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Abstract

Two reduced mechanisms (2S-CM2 and J-L) have been tested for a conventional air-methane com-
bustion. Whereas, existing (2S-CM2 and J-L) schemes and refined ones (2S-CM2-JB2 and J-L-JB)
were verified using detailed chemistry computations, for specified oxy-fuel conditions. Results for the
air-methane case, obtained for the J-L. scheme and for the GRI Mech, are in general in better agree-
ment than those evaluated for the 2S-CM2. Large disagreement between detailed chemistry calcula-
tions and results obtained for J-L and 2S-CM?2 global schemes, for the oxy-fuel combustion, was found
for freely propagating 1D laminar premixed flames. Therefore, two new major schemes were evalu-
ated (2S-CM2-JB2 and J-L-JB). Modified schemes improved the agreement with the detailed mecha-
nism considerably, for both considering compositions of the oxidizer (Xg’z‘id =0,385 /Xg)gf =0,615and
X =0,28/x¢57 = 0,72).

INTRODUCTION

Carbon dioxide emission reduction has become one of the main concern last years, due to the standpoint
of most of scientists, who work on climate change that a direct connection between global temperature
increase and anthropogenic greenhouse gases emission exists. Carbon dioxide is a specie, which emis-
sion cannot be avoided during combustion of the fuel containing carbon. Therefore, emission reduction
can be only done through sequestration. In order to underground storage of CO,, this specie has to be
separated from flue gases, which contain mainly nitrogen, what is a very expensive process. One of
the best ways to sequestrate CO;, is to perform a combustion without nitrogen presence in the oxidizer
(oxy-fuel combustion). Nevertheless, the combustion in pure oxygen leads to dangerous temperature
and flame speed escalation. In order to keep those two quantities at levels similar to air, a mixing of
oxygen with part of flue gases is performed, thus, a mixture containing O,/CO; is used as an oxidizer.

Carbon dioxide has different heat capacity, thermal diffusivity and emissivity in comparison to
molecular nitrogen. Therefore, the combustion of the fuel in the oxidizer, containing the same mole
fraction of CO; as it is found for nitrogen in air, leads to significant parameters changes in comparison
with conventional fuel-air combustion [14, 4, 7, 2, 3]. The emissivity of this flame changes due to the
fact, that carbon dioxide is a three-atomic gas, which was the main topic of Anderson and Johnsson
[4]. Benedetto et al. [2] indicated the decrease of laminar flame speed, while nitrogen was displaced by
carbon dioxide. The explanation for this behavior was the higher heat capacity of the CO,, which de-
creasing the flame temperature and at the same time the combustion rate. The reaction kinetics undergo
alterations when N is displaced by CO; in the oxidizer. Favor of CO in CO-CO; equilibrium and H; in
H,0-H; equilibrium was found in higher temperatures (> 2500K) during oxy-fuel combustion [3].

A computational fluid dynamics is an important toll for a design and a process optimization. Sim-
ulation of full-scale geometry, with millions of cells, requires a large memory and long computational



time. In order to safe time required for simulations significantly, simplified combustion mechanisms are
used. Schemes containing two (WD, 2S5-CM2) [30, 6], four (J-L) [16] or more [31, 8] reactions can be
used to describe the combustion phenomena, however, their accuracy is limited. The mechanisms which
are created for a conventional combustion of fuel in air were found not to be satisfying for a oxy-fuel
combustion [3, 14], because every detailed mechanism has restricted area of usage.

The aim of the present work was simulations in Cosilab of 0D and 1D methane combustion in the
oxidizer containing N»/O, as well as CO,/O;. Firstly, the detailed mechanism results comparison for
two different compositions of the oxidizer and finding the mole fraction of the carbon dioxide in the
oxidizer, which results similar combustion conditions to the conventional combustion, were executed.
Next step was testing existing and new (created for oxy-fuel combustion) reduced schemes, where the
reference results were obtained for detailed mechanism simulation. The 0D simulations were done
using equilibrium calculations and auto-ignition delay times, while 1D computations were performed
using freely propagating laminar flames, stretched laminar premixed and diffusion flames.



GENERAL QUANTITIES

Molar and mass species fraction

Mole species fractions can be expressed according to Eq. (1), while mass fractions are given by Eq. (2).
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Between those two quantities following relationship exists Eq. (3) [23].
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In Eq. (1) and in Eq. (2) letters n and m denote respectively mole and mass quantities in kmol and
kg, whereas W is the molar weight of gas mixture Eq. (4). Index i represents each specie, N determines
the total number of species in the gas mixture.

w=YW-X (4)

Molar concentrations can be calculated according to Eq. (5) [1]. p is a density of the gas mixture.
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where p and T is respectively the mixture pressure in Pa and the temperature in K, R, can be evaluated
as follow:
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R
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where R is universal gas constant in J/(kmolK)

Calculations of reactants mole fraction

Composition of the fuel and oxidizer are following:
Fuel: Xcp, =1
Oxidizer: X§; Xgxid — 1 — xgr

Species mole numbers in the fuel can be written as [26]:

kmolC
kmolCH,

kmolH,
kmolCH,

A stoichiometric amount of oxygen and oxidizer, which are required for complete combustion of
fuel, are evaluated as [26]:
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A real quantity of oxidizer used for combustion can be described as follow [26]:
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where A is oxidizer excess ratio and is a reciprocal of equivalence ratio (A = 1).
Mole amount of oxygen and of inert gas, which participate in combustion, can be calculated as:
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Homogenous premixed mixture molar fractions of species, which are required as a boundary con-
ditions in Cosilab, can be derived finally from equation (1).

Quantities related to diffusion flames

Identification of the combustion regime can be done using mixture fraction (z), which calculates the
local fuel/oxidizer ratio [23]:

1 Yr Yo

7= ((Ph

¢ 1 v Y—00+1) ¥

where Y}) and Yg are mass fractions of the fuel and oxygen at the boundaries on the fuel and oxidizer
side respectively; Yr and Yy are local mass fractions of the fuel and oxygen respectively.

The equivalence ratio ¢, (Eq. (8)) does not correspond to the global equivalence ratio, but character-
izes the local structure of the diffusion flames [23]:
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where s is the mass stoichiometric ratio: [23]:
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where Vi, and v}, are stoichiometric coefficients of the overall (one-step) reaction corresponding to fuel
and oxidizer respectively.

Equation (8) is theoretical and does not account radicals, because is created for one-step mecha-
nism, thus the real flame mixture fraction, for methane combustion, should be calculated from following
dependence [23]:
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where Z, is passive scalar defined for the C element and is calculated according to equation below [23]:
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where qy, is the number of C elements in k specie.



CHEMICAL KINETICS

Introduction of methane oxidation mechanisms

In this section particular methane oxidation mechanisms are presented, which were employed in calcu-
lations. Three different mechanisms were taken as a basis for further development of mechanisms for
CH,4 oxy-fuel combustion: GRI Mech 3.0 [10], Jones-Linstedt (J-L) [16] and 2S-CM2 [6] (Table 1).
New developed schemes are presented in Table 2. For existing as well as for new schemes the number of
species involved in the flame computation was depended on the composition of the oxidizer. Simulation
of methane combustion in the oxidizer composed of N»/O, or of CO,/O, contains no argon, what limits
the original GRI Mech number of reactions (325) and species (53). In the case of oxy-fuel combustion
simulation apart from argon also nitrogen is not present, thus the reduction of species and reactions (Ta-
ble 1). Table 3 presents reactions of 2-step and 4-step mechanisms while full specification of Arrhenius
parameters (Eq. (13)) for those reactions are presented in Table 5 and Table 6. The full specification of
reactions for GRI Mech 3.0 is available online [10].

The reaction rate constant can be expressed according to the Arrhenius equation (Eq. (13)), where A
is a pre-exponential constant, f3; is a temperature exponent, —E; is the activation energy of the reaction
[23].

kj :AjTB-/exp(R—TJ) (13)

The reaction rate progress is described as a difference between forward and backward reaction rates

[1].
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Table 1: The existing chemical schemes used in this study.

Fuel/ Scheme Number of | Number of Usage reason

oxidizer name species reactions

CHy/air GRI Mech 3.0 52 323 Reference scheme

CHy/air 2S-CM2 5 2 2-step scheme used in AVBP

CHy/air J-L (Jones-Linstedt) 6 4 4-step scheme
CH,4/0,/CO, GRI Mech 3.0 34 215 Reference scheme
CH,4/0,/CO, 2S-CM2 5 2 2-step scheme used in AVBP
CH,4/O0,/CO; | J-L (Jones-Linstedt) 6 4 4-step scheme

Table 2: The new chemical schemes developed in this study.

Fuel/ Scheme Number of | Number of Usage reason
oxidizer name species reactions
CHy/air 2S-CM2-JB1 5 2 Modified with PEA on the rich side
CH4/0,/CO, | 2S-CM2-JB2 5 2 Modified by JB for oxy-fuel combustion
CH4/0,/CO; | 2S5-CM2-)JB3 5 2 Modified with PEA on the rich side
CH4/0,/CO, J-L-JB 6 4 Modified by JB 4-step scheme




Table 3: Number of reactions for 2-step and 4-step reduced mechanisms

Reaction 2-step mechanisms 4-step mechanisms
number | (2S-CM2, 2S-CM2-JB1, 2S-CM2-JB2, 2S-CM2-JB3) (J-L, J-L-JB)
1 CH;+ 1,50, => CO+2H,0 CH4+ 0,50, => CO+2H,
2 CO+0,50, <=>CO, CHy+H,0 => CO+3H,
3 H>,+ 0,50, <=> H,0
4 CO+H0 <=>CO,+H,
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Figure 1: Function F plotted against equivalence ratio for air and 38,5%0,/61,5%CO; cases.

Because the 2-step scheme is not able to predict the laminar flame speed for fuel-rich mixtures,
two additional schemes were created (2S-CM2-JB1 and 2S-CM2-JB3) using pre-exponential factor ad-
justment. Pre-exponential factor adjustment (PEA) is a method of redefining the reaction rate through
defining the pre-exponential factor (A) as a function of the local equivalence ratio [11]. In this study it
was done through creation of correction functions for both air and 38,5%0,/61,5%CO, cases (Fig. 1).
The quantity F’ presented in Fig. 1 was calculated according to Eq. (15).

Si*
A=Ao( ) =AoF (15)
S10
where S}, defines the required value of the laminar flame speed, index O represents the quantities before
readjustment.

For the case with O, mole fraction in the oxidizer equal to 0,385, the function F' was evaluated as
follow: F = —1,89060° + 3,0238¢) — 0,1302 and for air case: F = —1,7172¢> +1,7503¢ + 0,9914.
Table 4 presents results of calculation of new pre-exponential factors for both reactions (1 and 2) for the
2S-CM2-JB1 and the 2S5-CM2-JB3 mechanisms, while full specification of Arrhenius parameters are
available in Table 5 and Table 6.




Table 4: Pre-exponential factor values for exemplary fuel-rich mixtures for the 2S-CM2-JB1 2S-CM2-
JB3 mechanism; A in cgs

Case 0=1,1 0=1,2 0=1,3 6=1,4
Afor O, =0,21;N, =0,79 1,68E+15 | 1,24E 415 | 7,29E 414 | 1,52E 414
A for O, =0,385;C0, =0,615 | 4,63E+ 14 | 3,96E + 14 | 3,09E + 14 | 2,03E + 14

Table 5: Rate constants for the 2S-CM2 scheme and for the modified versions introduced during this
work: the activation energies are in cal/mole and the pre-exponential constants in cgs units. Abbrevia-
tions ford and rord mean forward and reversed order respectively.

Name | 2S-CM2 2S5-CM2-JB1 2S5-CM2-JB2 2S5-CM2-JB3
(—1,717207 + 1,7503¢ + 0,9914) (—1,89060% + 3,02380 — 0, 1302)
Ay 2E15 2E15 for ¢ > 1; 5,1E14 5,1E14 for ¢ > 1;
2E15for ¢ € (0;1) 5,1E14 for ¢ € (0;1)
nirey | 0,9 0,9 0,7 0,7
O 11 1,3 1,3
En 35000 35000 35000 35000
(—1,7172¢> + 1,75030 +0,9914) (—1,890607 + 3,02380 — 0, 1302)
Ar 2E9 2E9 for ¢ > 1; 5,1E8 -5,1E8 for ¢ > 1;
2E9 for ¢ € (0;1) 5,1E8 for ¢ € (0;1)
e 1 1 1 1
CE 0,5 0,5 0,5
Mo 1 1 1 1
Ep 12000 12000 12000 12000

Table 6: Rate constants for the Jones Linstedt scheme and for the modified versions introduced dur-
ing this work: the activation energies are in cal/mole and the pre-exponential constants in cgs units.
Abbreviations ford and rord mean forward and reversed order respectively.

CH, 0,

H

H, (23 H,O

JL Ar Miford | Mfora | Eal A3 M3ford | 3rord | ™3ford | 3rord | "3rora | Ea3
7,824E13 | 0,5 1,25 | 30000 | 1,209E18 | 0,25 | —0,75| 1,5 1,0 1,0 | 40000
CH H,0 co H,0 co A
Az " ford | "2ford | Ea2 As "4ford | "aford | Marord | "arora | Eat
3.0E11 | 1,0 | 1,0 |30000]| 2,75E12 | 1,0 | 1,0 | 1,0 | 1,0 | 20000
CH 0 I A 0 0 0,0
J-L-JB Ar M ford | "ifora | Eal A3 M3ford | M3rord | "3ford | "3rord | "3rora | Ea3
35E12 | 0,5 | 1,25 | 30000 | 3,5E17 | 0.25 | —0,75| 1,5 | 1,0 | 1,0 | 40000
CH H,0 co H,0 co H
Az " ford | Maford | Ea2 As "aford | Maford | "arord | "rora | Eat
3.0E11 | 1,0 | 1,0 |30000]| 2,75E12 | 1,0 | 1,0 | 1,0 | 1,0 | 20000




Equilibrium reaction modification to irreversible ones in Cosilab

In order to illustrate equilibrium reaction as two irreversible reactions (Table 7), Arrhenius parameters
of the reverse reaction have to be known. The derivation of the reverse reaction rate is done by forward
reaction rate division by the equilibrium constant at series of temperature from 1000K to 3000K [1]:

(16)

where K, can be evaluated from the equilibrium constant related to partial pressures according to equa-
tion [1]:
Patm Vv
K — — i=1 V1 17
= Kp(p) (7
where v; are evaluated as a result of products V; and reactants v; stoichiometric coefficient of i specie
substraction; equilibrium constant K, is defined as [1]:

N .
Ky :H( b )Y

i Patm
where p® denotes atmospheric pressure (1atm).

Table 7: Reactions of the irreversible 2S-CM2 scheme

Reaction Irreversible 2S-CM2
number
1 CH4+0,50, =>CO+2H,
2 COy,=>C0+0,50,
3 CO+0,50,=>C0,

The two-step (2S-CM2) scheme was investigated in this section. Values of the equilibrium constant
related to partial pressures of species was taken from table found in Holman’s book [13]. Calculations
of the forward reaction rate of the reaction CO + 0,50, = CO, was done according to equation (13). In
order to calculate the backward reaction rate the forward reaction rate has to be described in S/ units,
therefore, the following equation is used [19]:

kpst = kfogs - 1000151V (18)

Backward Arrhenius parameters were calculated graphically taking coefficients of linear tendency
between [n(kf/Kc) and 1/T as it shown in Figure 3. The coefficient next to the inverse of the tem-
perature is equal to —E, /R, while the second one is a natural logarithm of the backward reaction pre-
exponential factor (/nA3) in ST units. To convert SI units of pre-exponential factor (A3) into cgs a reversed
action as described in equation (18) has to be performed. After mathematical transformation of the linear
function coefficients and conversion of the Arrhenius parameters into cgs units, the irreversible 2S-CM2
scheme can be introduced into Cosilab. The full specification of the irreversible 2S-CM2 scheme is
presented in Table 8.

Computations of the irreversible 2S-CM2 scheme were performed in Cosilab in order to confirm
the correctness of backward Arrhenius parameters evaluation. Figure 3 presents temperature, velocity,
heat release, reaction rates progress and species profiles for original 2S-CM2 and irreversible schemes.
Very good agreement, between those two mechanisms, for presented various quantities, was found. The
profile for reaction rate progress (r3 — r2) for irreversible 2S-CM2 was calculated through substraction
of the reaction rate progress of the reaction 3 and 2.
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Figure 2: Derivation of the linear function used to calculate backward Arrhenius parameters of CO +
0,50, <=> CO; reaction from 2S5-CM2 scheme.

Table 8: Rate constants for the irreversible 2S-CM2 scheme. Activation energies are in cal /mol and the
pre-exponential constants in cgs units. Abbreviations ford and rord mean forward and reversed order

respectively.
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CH,/AIR FLAMES

Equilibrium computations

Equilibrium calculations of methane oxidation using different reduced mechanisms (various numbers
of species) deliver important information about composition and temperature levels, for an adiabatic
process. An equilibrium occurs when the forward and the backward reaction rates are equal [28]:

N /! N /!
k[[CY =k JC (19)
i i

where C; is the i species concentration according to Eq. (5), v; is a molar stoichiometric reaction
coefficient, " and ” apply for reactants and products respectively.

Mole fractions of species remain stable, because their production rate is equal to their destruction
speed. Equilibrium species concentrations do not depend on kinetics, but only on the initial reactant con-
centration and thermodynamic parameters. The equilibrium constant K. can be expressed as a relation
between forward and backward reaction constants (kr,k;) according to Eq. (20) [28].

_ ke _mfe

‘ kp H{V C,'v;

Trying to limit the number of species used to describe a combustion process has a direct effect on
the flame temperature (Fig. 4).

Figure 4 indicates, that the adiabatic temperature for the fuel-lean mixture of CH4/N,/O, does not

depend strongly on the number of species for the present cases. For near-stoichiometric and fuel-rich

conditions the differences are larger, especially for the case with 5 species. This is why the case with

five species was not used in further calculations and schemes with at least 6 species were employed
(Table 9).

(20)

Table 9: Number and kind of species for a conventional combustion of methane in air counting out of
argon

Number of Species list
species

Hy; H; O; Oz; OH; H2O; HOz; H202;
C; CH; CH;; CHjy(s); CHj3; CHy; CO;
CO;,; HCO; CH,0O; CH,0OH; CH30;
CH30H; CoH; CoHy; CoHs; CoHy;
52 CyH5; CoHg; HCCO; CH,CO; HCCOH;
CsH7; C3Hg; CH,CHO; CH3CHO;
N; NH; NH,; NH3; NNH;
NO; NO;; N,O; HNO; CN;
HCN; H>,CN; HCNN; HCNO; HOCN;
HNCO; NCO; N,

7 H,; O,; HyO; CHy4; CO; CO5; N»
6 02; HQO; CH4; CO; COQ; N2
5 02; H20; CH4; COZ; N2

Considering the composition of burned gases, a very good agreement can be observed between the
case with 52 and with 7 species for a conventional fuel combustion in air, both for a fuel-rich as well as

11
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Figure 4: Burned mixture mole fractions and the adiabatic temperature dependence on the equivalence
ratio for CH4/N,/O, flame with different oxidation mechanisms for pg = 1bar, Top = 300K.
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for fuel-lean mixtures (Fig. 4 - top for CO, and bottom for CO and H,). The disagreement for CO, for a
case with 52 and 6 species, for a fuel-rich mixture, can be noticed. In the rich zone, the carbon dioxide
dissociates leading to an underestimation of CO, and over calculation of CO mole fractions.

Auto-ignition delay times

Ignition delays are kinetically controlled substantially, thus they can be used to validate oxidation mech-
anisms. In Cosilab auto-ignition time delay is defined as a period between completion of the mixing
and the “thermal runway”, when a maximum temperature, pressure or volume gradient occurs [1]. In
this work, a time delay was calculated from the maximum temperature gradient, nevertheless, values
obtained from computations from a maximum gradient of volume were almost identical, especially for
lower initial temperatures.
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1,0E+00 n
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]
O
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- o R
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* o 4-step* [Sung et al.]
1,0E-07 | |
0,4 0,6 0,8 1,2 1,4

1
1000/T, 1/K

Figure 5: Auto-ignition delay times for CH4/N,/O; mixture, for different oxidations mechanisms, plot-
ted against reciprocal of the initial temperature multiplied by one thousand; filled marks - present work,
blank marks - work of Sung et al. [8]; po = 1bar, ¢ = 1.

* 4-step scheme represents mechanism described in the work of Peters and Kee [22], with seven reactants
(0O7; H,O; CHy; CO; CO;,; Hy and H).

Figure 5 presents results of auto-ignition delay times, which are plotted against reciprocal of the ini-
tial mixture temperature multiplied by one thousand. A significant decrease of auto-ignition delay time
with increase of initial temperature was found, for each mechanism. A strong discrepancy is obtained
between detailed mechanism calculations using the GRI Mech and the J-L or the 2S-CM2 scheme, nev-
ertheless, the ignition simulations for a present work are in agreement with obtained for GRI Mech 1.2
by Sung et al. [8]. Auto-ignition delay times for a reduced mechanisms (J-L and 2S-CM?2) are approxi-
mately hundred times shorter than the reference calculations with GRI Mech. A significant disagreement
between detailed mechanism and 4-step mechanism was also acquired by Sung et al. [8] (Fig. 5). A good
agreement within auto-ignition delay times between detailed mechanism and reduced one was found by
researchers when the reduced mechanism consists at least ten reactions [31, 8]. A general conclusion
can be drown that highly restrictive 2-step or 4-step reduced schemes are unable to predict the ignition
phenomena.
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One-dimensional premixed laminar flames

Freely propagating flames are found far enough from combustion chamber walls or from burner nozzles
that the disturbance of the flow is not present. This kind of flame can be laminar or turbulent. Mul-
tiple methods exist to measure or calculate the laminar flame speed: the propagating flame in a tube,
the stagnation point flame, the Bunsen burner and the spherical unsteady flame [18]. In Cosilab it is
possible to calculate freely propagating laminar one-dimensional flames (1DFPLF), which in industry
rarely exist. However some quantities which are calculated thanks to 1DFPLF can be used for better
understanding and advanced modeling of the combustion phenomena (flamelet turbulent model [24, 9])
in real applications.
According to the thermal theory, a mathematical model of the laminar flame contains a few assumptions
[17]:

e Heat, which is ensued due to an exothermic oxidation reaction, is transported thanks to conduction

(no Dufour effect);

e Mass and heat transfer does not appear between particular stream layers;

e The laminar flame thickness is relatively thin in comparison to the mean free path of a specie.

Because of the low thickness of the high-speed reaction zone, gradients of a temperature and species
are large (Fig. 7): the combustion process is self-sustainable due to species diffusion and heat transfer
from the reaction zone to the unburned mixture.
During the combustion of a homogenous mixture, the speed of the flame front, in a normal direction to
the surface of this flame front, is named the laminar flame speed [21]. According to Eq. (21) the laminar
flame speed depends on the square root of diffusion coefficient and reaction rate coefficient [23].

s < (Dyr - Rr)%7 1)

Determining laminar flame speeds of methane-air mixtures, for various equivalence ratios, can be
done experimentally or numerically [18, 3, 12, 29]. Figure 6 presents a comparison of results from works
mentioned above and of present calculations using the Cosilab software with the GRI Mech 3.0. The
tendencies as well as the values for different researchers are similar. The laminar flame speed attains
a maximum value for slightly fuel-rich mixture at equivalence ratio approximately 1,05 and achieves
value circa 0,37m/s.

CH4-N;-0O, flames were investigated numerically using 1DFPLF case in the Cosilab. The composi-

tion of the oxidizer was chosen to imitate the air in a simple way, thus the mole fractions of O, and N,
were equal respectively to 0,21 and 0,79.
Two different simplified chemical kinetics mechanisms were investigated in details to examine their
influence on the flame behavior during various parameter alterations. The first one was the two-step
oxidation mechanism (2S-CM?2) [6] with five reactants (O,, CH4, CO,, H,O, CO) and N, as an inert
substance. The second mechanism is Jones-Lindstedt (J-L) [16] four step mechanism with six species
which participate in reactions, where the additional specie compared to the 2S-CM2 mechanism is H;.
Results using those two reduced mechanisms were compared to GRI Mech computations. The full
specification of the reactions parameters of reduced mechanisms is presented in Tables 3, 5 and 6.

Mole fractions and temperature profiles differ for various mechanisms (Fig. 7), however for the J-
L mechanism better agreement can be observed compared to the 2S-CM?2 mechanism, particularly for
the peak of CO. Carbon monoxide profiles for the two-step and the GRI mechanisms do not overlap;
carbon monoxide concentration is under predicted in comparison to the GRI Mech. The J-L. mechanism
predicts this more precisely; however, the peak of CO is slightly overestimated . While for the four and
for the two-step mechanisms of CH, oxidation the equilibrium is achieved quite fast, for the detailed
mechanism is not reached at all. The temperature and species mole fractions have still gradients in
the post-combustion region (Fig. 7). To reach equilibrium the calculated domain has to be extended
considerably. Calculated equilibrium species concentrations and the adiabatic temperature have been
discussed in the previous chapter of this report; the major topic in this section is chemical kinetics.
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Figure 6: Laminar burning velocities obtained by various workers plotted against equivalence ratio for
po = lbar and Tg = 300K.
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The capacity of reduced schemes to predict flame speeds for various equivalence ratios is tested
in Fig. 8: a systematic overestimation by 0,045m/s for the J-L mechanism, for fuel-lean and nearly
stoichiometric flames, can be observed in comparison with the GRI Mech calculations. When the two-
step mechanism is employed to calculate the laminar flame speed, for fuel-lean conditions, the accu-
racy is good. Nevertheless, Sy, for fuel-rich conditions is seriously overestimated comparing with GRI
Mech. Even the curve tendency does not preserve a proper shape and it is necessary to employ the
pre-exponential factor adjustment (PEA) for fuel-rich conditions, in order to cover the full scheme data
(chapter - Chemical kinetics). The 2-step mechanism, which utilizes PEA, is 2S-CM2-JB1. A good
agreement between outcomes for the detailed mechanism and 2S-CM2-JB1 is found.
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/ —A—2S5-CM2
---Ar-- 25-CM2-JB1
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Figure 8: CH4/N,/O, laminar flame speed against equivalence ratio for four different mechanisms;
po = 1bar, Top = 300K.

One-dimensional stretched premixed laminar flames

The simulation of one-dimensional stretched premixed laminar flames was performed in order to exam-
ine reduced schemes in the conditions, which may occur in real applications. In general, counterflow
flames are generated by directing two jets towards each other that a stagnation plane or point (x = 0),
between two identical flames, occur [1] (Fig. 9).

The computational time is saved when only one jet is taken into consideration. The second jet can
be created as a mirror image of the existing one, where the stagnation plane is a surface of reflection.
Flame stretch can be defined as an elementary change of the flame surface (A) during infinitely short
time [23]:

1dA
_-aa 22
ST A 22)
For stationary flames, stretch can be evaluated as [25]:
du
K=—— 23
I (23)
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Figure 9: Counterflow premixed flame characterization

where u and x are the mixture velocity in normal direction and the distance from the inlet surface respec-

tively.
Defining stretch rate is difficult [25]. Eq. (22) is local and gives results, which depend on x. This
problem was not handled here and instead of ¥, the velocity u; was imposed at x = —D to quantify

stretch effects. The flame speed response, according to the work of Chao et al. [5], is described with the
aid of a minimal flow velocity (u,,,), which is found at an unburned gas side of the flame, just next to
the flame front.

Calculations of premixed stretched methane-air flames were performed for ¢ = 1, 7o = 300K and
po = lbar. Separation distance (2D) between two jets has an effect on u,,in as well as on accuracy of
laminar flame speed evaluation [5]. Taking into account the experience of Chao et al. [5], the domain
was chosen as big as 20mm, however, as it was mentioned before, only one half of the domain was calcu-
lated. Simulations were performed for different initial mixture velocities (4, € (0,4;2)m/s), increasing
gradually this quantity by 0,2m/s.

Figure 10 presents profiles of velocity and volumetric heat release (top graph) or temperature and species
profiles (bottom graph). A displacement toward fresh mixture, within all profiles, for 2S-CM2 and J-L
schemes, can be observed in comparison with profiles obtained for GRI Mech. However, for 2S-CM2 a
better agreement was achieved.

Minimum velocities are obtained from velocity profiles. This minimum is reached on the unburned
mixture side, just before the flame front (Fig. 10 top graph). Moving towards the stagnation plane,
the expansion of the mixture, due to intensive temperature escalation in the flame front, accelerates the
mixture. Crossing the zone, where intensive heat release occurs, the velocity starts to decrease and the
speed, in the normal direction to the inlet surface, reaches value equal to O at the stagnation point. Due
to a more intense heat release, the velocity for the J-L. mechanism reaches the highest value in the flame
front.

Carbon monoxide peaks reach similar values for GRI Mech and J-L schemes (Fig. 10 bottom graph),
nevertheless, for the GRI Mech mechanism, the concentration of species does not reach the equilibrium,
as observed in the freely propagating flame (Fig. 7). Peak of CO for 2-step mechanism (2S-CM2) is
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Figure 10: Species, temperature, velocity and heat release profiles for CH4/N,/O, flames for different

mechanisms for pg = 1bar, Top = 300K, =1, u; = lm/s.

Minimum mixture velocity against inlet velocity is plotted in figure 11. A good agreement for the
25-CM2 and the GRI Mech schemes can be found, while the J-L. mechanisms overestimates the i,
quite considerably. A better agreement was achieved for lower values of the inlet mixture velocity for
both the 2S-CM2 and the J-L schemes with the detailed chemistry simulation. A nearly linear behavior
of uyi, with uy, was obtained for larger values of inlet mixture speed (u;, > 0,8m/s). Nevertheless, while
further decrease of the inlet velocity nearby the value obtained for freely propagating flame simulation
(SL), the linear tendency is lost. The strongly nonlinear behavior is found, which is in agreement with
results obtained by Chao et al. [5]. When the inlet mixture velocity reaches values close to the laminar

flame speed (u; = u,y;,) the flame is unstretched (x = 0).
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simulation of freely propagating laminar flame.
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One-dimensional stretched diffusion laminar flames

In this section, the laminar stretched diffusion flames will be considered. This kind of flame is formed
when fuel and oxidizer are not mixed before they enter to the combustion chamber. Counterflow flames
are created when two jet streams are directed opposed to each other, what regarding diffusion flame,
means that one jet constitutes only fuel, one only oxidizer. A fuel and an oxidizer diffuse towards the
reaction zone, where rapid oxidation reactions take place and thus heat is generated. The most reactive
region of diffusion flames is situated at local stoichiometric conditions for a mixture fraction equal to
[20]:

Tt = T (24)

where ¢, is characterized by Equation (9).

On the fuel side of the flame (in this work - left) and on the oxidizer side (right), the mixture is
too rich or too lean to burn, therefore, the flame does not propagate toward inlets. This is the main
advantage of the diffusion flame in term of safety. However, because of the time required for reactants
mixing, inside the combustion chamber, the burning efficiency is suppressed in comparison to premixed
flames.

The simulations were performed for the detailed mechanism and for the 2S-CM2 scheme. For com-
putations with the J-L. mechanism problems with convergence were found. The reason for this problem
could be a negative order for one of the reversible reaction (Table 6). The domain, which was used for
diffusion flame calculations, was as large as 10mm. Various strain rate values were tested in the range of
1 —250. The strain rate, in comparison with premixed counterflow flames, was one of input parameters.

Figure 12 presents profiles of the velocity and of the heat release obtained for the detailed chemistry
and the 2S-CM?2 scheme, for a strain rate K = 100. The top graph presents result for unchanged coordi-
nates for the 2-step mechanism, while the bottom graph shows those two quantities, where coordinates
for the 2S5-CM2 were shifted towards profiles for the GRI Mech. A good agreement in terms of velocity
profiles were found, between those two mechanisms.

The observed flame displacement, for the 2-step mechanism in comparison with the GRI Mech, was
probably caused by not complete problem convergence, however a shifting of the flame did not have
influence on profiles character. The second reason for this behavior could have source in the difference,
within the integrated fuel reaction rate (Qr), for the 2-step mechanism and the GRI Mech. The integrated
fuel reaction rate per unit flame area was calculated according to equation below [23]:

. X
.QF = / B ﬁ)FdX
)Cf

where @ is the fuel rate of destruction in mol /(m?> - s); x; and x} are points located infinitely close to
the flame front on both side of it.
The absolute value of this quantity was always larger, when the detailed mechanism was employed in
the calculations (Figure 13). However, the difference of Qr, between the 2-step mechanism and the GRI
Mech, was not so significant for lower strain rates as it was obtained for higher values of this quantity.

A very good agreement was found for some of the main species (Hy, O, and CHy4) profiles be-
tween the 2S-CM2 and the GRI Mech (Figure 14). Nevertheless, a significant difference between CO,
CO; mole fractions and temperature profiles was found. An insufficient CO, decomposition to carbon
monoxide could cause the escalation of the temperature for the 2S-CM2 mechanism in comparison with
the GRI Mech.

A flame shifting towards the fuel inlet was observed, when the strain rate was increased for detailed
chemistry calculations (Figure 15). A higher stretch invoked the flame to be more compact and caused
that the temperature gradients were larger.

In results postprocessing, of the diffusion flame, it is very common to plot graphs of different quan-
tities against a mixture fraction (z), which indicate the ratio between a fuel and an oxidizer. The detailed
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mechanism, which was used in simulation of diffusion flames, requires that the mixture fraction will
be calculated with respect of radicals. It was done according to Equation (11). Figure 16 presents re-
sults of species mass fraction and temperature plotted against the mixture fraction based on atoms. The
dependence of oxygen and fuel mass fractions with the mixture fraction preserves the correct behav-
ior described in the literature [23]. Almost linear tendency was found for all major species, where the
point of bend for those curves lays next to the stoichiometric mixture fraction (z) defined according to
Equation (24).

Figure 17 shows a good agreement between results obtained for the GRI Mech, the 2S-CM2 and
equilibrium calculations, for the mixture fraction lower than a stoichiometric value of this quantity (z, <
Zg), thus for a fuel-lean side of the flame. Nevertheless, for z. > z, the difference, between those
computations, becomes significant. Higher temperatures, in comparison with equilibrium calculations,
for a fuel-rich side of the flame, for both the GRI Mech and the 2S-CM2, were obtained (fig. 35). This
temperature is called ’super-equilibrium temperature” and according to available literature [20, 15, 27],
can be explained by differences in species diffusivities and heat transport, when detailed full transport
species data is employed in calculations.

A maximum temperature in diffusion flames is an important quantity. In general, the maximum
temperature is obtained for stoichiometric value of the mixture fraction, where exothermic reactions
progress relatively fast, in comparison to other regions of the flame. The maximum temperature is
decreasing with increasing the strain rate for higher values of this quantity (Figure 19). Further increase
of the strain rate could cause that the heat flux density, between the burned gases and the fresh mixture,
is not sufficient to support the combustion process (quenching point).

For lower strain rates (k < (30 —50), the maximum temperature with stretch behaved incorrectly with
theory. This was probably the result of too narrow domain that was used in calculations, while the flame
became wide, for a lower values of strain rate.
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Figure 12: Velocity and heat release profiles comparison for the GRI Mech and the 2S-CM2; CH4/N,/O,

diffusion flame; pg = 1bar, Tg = 300K, k¥ = 100.
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CH4/0,/CO, FLAMES

Equilibrium computations

The quantity used to measure the CO, presence in the oxidizer is Xé”gj, the mole fraction of carbon
dioxide in the oxidizer stream. It is O for pure oxygen and was changed up to 70% in this chapter.
For higher temperatures, obtained during oxy-fuel conditions with oxygen-rich oxidizer, the difference
between calculated adiabatic temperatures for various number of species is much greater than during the
conventional combustion in air (Fig. 20). The higher adiabatic temperature difference occurs when less
carbon dioxide is present in the oxidizer. The reason is that in higher temperatures oxidation reactions
products undergo dissociation and this requires energy. The smallest temperatures are obtained when all
34 species are considered (Table 9). For the case with one-step mechanism, dissociation reactions do not
exist, thus the temperature is too high (Fig. 20). The distinction between the adiabatic temperature of the
case with 34 species and with 4 species, for pure oxygen-methane flames, is as big as 2100K. Among
other reasons, this why the case with four species was not employed for further calculations.

Table 10: Number and kind of species for oxy-fuel combustion of methane

Number of Species list
species

H,; H; O; O,; OH; H,O; HO»; H,05;
C; CH; CH,; CH,(s); CH3; CH4; CO;
34 CO,; HCO; CH,0; CH,0H; CH;0;
CH3OH; CoH; CoHy; CoHs; CoHy;
C,Hs; CoHg; HCCO; CH,CO; HCCOH;
C3H7; C3Hg; CH,CHO; CH3;CHO

6 H,; O,; H,O; CHy; CO; CO,
5 0O,; H,O; CHy; CO; COy
4 02; HzO; CH4; C02

The underestimation of CO, and over prediction of CO mole fraction for 5 species was found in the
oxy-fuel case (Fig. 20). This tendency is intensified for greater mole fractions of molecular oxygen in the
oxidizer, thus for larger temperatures. A quite good agreement was found in mole fractions of various
species, between the case with 6 and 34 species, in comparison to graphs plotted for less reactants.
Nevertheless, the difference is still large especially for larger oxygen fraction in the oxidizer. Regarding
the work of Frassoldati et al. [3], at temperatures higher than 2500K not only H, and CO have significant
impacts in limiting the temperature, but also radicals. This suggests that six species will not be enough
to describe properly the real flame for the higher oxygen mole fraction (> 50%) in the oxidizer.
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Auto-ignition delay times

Auto-ignition delay times for a mixture, which is composed of methane, molecular oxygen and carbon
dioxide are presented in Figure 22. For an oxy-fuel combustion as well as for a conventional combustion
of methane in air (Fig. 5) a great disagreement was found between GRI Mech scheme and reduced
mechanisms (J-L-JB and 25-CM2-JB2), which only confirms the argument that low-number reaction
schemes are not able to predict the ignition process. The divergence between results obtained for the
detailed mechanisms and reduced ones is larger for lower initial temperatures.

Profiles of temperature and volumetric heat release for initial temperature equal to 1500K are plotted in
Figure 21. A difference between different oxidation mechanisms can be seen clearly. The lowest time
delay at the same time with the most intensive heat release is achieved for a case with 2S-CM2-JB2
mechanism. Obviously, the temperature for the detailed mechanism reaches the lowest level, what was
explained in details in the chapter that deals with equilibrium calculations.
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Figure 21: Temperature and volumetric heat release profiles for CH4/CO,/O, mixture, for CO,=61,5%

mole fraction in the oxidizer, for different oxidations mechanisms, plotted against time; pg = lbar,
Tinir=1500K, ¢ = 1.

32



1,0E+02

[ |
1,0E+01 |
| ]
1,0E+00 &
1,0E-01 - = PY
u A
» 1,0E-02 - .
A
[ |
*
1,0E-03 - .
= )
. u * m GRI Mech
1.0E-04 ar s ° A25-CM2-JB2
= 4 ¢J-L-JB
1,0E-05 g X
) {
g2t
1,0E-06
0,4 0,6 0,8 1 1,2 1,4
1000/T, 1/K
1,0E+02
| ]
1,0E+01
[ |
1,0E+00 -
[ |
1,0E-01
= A
'S
© 1,0E-02 [ s
= IS
A
1,0E-03 | +
| ] x A
| ]
m GRI Mech
1,0E-04 = * ]
o 2 i A2S-CM2-JB2
) { ¢J-L-JB
1,0E-05 gt b ¢
t‘
1,0E-06
0,4 0,6 0,8 1 1,2 1,4
1000/T, 1/K

Figure 22: Auto-ignition delay times for CH4/CO,/O, mixture, for CO,=61,5% (top graph) and
C0O,=72% (bottom graph) mole fraction in the oxidizer, for different oxidations mechanisms, plotted
against reciprocal of the initial temperature multiplied by one thousand; pg = 1bar, ¢ = 1.

33



One-dimensional premixed laminar flames

The different diffusivity and thermal capacity of carbon dioxide and molecular nitrogen modify the com-
bustion of CH4. According to the dependency of the laminar flame speed on the diffusion coefficient
(Eq. (21)), lower thermal diffusivity in the CO, atmosphere influences the laminar flame speed. Dif-
ferent oxidizer compositions have effects on the chemistry itself. The dissociation of CO, affects the
production of carbon monoxide for higher temperatures (;,1300K) [14]. Nevertheless, a thermal effect
on a laminar flame speed decrease was found as the major one by Benedetto et al. [2]. Carbon dioxide
has a higher specific heat capacity than N, so that the flame has a much lower temperature compared to
conventional combustion in air, for the same mole fraction of diluents in the oxidizer. Lower tempera-
tures also have an impact on the combustion rate, which in conjunction with a lower thermal diffusivity
and changes in chemistry cause a big difference in laminar flame speed values (Table 11).

Table 11: Summary of laminar flame speed values obtained during present work for methane oxidation
simulation in O =21%/N, = 79% and O, = 21%/CO, = 79% for various equivalence ratios, for detailed
mechanism (in mm/s).

0=0819¢=09¢=10|¢=1,1
N2/Os 0,263 0,326 0,365 0,370
CO,/0, | 0,026 0,033 0,036 0,033

Calculations for different mole fractions of CO, and O, in the oxidizer were performed in order to
find the laminar flame speed which was obtained during a detailed chemistry simulation of a methane
combustion in the environment similar to air. Adiabatic flame temperature and laminar flame speed
variations with CO, mole fractions in the oxidizer are presented in figure 23. The adiabatic temperature
and the laminar flame speed are inversely proportional to the CO;, mole fraction in the oxidizer. A
good agreement between present work and CH4 combustion simulation in Chemkin-Premix [2] can be
observed. For both adiabatic temperature and laminar flame speed, compatibility is much better for
higher mole fraction of oxygen in the oxidizer. For pure oxygen-methane flame the temperature reaches
value at about 3050K and laminar flame speed is in the order of 3, 1m/s.

For various equivalence ratio the laminar flame speed tendency is similar to that, which was obtained
for N,/O, case. However the maximum value is obtained for slightly fuel-lean conditions, especially for
lower O, dilution using CO, (Fig. 24). General conclusion can be created, that the laminar flame speed
is depended strongly on the oxygen concentration in the oxidizer.

Carbon dioxide mole fraction in the oxidizer, for which values of the laminar flame speed is approx-
imately equal to the values obtained during combustion simulation in N,/O; environment, is equal to
0,615, for the equivalence ratio around one (Fig. 25). The further the mixture is from stoichiometric
conditions the Sy value disagree more. The adiabatic temperature is elevated for the CO,/O, case at
about 250K roughly. Due to a flame stabilization, when an oxidizer is shifted from an air to a mixture
of CO,/O,, achieving similar laminar flame speeds for an oxy-fuel and a conventional combustion is
important.

Figure 26 presents adiabatic temperature results for three different basic oxidation mechanisms de-
scribed in this report (top graph). Adiabatic temperatures for the J-L. mechanism and for the 2-step
mechanism are over predicted slightly, in comparison to results for the detailed mechanism. A signifi-
cant disagreement within laminar flame speed is observed between the detailed mechanism and the J-L
or the 25-CM2 mechanism (Figure 26 bottom graph). These reduced mechanisms were evaluated for
fuel-air flames and this probably explains such a big divergence, when they are employed in oxy-fuel
combustion calculations. Likewise in the conventional combustion simulation with reduced mechanisms
(Fig. 7), the oxy-fuel calculation of Sy using the J-L. mechanism preserves proper curve shape for dif-
ferent equivalence ratios, as well for the 2S-CM2 mechanism laminar flame speed is overestimated for
fuel-rich mixtures.
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To improve the precision of reduced mechanisms, parameters from the Arrhenius equation (Eq. (13))
were readjusted (Tables 5, 6). For the J-L mechanism two reactions have a major impact on the laminar
flame speed: reactions 1 and 3 in Table 3. For both 2S-CM2-JB2 and J-L-JB mechanisms the agree-
ment was improved considerably, however for a fuel-rich mixture the difference between the detailed
mechanism and reduced ones is still relatively big, especially for the 2S-CM2-JB2 mechanism. The dif-
ference is increasing with increasing equivalence ratio. When for the J-L-JB mechanism this difference
can be neglected, for the 2S-CM2-JB2 mechanism the pre-exponential factor adjustment has to be used
(Eq. (15), Table 4) .

The similar flame speed for the conventional and the oxy-fuel combustion is not the only criterion
considered in this work. Similar flame temperature profiles and gas concentration levels were acquired
by Andersson and Johnsson, during experiments, for 27% of molecular oxygen in the oxidizer [4]. For
this reason, the simulation of methane combustion in the oxidizer mixture of 0,=0,28/C0,=0,78 was
also performed, in order to match the laminar flame profiles for the detailed mechanism and two reduced
ones.

The same procedure of calculations was carried out as for the case with 28% of oxygen in the oxi-
dizer. A better agreement in values of the adiabatic temperature for the detailed mechanism and reduced
ones were obtained (Fig. 27) than for a case with 61,5% of CO; in the oxidizer (Fig. 26). This was
observed, because the lower temperature due to a lower oxygen concentration the lesser temperature
divergence between different oxidation mechanisms. Values of the laminar flame speed, for reduced
mechanism, were overestimated strongly in comparison to the GRI Mech calculations. To improve the
convergence and not to create new mechanisms, the same reduced schemes (J-L-JB and 2S-CM2-JB2)
were used (Tables 5, 6). Nevertheless, after readjustment of Arrhenius parameters, a quite good agree-
ment for S; could be observed, for various oxidation mechanisms during the combustion simulation of
fuel-lean and stoichiometric mixtures. Nevertheless, for fuel-rich mixtures, for 2S-CM2-JB2 mechanism
a disagreement with the GRI Mech scheme was found, for that reason, a new 2-step scheme with PEA
was created (2S-CM2-JB3).

Figure 28 presents calculated values of §; for GRI Mech, 2S-CM2-JB2 and 2S-CM2-JB3 mecha-
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37



2200

2100 - PN
P N
o
2000 -
1900 \\
X “a
8
F 1800 -
---A--- GRI Mech
1700 — A J-L; JL-JB
/ — A~ —2S-CM2; 2S-CM2-JB2
1600 A
1500 ‘
0,5 0,7 0,9 o 11 1,3 1,5
0,35
e
//,<>*/
0,3 &
//
£
pd
0,25 -
0,2
NG
€
_T /7 - - __-A
o 0,15 - /’Tﬁi-/
"//" _—,--'<>“"\-- ~::\'A~-~
Pl //E ol -
0,1 - W St - A
Lo ---& -- GRI Mech Pl
5. ’_0 +J-L ..
0,05 L — < — 2S-CM2 >
<o —-A--JL-JB
—-A-—25-CM2-JB2
0 ‘ | |
0,5 0,7 0,9 1,1 1,3 1,5

o

Figure 27: Comparison of the laminar flame speed and the adiabatic temperature results obtained for
the detailed mechanism, the original J-L. mechanism, the original 2-step mechanism and readjusted ones
(J-L-JB and 2S-CM2-JB2) for 28% of O, in the oxidizer; pg = 1bar, Ty = 300K.

38



0,4

-k ——k---aA

— o — 02=28% 25-CM2-JB2
---¢-- 02=28% 2S5-CM2-JB3
— & — 02=38,5% 2S-CM2-JB2
---A-- 02=38,5% 2S-CM2-JB3
—o—02=28% GRI Mech
—A—02=38,5% GRI Mech

/L__—Q———Q'—“—’
e TG ey
/":/—eﬂ 0\.\_\’.

~
0’1 //f/ >\9\ _’

’/y/ \
~
2

0 T T
0,5 0,7 0,9 (0} 1,1 1,3 1,5

0,3

SL,mls
o
N

Figure 28: Results comparison of the laminar flame speed values computation for GRI Mech, 2S-CM2-
JB2 and for2S-CM2-JB3 plotted against equivalence ratio; pg = 1bar, Ty = 300K.

nisms. For oxidizer with 38,5% of oxygen a very good agreement between the GRI Mech and 2S-CM2-
JB3 is achieved, after employing PEA, for a fuel-rich conditions.

Taking into account the case with 28% of O, in the oxidizer, the agreement is only sufficient due to
the fact, that PEA function as well as 2S-CM2-JB2 mechanism was created for the oxidizer containing
38,5% of O,.
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One-dimensional stretched premixed laminar flames

The simulations of CH4/CO,/O, one-dimensional stretched premixed laminar flames were performed
similarly to methane-air conventional combustion computations. Very good agreement within profiles
of velocity and volumetric heat release was found for 2S-CM2-JB2, J-L-JB and GRI Mech schemes,
however the maximum mixture velocity as well as the heat release peak are slightly larger for the 2-
step and the 4-step mechanism than for GRI Mech (Fig. 30 top graph). Peaks of carbon monoxide and
molecular hydrogen mole fractions are under predicted when 2S-CM2-JB2 and J-L-JB mechanisms are
employed in calculations (Fig. 30 bottom graph).
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Figure 29: Minimum mixture velocity plotted against inlet velocity for CH4/CO,/O; flames for different
oxidation mechanisms for py = 1bar, Ty = 300K, @ = 1; Highlighted marks for u; = u,,;, are calculated
using 1D simulation of freely propagating laminar flame.

The dependency behavior between minimum speed of mixture and inlet velocity are similar to results
obtained for a case with CH4/N»/O»; a linear dependence were found for a higher u; values, for both
cases with 38,5% and 28% of O, in the oxidizer (Fig. 29). Very good conformity for the case with
0,=38,5% in the oxidizer for three considered mechanism was obtained. For the case with 0,=28% in
the oxidizer, 2S-CM2-JB2 and J-L-JB2 the minimum mixture velocity (u,,;;) was overestimated slightly
in comparison with detailed mechanism.
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One-dimensional stretched diffusion laminar flames

Simulations of CH4/CO,/O; one-dimensional stretched diffusion laminar flames were performed simi-
larly to methane-air conventional combustion computations for the GRI Mech and the 2S-CM2. Results
in this chapter are presented for CO; in the oxidizer equal to 0,615.

Very good agreement within profiles of CH4, Oy, H;O mole fractions and velocity was found for 2S-
CM2-JB2 and GRI Mech schemes, for a strain rate ¥ = 100 (Fig. 31 32). Nevertheless, the difference in
temperature, heat release, fuel destruction rate and mole fractions of carbon dioxide and carbon monox-
ide was noticed, as it was observed for methane-air diffusion flames.

The definition of the mixture fraction, because of the oxidizer composition (CO,/0), could not
be defined in simple way using atoms of carbon, therefore, the theoretical definition was employed
in postprocessing of outcomes (Equation (8)). The mixture fraction plotted against coordinates shows
the disturbance of the tendency at the area, where the reactions proceed with the highest intensity (for
zst = 0,073), especially for the detailed mechanism simulation (Fig. 32 bottom graph).

Similar conclusion can be drawn, as for a conventional combustion case, that absolute value of the
integrated fuel reaction rate is increasing with increasing strain rate (Figure 33). For very low strain
rates, the difference between values of this quantity, for the GRI Mech scheme and the 2S-CM2-JB2
mechanism, becomes negligible.

A good agreement between results obtained for the GRI Mech, the 2S-CM2-JB2 and equilibrium
calculations was found, for the mixture fraction lower than stoichiometric value of this quantity (Figure
34). Nevertheless, for z. > z,; the difference, between results obtained for different calculations, becomes
significant, especially for mass fraction of carbon dioxide. Higher temperatures, in comparison with
equilibrium calculations, were obtained only for the 2S-CM2-JB2 scheme for wide range of mixture
fraction values (Fig. 35). The temperature difference between calculation using the GRI Mech and the
2S-CM2-JB2 reached value 250K approximately.

In general, the decrease of the maximum temperatures with increase of stretch rate was found for
the GRI Mech, while the maximum temperature obtained for the 2S-CM2-JB2 mechanism was found to
be almost insensitive on the strain rate (Figure 36). For the case where oxidizer contained 28% of the
O, the quenching point were found for strain rate surpassing value of 1901 /s, for detailed mechanism
calculations.
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CONCLUSIONS

Two reduced mechanisms (2S-CM?2 and J-L) have been tested for a conventional air-methane combus-
tion. Whereas, existing (2S-CM2 and J-L) schemes and refined ones (2S-CM2-JB2 and J-L-JB) were
verified using detailed chemistry computations, for specified oxy-fuel conditions.

Results for the air-methane case, obtained for the J-L scheme and for GRI Mech, are in general
in better agreement than those evaluated for the 2S-CM2. However, the laminar flame speed obtained
for the 2S-CM?2 scheme agreed more with results for the GRI Mech than the J-L. mechanism, especially
when at the rich side of the flame, for the 2-step scheme, a pre-exponential factor adjustment is employed
(2S-CM2-JB1). Auto-ignition delay times obtained for both the J-L as well as for the 2S-CM?2 are signif-
icantly shorter than this quantity obtained for the GRI Mech, thus can be concluded that highly reduced
schemes are not able to predict this parameter. The equilibrium calculations have shown that because of
considerable overestimation of the adiabatic temperatures for the one-step scheme, this mechanism can-
not be used with success in modeling of real processes. Diffusion flames for a conventional methane-air
combustion show a good agreement between detailed mechanism calculations and the 2S-CM2 scheme
for some of the major species excluding CO, and CO.

A large disagreement between detailed chemistry calculations, using the GRI Mech, and results

obtained for J-L and 2S-CM2 global schemes, for the oxy-fuel combustion, was found for freely propa-
gating 1D laminar premixed flames. Therefore, two new major schemes were evaluated (2S-CM2-JB2
and J-L-JB). Verification of new schemes was performed in order to obtain similar values of laminar
flame speeds for air-methane computations, what were achieved for CO, mole fraction in the oxidizer
equal to 0,615. However, the usefulness of those schemes were also tested for CO, mole fraction in
the oxidizer, which insures similar thermal conditions to those, which are present during combustion of
methane in air. The prediction of laminar flame speeds were improved significantly, when new schemes
for the oxy-methane combustion were employed in simulations.
Similarly, to the air-methane case, the ignition delay times could not be predicted correctly by the 2S-
CM2-JB2 scheme as well as by the J-L-JB mechanism. The prediction of the minimum velocity, which
was an important quantity for premixed stretched laminar flames, was in very good agreement, for two
different oxidizer compositions, at near stoichiometric conditions. A sufficient agreement was also found
for diffusion flames, for the GRI Mech mechanism and the 2S-CM2-JB2 scheme, especially for fuel-lean
side of the flame.

Generally, modified schemes improved the agreement with the detailed mechanism considerably, for
both considering compositions of the oxidizer.
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