energy redistribution over the degrees of 
freedom, and statistical theories should be modified. 
Therefore, to describe the process of energy exchange 
in the case of complex polyatomic molecules and parti- 
cles, the local model of the statistical complex [28] is 
used, which assumes that statistical equilibrium is 
attained for the separate low-frequency vibratory and 
rotational degrees of freedom of a collisional complex 
[12]. The distribution of energy over other degrees of 
freedom of a molecule occurs between collisions. This 
model leads to rather complex expressions, and, in the 
general case, it requires the correct consideration of the 
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interactions between separate vibratory modes of a 
molecule or a particle. Because information on the 
interactions between modes is associated with substan- 
tial uncertainties, we restricted ourselves to introducing 
the coefficient {x into expression (2). This empirical 
coefficient accounts for the probability of collisions 
without energy exchange. 

Another component that determines a change in the 
apparent temperature of particles is the occurrence of 
the chemical reactions of growth or destruction of soot 
particles. A "chemical" term in the equation for a 
change in the temperature of soot particles has the fol- 
lowing form: 

~_~wiQi 

( d r z ]  = , 

dt Jehem 3~I~Ncz ' 

where wi and Qi are the rates and heats of reactions (I)- 
(IV) involving soot particles; 13 is an empirical coeffi- 
cient that accounts for the fraction of energy evolved in 
the chemical reactions and remaining on the vibratory 
degrees of freedom; and Ncz is the concentration of car- 
bon atoms in the condensed state. 

The complete set of equations, which models the 
kinetics of soot formation, involves equations that 
describe changes in the concentrations Ni (i = 1 . . . . .  np) of 
reacting components: 

where Ci is the heat capacity of the ith component of the 
mixture. 

The rate constants of forward and reverse reactions 
involved in the kinetic scheme are listed in Table 2 in 
the Arrhenius form k = Aexp(-Ea/RT ). We assumed 
that for the reactions where soot particles are reactants, 
the rate constants are proportional to the frequency of 
collisions and change with a change in the particle size. 
The preexponential factors for reactions 95-111 from 
Table 2 were multiplied by the current values of 
(Ncz/Nz) 2Is T~/2 . 

An important component of this model is the depen- 
dence of the rate constant for particle destruction 
(reverse reactions 95-98, 109, and 110) on the temper- 
ature of particles Tz: k = Aexp(-Ea/RTz). 

Note that equation (3) for the temperature of parti- 
cles describes to a first approximation the balance of 
energy formed in the exothermic processes of apparent 
particle Z growth, the reverse endothermic reactions, 
and the processes of vibratory cluster-gas energy 
exchange (V-T relaxation). A more complete and diffi- 
cult task is the description of the structural transforma- 
tion of soot particles in the process of their growth, tak- 
ing into account the energetics of this process. In most 
cases, the reaction rates of the structural transformation 
of particles are sensitive to a reserve of the vibratory 
energy of particles. 

n r 

dNi 
dt = ~ wjrlij, 

j=l 

where np is the number of components participating in 
the process, including soot particles and carbon atoms 
entering their composition; n r is the number of reac- 
tions in the scheme (Table 2); w~ is the rate of the jth 
reaction; and n# is the stoichiometric coefficient of the 
ith component m thejth reaction. In the equation for the 
concentration of carbon atoms in the composition of 
soot particles, the stoichiometric coefficient equals the 
number (with a positive sign) of carbon atoms that 
transfer from the gas to the condensed phase due to the 
reaction. The negative sign corresponds to the reverse 
process. The set of equations also contains the equation 
for soot particle temperature 

drz=(drz  + (drz  
dt ~. dt Jc~m ~, dt Jvr' (3) 

and gas temperature 

dTg _ 
m 

dt 

n r 

,1 
j =  1 VT 

n p  

~_~ CiNi 
i = 1  

(4) 

CALCULATION RESULTS AND DISCUSSION 

The calculation of the kinetics of soot formation 
was carried out for ethylene pyrolysis at a pressure of 
50 bar and initial temperatures of 1700-2200 K. 
A mixture of c2n  4 (0.66%) in argon was studied. The 
experimental data used for simulating the kinetic 
scheme were obtained in reflected shock waves in a 
setup described in [16] using the method of light 
absorption at a wavelength of He-Ne laser irradiation 
of ~. = 632.8 nm. 

Figure 4 shows the calculated dependence of soot 
yield on time for various initial temperatures along with 
the experimental dependences obtained under compa- 
rable conditions. Figure 5 shows the calculated and 
experimental dependences of soot yield on the initial 
temperature of the mixture by the time t = 1 ms. 

The greatest attention in calculation was paid to 
changes in the temperatures of gas and particles during 
the process. Figure 6a shows the calculated curves for 
the temperatures of gas phase and soot particles. A drastic 
decrease in the temperature is initially observed, which 
is associated with the endothermicity of ethylene 
decomposition. The amplitude of a temperature 
decrease is 50-100 K, depending on the initial temper- 
ature. Then, the temperature somewhat increases and 
reaches the equilibrium level. The temperature of soot 
particles is noticeably higher than the gas temperature. 
The highest temperature difference is observed during 
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Fig. 4. Soot yield versus time for various temperatures of the mixture behind shock waves: (1) 1733, (2) 1839, (3) 1903, (4) 2003, 
and (5) 2166 K. Dashed lines represent the experiment and solid lines represent the calculation. 

intensive soot formation. By the end of the process, the 
temperatures of particles and gas become the same. 
Within the framework of the model adopted here, the 
factor that determines the temperature gradient 
between particles and gas is the coefficient t~, which 
characterizes the efficiency of energy exchange 
between particles and ambient gas. Figure 6b shows a 
change in the profile of particle temperatures when 
varying the coefficient tt from 0.1 to 0.001 (at t~ = 1, 
the difference between temperatures is virtually 
absent). 

To find out if the model that describes the growth of 
soot particles and the evolution of particle and gas tem- 
peratures is adequate to the experiment, we should 
compare the calculation to the experimental data on the 
temperature of particles in hydrocarbon pyrolysis. We 
are planning to supplement the "temperature" equation 
with the terms to account for structural transformation 
and corresponding energetics and discuss this problem 
elsewhere. 

When modeling the processes of condensed phase 
formation during gas-phase reactions, including soot 
formation, it is necessary to pay attention to the dynam- 
ics of particle size. In the general case, during these 
processes, the function of condensed-phase panicle 
distribution over sizes is formed. It is rather difficult to 
determine the dynamics of parameters of this distribu- 
tion function either experimentally or theoretically. 
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A change in the size of particles is due to the initiation 
and monomer addition reactions and coagulation pro- 
cesses. In several papers, this problem was discussed 
using a starting point of  various model systems for the 

Fig. 5. Soot yield by the time t --- 1 ms versus the initial tem- 
perature behind the front of a reflected shock wave for the 
0.66% C2H4/Ar mixture at 50 bar. Points represent the 
experiment and the line represents the calculation. 
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Fig. 7. (a) Calculated concentrations of soot particles and 
(b) soot yield at different values of the rate constants of the 
reaction Z + Z ,. Z : ( 1 ) 4 . 5 x l O l l , ( 2 ) l . 5 x l O 1 2 , ( 3 ) 4 . S x  
1012, and (4) 1.5 x 1013 cm 3 mol -I S -1 (the 0.66% C2H4/Ar 
mixture, 2003 K, 50 bar). 

condensation of supersaturated metal vapors formed 
behind shock waves as a result of the decomposition of 
metal-containing compounds [22, 30]. The data on the 
changes of soot particle size and concentrations in 
pyrolysis are very scarce [17]. In the kinetic scheme 
considered above (Table 2), this problem is solved 
within the framework of monodispersed approxima- 
tion. Coagulation processes occurring in the system are 
modeled with the apparent reaction Z + Z - Z. 
Figure 7 shows how the concentration of soot particles 
and the yield Y of soot change depending on the value 
of the rate constant of this reaction. As can be seen, the 
value of this rate constant does not substantially affect 
the yield of soot, but it does affect the concentration and 
size of particles. 

This result suggests that a more detailed description 
of coagulation in the general set of equations is not the 
first-priority task in the description of the above inte- 
gral characteristics (Y and keff) of the soot formation 
process in shock waves. 

As can be seen, the results of calculation describe 
the main characteristic features of soot formation, such 
as the presence of the S-shaped profile of soot concen- 

tration with a pronounced induction period and the for- 
mation of a volcano-shaped plot for soot yield versus 
initial temperature. This lets us conclude that soot for- 
mation via polyyine molecules, which forms the basis 
of our model, may be considered as one of the most 
probable mechanisms along with HACA and other 
mechanisms. The formation and growth of soot parti- 
cles probably occurs via different pathways: via 
polyyne chains or polyaromatic compounds. Depend- 
ing on the conditions for soot formation, gas-phase 
composition, and process stage, one of the mechanisms 
may dominate over others. However, in the general 
case, soot formation is a complex process which may 
occur via different pathways. 

An important aspect of soot formation modeling is 
an account of unsteady temperature, which reveals 
itself during the process. It is necessary to take into 
account both a change in the gas temperature and the 
temperature of soot particles. The knowledge of parti- 
cle temperature is necessary for interpreting optical 
measurements and describing the kinetics of soot for- 
mation. The dynamics of temperature during the pro- 
cess is especially important when modeling the pro- 
cesses of the structure formation of soot particles. In 
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this work, we did not discuss this important aspect. 
Obviously, the temperature of soot particles rather than 
the gas-phase temperature determines the process of 
their structure formation. 
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