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A comprehensive analysis of synthesis gas (syngas) oxidation kinetics in wide ranges of
temperature, pressure, fuel-to-air equivalence ratio, and fuel composition is performed
on the basis of the reaction mechanism of syngas ignition and combustion in air.
A vast set of experimental data on the ignition delay time, laminar flame propagation
velocity, and time evolution of mole fractions of the basic species, which were obtained
in shock tubes and in a flow reactor, is used for verification of the kinetic model. Based
on a sensitivity analysis, it is shown that the role of reactions determining the basic
characteristics of ignition and combustion depends on the composition of the fuel-air

mixture and the syngas proper.
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INTRODUCTION

The possibility of using alternative fuels both in
power engineering and in engines of various transporta-
tion systems has been intensely discussed recently. Par-
ticular attention of researchers is focused on the so-
called synthetic fuels formed during coal gasification or
partial gasification of saturated and non-saturated hy-
drocarbons whose composition mainly includes molec-
ular hydrogen and carbon oxide [1]. Depending on the
method of production of such a synthetic fuel (it is usu-
ally called the synthesis gas or syngas), the ratio of
these two species can vary within wide limits. Though
the kinetics of oxidation of each species in the syngas
(Hz and CO) is rather well known and detailed kinetic
models have been developed to describe ignition and
combustion of Hy-Os (air) and CO-O; (air) mixtures
[2-8], many problems inherent in the correct descrip-
tion of syngas oxidation kinetics have not been solved
yet [9, 10]. [In what follows, the expression of the type
“Ho—O4 (air)” means that either Oy or air is used; the
same refers to “... + Ny (He)” ]

It should be noted that the reaction mechanism of
oxidation of the Ho—CO mixture is the basic mechanism
for constructing kinetic models of ignition and combus-
tion of almost all hydrocarbons, i.e., an adequate de-
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scription of the processes in the Ho—CO-O2 (air) mix-
ture is extremely important for understanding the ki-
netics of chain reactions in more complicated fuel-air
systems [9]. That is why significant recent efforts have
been applied to experimental investigations of syngas ig-
nition and combustion processes [11-15] and to creation
of extended reaction mechanisms [16-18] that ensure an
adequate description of these experiments. These mod-
els have been developed owing to significant progress
in more accurate calculations and measurements of the
rate constants of elementary reactions, in determining
the thermodynamic properties of individual substances,
and also in measuring the characteristics of combus-
tion processes, such as the ignition delay time and the
flame propagation velocity in the Ho—~CO-O3 (air) mix-
ture. Nevertheless, despite significant achievements in
the development of the kinetic mechanism of ignition
and combustion of Hy—Os and CO-0Os mixtures, the
list of reactions in the oxidation mechanism of both hy-
drogen and carbon oxide is far from being complete.
For instance, the above-mentioned kinetic models do
not include reactions with participation of Oz, which
are necessary to describe the processes of oxidation and
ignition of various mixtures containing hydrogen, hy-
drocarbons, and ozone.

0010-5082/10/4605-0491 (© 2010 Springer Science + Business Media, Inc. 491



492 Starik, Titova, Sharipov, and Kozlov

TABLE 1
List of Reactions Included into the Model and Rate Constants of these Reactions
k4, (cm3/mole)?~ 1 . sec™! k_, (cm3/mole)”~1 .sec™!
No. Reaction Reference
A n Fq, K A n Eaq, K
Reactions with Oz, H2, O, H, OH, and H2O
1  H20+H=OH+ Hy 8.4-10'3 0 10,116  2-10'3 0 2600 (6]
2 O3+H=0H+O 2.2-101 0 8455 1.3-1013 0 350 [21]
3 H+O=OH+H 1.8-101° 1 4480 8.3-10° 1 3500 [6]
4 O2+M=20+M 5.4-10'8 -1 59,400  6-10%3 0 —900 (6]
5  He 4+ M=2H+M 2.2-101 0 48300  9-10'7 -1 0 [6]
6 HO+M=OH+H+M 1-10% —2.2 59,000 2.2-10%2 -2 0 6]
7 OH+M=O0+H+M 8.5-1018 -1 50,830  7.1-10'%  —1 0 [6]
8  H0 + O=20H 5.8.1013 0 9059  5.3-10%2 0 503 (6]
Reactions with HO»
9  H + O2(+M)= HO2(+M) 3.5-1016  —041  —565 — — — [2]
F.(N3) =0.5 1.48 - 1012 0.6 0
10 Hy 4+ Oz =H + HO» 7.39-10° 243 26,926 — — — [20]
11 H20 + O=H + HO2 4.76-10  0.372 28,743 1-1013 0 540 [6]
12 H0 + Oz = OH + HO» 1.5-10%° 0.5 36,600  3-10'¢ 0 0 (6]
13 20H = H + HO» 1.2-1013 0 20,200 2.5-10% 0 950 (6]
14 OH + O3 = O + HO2 1.3-10%3 0 28,200  5-1013 0 500 (6]
Reactions with HoOo
15 H + Hz02 = Hy + HO, 1.7-10'2 0 1900 6-1011 0 9300 (6]
16 H + H202 = H,0 + OH 5-1014 0 5000  2.4-10 0 40,500 (6]
17 2HO2 = H302 + O2 1.8-10%3 0 500 3.1013 0 21,600 (6]
18  HO3 + HoO = H202 4+ OH 1.8-1013 0 15,100 1-1013 0 910 [6]
19 OH + HO3 = H302 + O 5.2-1010 0.5 10,600  2-10%3 0 2950 [6]
20  H302 + M =20H + M 1.2-10%7 0 22,900 9.1-10'4 0 —2650 [6]
Reactions with O3
21 O03+M=02+0+M 4.1014 0 11,400  6.9-10'2 0 —1050 [6]
22 O3+ H=OH + Oy 2.3-10M! 0.75 0 4.4-107 144 38,600 [6]
23 O3 4+ O =202 1.1-10%3 0 2300  1.2-1013 0 50,500 [6]
24 Oz + OH = HO3 + Oz 9.6-1011 0 1000 — — — (6]
25  Os + Hy = OH + HO» 6.02-1010 0 10,000 — — — 6]
26 O3 + HOg = OH 420, 2.1010 0 1000 — — — 6]
Reactions with CO
27  CO+02 = CO2 + O 3.2-1011 0 18,950  2.8-10'2 0 22,090 [19]
24
28 CO+ O (+M)=COy (+ M) L85-10°0 =279 2118 — — — [17]
1.8-10%0 0 1205
29 CO + OH =H + COq 1.51-107 1.3 -388.1 1.7-10° 1.3  10,876.3 (6]

30 CO + HOy = OH + CO» 1.15-105  2.28 8849 — — — [16]
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TABLE 1 (Final)

k4, (cm®/mole)” 1 - sec
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-1 -1

k_, (cm3/mole)”~1 - sec

No. Reaction Reference
A n E., K A n E., K
Reactions with HCO
31 HCO+M=H+CO+M 4751011 0.7 7513 — — — 18]
H2/2.5/H20/6/C0/1.9/C0O2/3.8
32  HCO + Hp = CH20 + H 2.63-101 0 12,686  5.01-103 0 2016 [19]
33  CO + HOg = HCO + O2 8.91-102 0 16,274  3.02-102 0 0 [19]
34 CO+ Hp =HCO + H 1.32-10® 0 45360  1.2-10'* 0 0 [19]
35 HCO + O =H+ CO2 3.01-10% 0 0 — — — [19]
36 HCO + O = OH + CO 1-1014 0 0 2.88-10 0 44,302 [19]
37 HCO + OH = H20 + CO 3.16-1013 0 0 8.91-10 0 52,970 [19]
38 2HCO = Hz + 2CO 3.01-102 0 0 — — — [19]
Reactions with CH20O
39 2HCO = CH:20 + CO 1.81-10% 0 0 — — — [19]
40 CH20 + M =H + HCO + M 3.31-10'6 0 40,824 1.41-10'' 1 —5947 [19]
41  CH20 + O3 = HO2 + HCO 3.63-105 0 23,204 1-104 1512 [19]
42 CH20 + O = HCO + OH 5.01-10% 0 2318 1.74-1012 8654 [19]
43  CH20 4+ OH = HCO + H20 3.47-10° 1.2 —242 1.17-10° 1.2 14,802 [19]
44  CH20 + HO3 = H202 + HCO 21011 0 4032 2.19-100 0 3321 [19]

Note. For reaction No. 9, upper value ko and lower value koo; for reaction No. 28, upper value kg and lower value k;,;.

The objective of this paper is to develop a kinetic
model of processes in the Ho—CO-Os (air) mixture,
which would provide a reasonably accurate description
of available experimental data on the ignition delay time
and laminar flame velocity.

1. KINETIC MODEL

The reaction mechanism developed in this work in-
cludes 44 reversible reactions with the following com-
ponents: H, (x =1, 2), Oy (y =1, 2, 3), HO,, H20,
H50,, CO,, HCO, and CH5O. This mechanism is based
on the previously developed models of ignition of the
Hy—O (air) [6] and CH4—Oz (air) [19] mixtures. Table 1
gives the list of reactions included into the model and
the coefficients of the Arrhenius dependence of the rate
constant of the gth reaction k; = A;T™ exp(—Eq,4/T),
where A, is the pre-exponential factor, E, 4 is the ac-
tivation energy of the gth reaction, n, is the power in-
dex, and T is the temperature; these data were chosen
on the basis of recommendations given in [2, 6, 16-23].
The backward reactions, for which the rate constants
are not given in Table 1, are calculated based on the
principle of detailed balance. The necessary thermody-
namic data were borrowed from [24, 25].

As the syngas oxidation process follows the chain
mechanism, particular attention in choosing the reac-
tion rate constants is paid to reactions of chain initia-
tion, propagation, and termination. The main reaction
of chain initiation in Hy—Og (air) and Hy—CO-Oq (air)
mixtures is the reaction Hy + O = H + HO; (reac-
tion No. 10; hereinafter, the reaction numbers used in
the text coincide with those in Table 1). The expres-
sion for the rate constant of this reaction was proposed
in [20], based on the analysis of experimental data and
ab initio calculations. It is exactly this expression for
k+10(T) that is used in most currently known reaction
mechanisms of ignition and combustion of the Ha—O9
(air) mixtures.

An important reaction, which determines the de-
velopment of the chain mechanism to a large extent,
is the chain branching reaction O + H = OH + O
(reaction No. 2). In our model, as well as in [3], its
kinetic parameters were determined in accordance with
the modern data [21]. Figure 1 shows the tempera-
ture dependences of the rate constants of this process,
which are used in various reaction mechanisms. The
dependences kyo(T') are seen to be very close to each
other. It should be noted, however, that the ignition
delay time (induction period) 7, is extremely sensitive
to the value of kys, and even a minor change in the
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Fig. 1. Rate constants of the reaction
Hs + O = OH + H used in different kinetic models

versus temperature.

latter leads to a large change in 73, in both Ho—O4 (air)
and Ho—CO-O4 (air) mixtures.

The rate constant of the second significant reaction
of chain branching (reaction No. 3) O + Hy = OH + H
was also found quite accurately in a wide range of tem-
peratures [22]. An approximation for k;3(T") very close
to approximations [2] and [5] is used in our work.

The next extremely important reaction in
hydrogen—oxygen mixtures is the chain termination
reaction H + Oy + M = HO3 + M (reaction No. 9).
It is this process that is responsible for elimination of
H atoms, which are carriers of the chain mechanism in
reactive mixtures. Particular attention to choosing the
rate constant of this reaction was paid in [2]. Therefore,
the rate constant of reaction No. 9 recommended in [2]
is used in our reaction mechanism.

If CO molecules are added to the hydrogen—air mix-
ture, there appear new important channels governing
the evolution of the chain mechanism. These are the
chain propagation reactions CO + OH = H + CO; and
CO + HO2 = OH + CO; (reaction Nos. 29 and 30)
and the chain termination reactions CO + O + M =
CO2 + M and H + CO + M = HCO + M (reaction
Nos. 28 and 31). Particular attention in creating ki-
netic models of syngas oxidation is paid to choosing the
rate constants of these reactions [9]. The experiments
[11] showed, for instance, that the ignition delay time 7y,
in the Ho—CO—-02 mixture substantially depends on the
ratio of He and CO mole fractions, though the calcula-
tions performed even by relatively advanced models [7,
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Fig. 2. Rate constants of the reaction CO + HO2 =
OH + CO»> used in different kinetic models and cal-
culated by the theory of an activated complex with
the use of ab initio calculations in [16] and [23] versus
temperature.

17] do not predict such a dependence. Mittal et al. [11]
put forward a hypothesis that the rate constant of reac-
tion No. 30 is unduly overestimated in modern models
and that is why the models [7, 17] cannot explain the
dependence of 73, on the ratio of Hy and CO mole frac-
tions in the syngas. Sun et al. [16] determined the rate
constant of this reaction from the theory of the acti-
vated complex with allowance for ab initio calculations
of geometry and parameters of the transitional state
CO + HOs. This rate constant is used in the present
model. Figure 2 shows the dependences ki30(7") rec-
ommended in various publications. It is seen that, for
instance, at T" = 1000 K, there is a tenfold scatter in
the values of k43g. The calculations show that the rate
constant of this reaction recommended in [16] ensures
the best agreement with experimental data, especially
on the flame propagation velocity in Ho—CO-air mix-
tures with different fractions of CO and Hy. The sen-
sitivity analysis also shows that reaction No. 31 is very
important for the description of the flame propagation
velocity. The rate constant for this reaction is deter-
mined in accordance with the recommendations given
by Li et al. [18].

2. COMPARISON
WITH EXPERIMENTAL DATA

Naturally, any kinetic model has to describe avail-
able experimental data on the ignition delay time, flame
propagation velocity, and evolution of various species
in time. As the syngas contains Hy and CO whose
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Fig. 3. Time evolution of the mole fraction of O
atoms measured in [20] and calculated by different
models for the Ho—O2—Kr mixture behind the re-
flected shock wave at Top = 1981 K, po = 64.7 kPa,
and initial mole fractions vy, = 2.68 - 107° and
Yo, = 0.0659.

mole fractions can vary in rather wide ranges, obviously,
the kinetic models developed to describe syngas ignition
and combustion should accurately describe experimen-
tal data for hydrogen—oxygen (air) mixtures as well.

2.1. Mole Fractions for Various Species

As the processes of ignition and combustion of
Hy—CO-Og (air) mixtures follow the chain mechanism
whose carriers are active O and H atoms and OH radi-
cals, the reaction mechanism has to ensure a correct de-
scription of the time evolution of these species. The pro-
file of the mole fraction of O atoms versus time, which
was measured in [20] behind the shock wave reflected
from the end face of the shock tube in an extremely
lean hydrogen—oxygen mixture under conditions where
no ignition occurs and the chain initiation process pre-
vails is compared in Fig. 3 with the results calculated
by the kinetic mechanisms [2], [4], and [5] and by the
present model. (At time intervals smaller than the in-
duction time 7i,, a good approximation in modeling the
processes behind the reflected shock wave is known to
be the constant volume approximation, which was also
used in the present work.) It is seen that only our ki-
netic mechanism describes the experiment with suffi-
cient accuracy. The mechanisms [2] and [4] substan-
tially overestimate the mole fraction of O atoms mea-
sured in [20], while the model [5] predicts a slower in-
crease in the mole fraction of atomic oxygen with time
than that actually observed in the experiment.
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Fig. 4. Time evolution of the mole fraction of OH
radicals measured in [26] and calculated by differ-
ent models for the Ha—O2—Ar mixture behind the
reflected shock wave at Tp = 2590 K, po = 1 atm,
Y, = 4.0-1073, and 70, = 4.0 - 107>,

Mole fraction, 1073 To, K
167 o 884
eemeeeo- model [5] o 889

present model A 906

Fig. 5. Time evolution of the mole fraction of H»
measured in [2] and calculated by the mechanism
[5] and by the present model for the 1.33% Hao—
2.21% O2—Ng3 mixture (po = 6.5 atm) with different
values of the initial temperature.

The mole fraction of OH radicals behind the re-
flected shock wave in the course of ignition of the Ho—
O2—Ar mixture was measured in [26]. Figure 4 shows
the time evolution of the OH mole fraction [26] and the
dependences calculated with the use of different reac-
tion mechanisms. It is seen that only the kinetic mech-
anism described in the present paper provides quanti-
tative agreement with the experimental data.
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Fig. 6. Time evolution of the mole fractions of COz, CO, and Os for the 0.92% CO-0.59% H20-0.32% O-
mixture in Ny (Tp = 1034 K and po = 1 atm) (a) and 0.93% CO-0.58% H20-1.05% Oz mixture in Ny
(To = 1033 K and pp = 1 atm) (b) measured in [27] and calculated by the present model.
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Fig. 7. Dimensionless concentration of CO molecules
versus time during ignition of the 3.11 ppm CO-
1.0% 02—0.41% H20O mixture in Ar (7o = 1273 K and
po = 1.22 atm).

Other measurements of the mole fractions of vari-
ous species in Hy—O3 (air) and CO-Hy0—-0O2—Ar reactive
mixtures were performed by the flow reactor technique
[2, 27]. Figure 5 shows the time evolution of the mole
fraction of Hy in the 1.33% Hy2.21% O5-96.46% No
mixture with the initial pressure py = 6.5 atm and
different values of the temperature Ty, which were mea-
sured in [2] and calculated by the model [5]. The pro-
files of the mole fractions of CO5, CO, and Os mea-
sured in [27] for the CO-Hy0-02—N3 mixture with dif-
ferent mole fractions of Os and calculated by the present
model are shown in Fig. 6. It is seen that the kinetic

Fig. 8. Ignition delay time versus the initial tem-
perature of the stoichiometric Ho—air mixture at
po =1 atm.

model developed in the present work provides an ade-
quate description of the experimental data.

It should be noted that other modern kinetic mod-
els of syngas oxidation [16, 18] also allow the experi-
ments [2, 27] to be described. For lean CO-HyO-Oy—Ar
mixtures, however, the results predicted by these mod-
els do not agree quantitatively with the experiment.
Figure 7 shows the time evolution of the dimension-
less concentration of CO in the case of oxidation of the
CO-H30-05—Ar mixture in the flow reactor, which was
measured in [28] and calculated with the use of different
kinetic models. Tt is seen that the model developed in
the present work offers a more accurate description of
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the experimental data [28] than the models [16] and [18],
which were specially adapted to describe the process of
oxidation and combustion of the syngas in air.

2.2. Ignition Delay Time

Though the ignition delay measurements provide
only information on the integral characteristic of the
ignition process, i.e., the induction period 7, which
is determined by the rate of formation of active radi-
cals — carriers of the chain mechanism, nevertheless,
the quantity 7, is rather sensitive to the rate con-
stants of the reactions involved into this process [2, 5,
9] and gives a certain idea about the rate of chain pro-
cess development. The measurements of 73, are mainly
performed in shock tubes behind the shock wave re-
flected from the end face of the tube. Such experiments
for Hp—Og(air)-Ar and Hy—CO-Ogz(air)-Ar mixtures
have been performed in wide ranges of temperatures
(Th = 870-2700 K) and pressures (pg = 0.5-66 atm) for
lean (¢ < 1), stoichiometric (¢ = 1), and rich (¢ > 1)
compositions. Figure 8 shows the data [29-32] mea-
sured in a stoichiometric mixture of Hy with air at at-
mospheric pressure and the results calculated by the
reaction mechanisms [2], [5], and the present model. It
is seen that the predictions of all kinetic mechanisms
fit the experimental data well and are close to each
other. As the ignition under the conditions considered
(po = 1 atm and Ty = 920-1600 K) is mainly deter-
mined by the chain branching rate, we can conclude
that all reaction mechanisms considered in the paper
provide a satisfactory description of the chain branch-
ing process.

At pressures above the atmospheric value (py =
2 atm), however, there appear certain differences be-
tween the predictions of different models. As is seen
from Fig. 9, the mechanisms [4], [5], and the present
model provide good agreement with the experiments
[33, 34] for the stoichiometric Hy—air mixture, whereas
the model [2] is inconsistent with the experiment at
T < 1050 K.

The same situation is observed during syngas igni-
tion. At py > 1.5 atm, there are significant differences
in ignition delay times calculated by different models.
These differences are illustrated in Fig. 10, which shows
the times needed for the mole fraction of CO5 to reach
the values of 2.1- 1073 and 5.66 - 10~3 during ignition
of the Ho—CO-0Os—Ar mixture with pg = 1.4-2.2 atm
and different values of T;. It is seen that the reaction
mechanisms [16] and [18] systematically underestimate
the values of the times registered in the experiment [35].
The difference between the experiment and calculation
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Fig. 9. Ignition delay time versus temperature for
the stoichiometric Heo—air mixture at po = 2 atm.

increases with decreasing initial temperature of the mix-
ture and reaches 30-35% at Ty = 2050 K. Our model
ensures a more accurate description of the experimen-
tal data, and the difference between the calculation and
experiment stays within 12% even at Ty = 2050 K. At
pressures below the atmospheric value, the difference in
the values of 7, in the Ho—CO-QO4 (air) mixture cal-
culated by the kinetic models [16] and [18] and by the
model developed in the present work becomes insignif-
icant. This fact is illustrated in Fig. 11, which shows
the results calculated by these models and the value of
[O2] - 7in measured in the experiments [36], where [O3] is
the concentration of Oo molecules in the Ho—CO-QO5—Ar
mixture (po = 0.225 atm).

The situations described above refer to stoichio-
metric mixtures. It is also important to describe ex-
perimental data on the ignition delay time for lean and
rich mixtures. The values of 73, measured in a lean
mixture in the temperature range 920 < Ty < 1050 K
were reported in [30]. Figure 12 shows the dependence
Tin(To) for the Ho—air mixture with ¢ = 0.5 and 0.75
at p = 1 atm. It is seen that the experimental results
on the ignition delay time are very well predicted by
the reaction mechanism [5] and the present model for
¢ = 0.5, whereas the kinetic mechanism [2] overpredicts
the values of 73,. The best agreement with the exper-
iment for the mixture with ¢ = 0.75 is ensured by the
present model. The reaction mechanism [5] underpre-
dicts the ignition delay time at Ty < 950 K, while the
mechanism [2], vice versa, predicts substantially higher
values of 7;, at Ty < 1000 K than those measured in
the experiment. There are some available experimen-
tal data on the ignition delay time for Ho—Os—Ar and
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Fig. 10. Times necessary to reach the mole frac-
tions yco, = 2.1 - 1072 (1) and 5.66 - 1072 (2) for
the 0.05% H2-12.17% CO-1% O2—86.78% Ar mixture
(po = 1.4-2.2 atm) at different initial temperatures,
which were obtained in the experiment and calcu-
lated by different models.
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Fig. 11. Dependences of [Oz] - 7in on tempera-
ture for the 1% H2-3% CO-5% O2-91% Ar mixture
(p = 2.25 - 10* Pa), which were obtained in the ex-
periment and calculated by different models: 7, is
the time instant when the OH mole fraction reaches
2.5 -107% mole/cm?.
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Fig. 12. Ignition delay times for the Ho—air mixture versus temperature at po = 1 atm.

CO-Hy—O2—Ar mixtures, including experiments at high
pressures (po = 33 and 57 atm). Figure 13 shows the
times 7, as functions of Ty for a stoichiometric Ho—Oo—
Ar mixture, which were measured in [37] and calculated
by different reaction mechanisms. All reaction mecha-
nisms analyzed in this work yield extremely close values
of 7y, at these parameters are ensure an adequate de-
scription of the experiment.

In contrast to the hydrogen—oxygen mixture, an
increase in pressure in the Ho—CO—-Oo—Ar mixture en-
hances the difference between the calculated and exper-
imental values of 7y,. This is clearly seen in Fig. 14,
which shows the values of 7, as a function of the CO
fraction in the fuel, which were obtained in the exper-
iment [11] at pp = 15 and 50 atm and calculated by
our model and by the model [17]. Though our model
describes the experimental data much better than the
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Fig. 13. Ignition delay times for the 0.5% H2—0.25% 02-99.25% Ar mixture.
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Fig. 14. Ignition delay times for the 12.6% (CO + H2)—6.3% 02—-18.2% N2—62.9% Ar mixture versus
the fraction of CO in the fuel at pg = 15 bar (7o = 1035.5 K) and po = 50 bar (Tp = 1040 K).

model [17], it still underpredicts (by 30%) the values of
Tin at high CO fractions in the syngas and pg = 15 atm.

It is of interest to find which reactions, depending
on the CO fraction in the syngas, prevail in the induc-
tion period and dominate in the course of ignition of
the Hy—CO-O4 (air) mixture. Figure 15 shows the time
evolution of the reaction rates for the test conditions
[11] (po = 50 atm and Ty = 1040 K). The concentra-
tions of the species and the gas temperature for the
mixture containing 20 and 80% of CO in the syngas
are shown in Fig. 16. It is seen from these distribu-
tions that the process of formation of active O and H
atoms and OH radicals proceeds in a different manner,
depending on the CO concentration, though the reac-
tions governing this process and, hence, ignition of the

mixture are certainly identical, regardless of the CO
fraction (20 or 80%). The basic reaction of chain initi-
ation in both cases is the reaction of carbon monoxide
oxidation CO + Oz = CO2 + O (reaction No. 27) in
which atomic oxygen is formed. Further, it participates
in the chain branching reaction Hy + O = OH + H (re-
action No. 3) in which the H atom is formed in addition
to the OH radical. Atomic hydrogen, in turn, enters
the recombination reaction H + Oy + M = HOo + M
(reaction No. 9), which leads to chain termination. At
moderate gas temperatures (Tp &~ 1000 K), reaction No.
9 proceeds faster than reaction No. 3, and no ignition
occurs at this stage. It is of interest to note that the rate
of reaction No. 27 in the case of an increased fraction of
CO in the syngas (80%) is higher than in the case of a
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Fig. 16. Concentrations of the species and gas temperatures for the 12.6% (CO + Hz2)—6.3% O2—18.2% Na—
62.9% Ar mixture at po = 50 atm, To = 1040 K, and CO fraction in the syngas equal to 20 (a) and 80% (b).

reduced CO concentration (20%), and the mole fraction
of atomic oxygen at the initial stage is also higher in the
case of a higher CO concentration. The rate of the chain
termination reaction No. 9, however, is also higher in
this case. When H atoms, OH radicals, and HO5, are
formed, they participate in the reactions OH 4+ Hy =
H>0O + H, 2HO3 = H2O5 + O5, Ho O3 + M = 20H + M,
CO + OH = H + CO3, and HCO + O, = HO, + CO.
Yet, production of active O and H atoms and OH radi-
cals in these processes is rather slow, and their concen-
trations are substantially lower than the fractions of the
passive compounds HoO5 and HOs. The rate of forma-
tion of active atoms and radicals (carriers of the chain
process) is increased because of the increase in gas tem-

perature during the induction period (see Fig. 16) due
to the exothermal reactions H + Oy + M = HOy + M
and 2HO, = H505 4+ Os with the thermal effects
AH = 204.4 and 165.5 kJ/mole, respectively. The role
of the chain branching reaction Oy + H = OH + O (re-
action No. 2) increases. The higher the concentration of
H; in the syngas, the faster the increase in temperature
and the more intense the increase in the concentration
of H atoms and then of OH radicals and atomic oxygen.
Vice versa, the concentrations of the HoOs and HO»
compounds decrease. Therefore, ignition in the syngas
containing 20% of CO occurs faster approximately by a
factor of 2.5 than in the case with 80% of CO.



Syngas Oxidation Mechanism

Tin, HS€C
100 Experiment

o [12], [38]
10% o, % [15]

104
108

2
10 Model

——— [16]
10! ——- 18] \
present model A

1

10'1 1 N 1 N 1 s 1
800 1200 1600 2000
To, K
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5.3% CO-1.1% CO2-18.8% O2-70.7% N2 mixture at
po = 20 atm versus temperature.

It should be noted that there are significant dif-
ferences in the values of 73, calculated by different re-
action mechanisms and measured in the hydrogen-air
mixture and in the mixture of the syngas and air both
behind the reflected shock wave and in rapid compres-
sion machines at low temperatures (T, < 900 K) and
high pressures (po > 5 atm) [9, 13]. The same trend is
also observed for the model considered in the present
paper. The situation is illustrated in Fig. 17. It is seen
that the difference between the values calculated by the
models [16], [18] and by the present model, and those
measured in [12, 15, 38] for the syngas—air mixture at
Tp < 800 K is more than tenfold. As was noted in [9],
this can be related to proceeding of unsteady processes
in shock tubes in the range of parameters considered
or to specific features of gas-dynamic processes in the
so-called rapid compression machines [11, 12], because
these specific features are ignored in interpreting the ex-
periment. There are also other possible reasons for the
fact that the values of 7y, predicted by calculations are
substantially higher than the experimental data. First
of all, these are drawbacks of kinetic models, which ig-
nore the possibility of formation of electronically excited
O2(a'A,) molecules and O(* D) atoms in reactions pro-
ceeding at low temperatures. For instance, these species
can appear during interaction of H and HOs: H +
HOs = Hy + Og(alAg) and H + HO; = HyO + O(lD)
[39, 40]. Taking into account that the rates of endoer-
gic reactions with participation of Oz(a'A,) and O(* D)
are considerably higher, especially at low temperatures,
than the rates of the same reactions with non-excited
particles, we can assume that formation of these species
in the mixture can speed up chain reactions and reduce
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Fig. 18. Laminar flame velocity versus the fuel-to-air
equivalence ratio in the Ho—air mixture at po = 1 atm
and Tp = 298 K.

the values of 7y, predicted by advanced models.

The analysis of specific features of ignition of Ho—
air and Ho—CO-air mixtures at low temperatures (Tp <
900 K) and high pressures (pg > 5 atm) in shock tubes
behind the front of the reflected shock wave and in rapid
compression machines is outside the scope of the pa-
per. In the general case, such an analysis should be
performed within the framework of a more complicated
gas-dynamic model that takes into account non-one-
dimensionality and unsteadiness of the flow in such de-
vices and the possibility of heterogeneous reactions on
the reactor walls where the measurements are performed
[9]. Recently published results of modeling ignition of
the Hy—O5 mixture at elevated pressures and low tem-
peratures of the gas [10] indicate that the significant
difference between the calculated values of 7, and the
experimental results in this range of pg and Ty is not
related to the gas-phase mechanism of chain reactions
in Ho—air and Ho—CO-air mixtures.

2.3. Laminar Flame Propagation Velocity

In addition to the ignition delay time, another pa-
rameter often used for testing kinetic models is the mea-
sured laminar flame velocity wu,. Such measurements
have been lately performed for Ho—O3-Ny (He) [14,
41-47] and Hy—CO-0O2-Ny (He) [16, 48-50] mixtures
in wide ranges of the fuel-to-air equivalence ratio and
syngas composition (ratio of Hy and CO fractions) both
at atmospheric and elevated pressures.

Figure 18 shows the velocity u,, calculated by the
kinetic models [2] and [4] and by the present model for
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Fig. 20. Laminar flame velocity versus the fuel-to-air equivalence ratio in the CO-H2—-O2—He mixture with
different fractions of CO and Hs in the syngas at po = 5 (a) and 10 atm (b) and Ty = 298 K.

the Ho—air mixture at pg = 1 atm and Ty = 298 K,
and also the experimental data [41-47]. Tt is seen that
the predictions of all models considered are in good
agreement with each other and with most measurements
of uy,. Only the experimental data [42] obtained at the
fuel-to-air equivalence ratio ¢ > 1.5 are slightly lower
than the results of other measurements. Note that all
calculations of the flame velocity in our work were per-
formed by the CHEMKIN IV software package [51], as
well as in other works [3-5, 16-18] where the reaction
mechanisms were tested on the basis of the measured
values of u,. The velocities u,, measured in [16, 49, 50]
and calculated by the models [16] and [17] and by the
present model in the syngas—air mixture at po = 1 and
2 atm and Ty = 298 K, different values of ¢, and dif-

ferent ratios of CO and Hs in the syngas are compared
in Fig. 19. It is seen that the available experimen-
tal data are adequately described by all kinetic models
considered. The same situation is observed for higher
pressures pg = 5 and 10 atm at which u,, was measured
in the Hy,—CO-0Os—He mixture with different fractions
of CO and H; [16] (Fig. 20).

Analyzing the dependences u,(¢) in Figs. 18-20,
we can conclude that the most adequate description of
experimental data in Hy—~CO-02—Ny (He) mixtures at
Ty = 298 K in wide ranges of variation of ¢ and py,
and the ratio of the CO and H; fractions in the syngas
is provided by the kinetic model [17] and by the model
discussed in the present paper. Therefore, it seems of
interest to compare the accuracy of predictions of these
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the results calculated by the present model and by the model [17], respectively.
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models both at Ty = 298 K and at higher initial temper-
atures. The values of u,, in the Ho—CO-05—Ny mixture
at Ty > 298 K were recently measured by Natarajan et
al. [48]. The results measured in that work and calcu-
lated by the model [17] and by the present model for
the syngas—air mixture at pg = 1 atm, ¢ = 0.6-1.0, and
Ty = 300, 400, 500, 600, and 700 K are shown in Fig. 21.
It is seen that both models describe the experiment very
well up to Ty = 600 K. A certain difference between the
measured and calculated values of w,, is observed only
at Tp = 700 K.

It is of interest to determine which reactions ex-
ert the most significant effect on the flame propagation
velocity in the syngas—air mixture. This can be done
through analyzing the sensitivity with the use of the
present model, which is highly prognostic. The results
of such an analysis for lean (¢ = 0.5), stoichiometric
(¢ = 1.0), and rich (¢ = 3.5) mixtures with different
ratios of the CO and Hy fractions in the syngas are
shown in Fig. 22. It is seen that different reactions ex-
ert a dominating effect on the flame velocity, depending
on the fuel-to-air equivalence ratio. Thus, the dominat-
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ing reaction for the lean and stoichiometric mixtures is
the chain propagation reaction CO + OH = H + COx,
followed by the chain termination reaction H + Oy +
M = HOs + M. The reactions of chain branching Hy +
O =O0OH + H and O3 + H = OH + O and the reac-
tions with HO5 formation, 20H = H + HO5 and H2O +
Os = OH + HOg, are also important. The situation is
drastically different in the mixture enriched by the fuel
(¢ = 3.5). The chain branching reaction Oy + H =
OH + O is dominating here. The second important re-
action is the recombination reaction H + CO + M =
HCO + M (chain termination reaction). It is only after
this reaction that the reaction CO + OH = H + COs
occurs. As compared with the lean and stoichiometric
mixtures, the influence of the reactions Hy + O = OH +
H, 20H + H = HO», and HyO5 + Oy = OH + HOs is
somewhat enhanced.

It is also seen that the degree of the influence of
different reactions on the flame propagation velocity in
the syngas—air mixture depends not only on the value
of ¢, but also on the ratio of the CO and H, fractions
in the syngas. For instance, if the CO fraction in the
syngas is reduced to 50%, then the role of reactions with
participation of CO molecules (reaction Nos. 30 and 31)
becomes less important, while the role of reactions re-
sponsible for the development of the chain process in the
Hy—Og (air) mixture (reaction Nos. 2 and 3) increases.
In this case, the reaction HoO + H = OH + Hy (reaction
No. 1) makes a fairly significant contribution to w,,.

CONCLUSIONS

A kinetic model was developed to describe the pro-
cesses of ignition and combustion of CO-H2—02—No (He
or Ar) mixtures. The model ensures an adequate de-
scription of experimental data on the ignition delay time
and laminar flame propagation velocity and also of the
evolution of the most important species, which are car-
riers of the chain mechanism, during Hy and syngas oxi-
dation within wide ranges of temperature, pressure, and
composition of the mixture. The mechanism proposed
is applicable at 0.01 < pg < 60 atm, 850 < Ty < 2900 K,
and 0.3 < ¢ < 5.0. The kinetic model developed in the
present work provides much better agreement with the
measured ignition delay times than available reaction
mechanisms.

The analysis shows that the degree of the influ-
ence of different reactions on the laminar flame ve-
locity depends on the fuel-to-air equivalence ratio.
Thus, the greatest effect on the flame velocity is ex-
erted by the reaction CO + OH = H 4+ CO; in the
lean and stoichiometric mixtures and by the reaction
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Os + H= OH + O in the rich mixture. The degree
of the influence of different reactions also depends on
the ratio between the CO and Hy fractions in the syn-
gas. The following reactions make the greatest contri-
butions to the chain process development during igni-
tion of the syngas—air mixture: chain initiation reaction
CO + Oz = CO4 + O, chain branching reaction O +
Hy; = OH + H, and chain termination reaction H + O2 +
M = HO5 + M. The chain propagation reactions Ho +
OH = H + Hy0, CO + OH = H + COg, and HCO +
O = HO5 + CO also play a significant role. At mod-
erate temperatures (Tp < 1100 K), reactions of HyOq
formation and decomposition are also important. As
for the flame propagation velocity, the role of different
reactions depends on the ratio between the CO and Hs
fractions in the syngas proper. Despite the high prog-
nostic capabilities of advanced kinetic models, there are
some experiments performed at comparatively low tem-
peratures (Tp < 970 K) and high pressures (po > 5 atm)
in shock tubes, flow reactor, and rapid compression ma-
chines, that cannot be described by the kinetic models.
Therefore, further theoretical and experimental studies
of kinetic and gas-dynamic specific features of the igni-
tion process in this range of gas parameters are needed.
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