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The present work investigates both the autoignition and the combustion characteristics on
highly preheated and diluted combustion of laminar premixed stoichiometric CHa/O2/N2 mixture
in a cylindrical combustor operating at elevated pressure. The analysis has been carried out for a
range of operating parameters such as reactant preheat temperature of 1100-1500 K, combustor
pressure of 1-10 atm, and highly diluted mixture, which is achieved by decreasing the oxygen
content in the oxidizer from 21 to 3% in volume basis. The simulations have been carried out using
the laminar premixed adiabatic PFR (plug flow reactor) model of Ansys Chemkin Pro. Two-
dimensional pictorial representation is carried out using finite volume-based CFD code Ansys
Fluent 19.2. Finite-rate chemistry with detailed chemical mechanism GRI Mech 3.0 is used for
combustion analysis. The results show that OH and HCO mole fractions are decreased with
increased combustor pressure and N2 dilution (or decreased O, content) while it increases with the
reactant's temperature. Also, it has been found that by reducing the oxygen content in the mixture,
the flame gets stabilized far away from the combustor inlet. In contrast, an increase in combustor
pressure and reactant temperature stabilize the flame towards the combustor inlet. The flame
stabilization characteristics at different locations of the combustor are explained in terms of
ignition delay time, which is calculated using the closed homogenous reactor (CHR) model
available in the Ansys Chemkin Pro package. The flame peak temperature decreases with an
increase in N2 dilution and increases with increasing the reactant temperature. Moreover, the peak
temperature varies marginally with increasing the combustor pressure. Finally, a regime diagram
is prepared to show the various combustion mode such as HITAC, MILD combustion, and No
ignition region as a function of Oz content and reactant temperature for different operating
pressure. The CO and NO emission are reduced with an increase in pressure in the MILD

combustion region.
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1. Introduction

Highly preheated and diluted combustion or high-temperature air combustion (HITAC) is
a novel technology developed for energy savings, flame stability enhancement, and reduction of
significant pollutant emissions like NOx and CO (Katsuki and Hasegawa, 1998; Rafidi et al., 2008;
Gupta, 2003). This technology is based on preheating and diluting the fresh gases with the flue
gases that result in more uniform temperature distribution and lower NOx emission than the
combustor operating under conventional mode. It has been implemented in many industrial and
experimental applications, and also developed and reported with a different name such as
Flameless oxidation (FLOX)( Wunning and Wunning, 1997), Colorless distributed combustion
(CDC)( Arghode and Gupta, 2011), MILD combustion (Cavaliere and De Joannon, 2004). While
these technologies have commonalities and work on a similar concept as HiTAC combustion, they
are not the same. Flameless combustion is related to the fact that there is no visible flame
appearance, mainly due to the high exhaust gas recirculation rates and distributed combustion with
the low-temperature gradient (Wunning and Winning, 1997; Reddy et al., 2015).

Similarly, the CDC is based on higher combustion intensities and lower residence time
than HIiTAC combustion (Arghode and Gupta, 2011). On the other hand, MILD combustion is a
subset of HITAC combustion, in which the inlet reactant temperature should be above the self-
ignition temperature, and the maximum temperature increase inside the combustor should be less
than the mixture self-ignition temperature (Cavaliere and De Joannon, 2004). In HITAC, the
combustion air is preheated above the auto-ignition temperature and can operate in both MILD

and non-MILD combustion modes (Katsuki and Hasegawa, 1998). Experimental and
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computational analyses have been conducted to understand this technique's reaction, flow, and
emission characteristics (Khalil and Gupta, 2018; Chen et al., 2017; Christo and Dally, 2005). The
effect of phase and heating value of fuels on achieving distributed combustion is deeply
investigated (Mao et al., 2017; Reddy et al., 2014). However, most of the work has been reported
on highly preheated and diluted combustion operating at ambient pressure, and less work is
reported at high pressure. In the high-pressure MILD combustion, the increased pressure and the
preheated reactants shorten the ignition delay to multiple orders than the distributed combustion
at ambient pressure. Hence, distributed or MILD combustion at high pressure is still ambiguous.
As suggested by (Sabia et al., 2015; Sabia et al., 2015; Sabia et al., 2014; De Joannon et al., 2002),
the leading parameters affecting the occurrence of MILD combustion are inlet temperature of the
reactants, operating pressure of the combustor, dilution level of the oxidizer and C/O ratio of the
local fuel-air mixture. These parameters critically influence the autoignition delay time. The

ignition delay time (z;4,,) is inversely proportional to both operating pressure (Pgomp) and inlet

1

temperature (Tyeqcrants) OF the reactants (z;4, ﬁ s Tign X ). However, the dilution

Treac tants

level (Rq;;) of the reactants has a direct relation with the auto-ignition delay time (z;4,), i..
(Tiga % Rqy). Sidey et al. (2014) have identified MILD combustion regime boundary while
investigating the constant pressure auto-ignition and freely propagating premixed flame of cold
methane-air mixtures diluted with hot products. Recently, Shao et al. (2019) measured ignition
delay times for methane and hydrogen fuels too diluted with CO> in a high-pressure shock tube.
The measurements were carried out for a pressure range of 27-286 atm and a mixture temperature
range of 1045-1578 K. Their study shows that the auto-ignition delay time is a vital function of
both operating pressure and temperature. Hu et al. (2015) proposed a fitting correlation (Eq. (1))

of ignition delay times (t) as a function of equivalence ratio (¢), pressure (p), and temperature (T)



for methane-air mixtures through regression analysis with a co-efficient of determination

R?=0.983.

-1
= 1 09 x 10_3 p_0_68 ¢_0.04exp (40.98i0.51 kcal.mole )

- 1)
Where 1 is the ignition delay time in ps, p is pressure in atm, R = 1.983x10°° kcal/mol.K is the
universal gas constant, and T is the temperature of the reactant in Kelvin. This correlation is
applicable for the pressure range of 1-10 atm, a temperature range of 1300-1900 K, and an
equivalence ratio of 0.5-2.0. De Toni et al. (2017) measured ignition delay times for Jet Al fuel
using a rapid compression machine (RCM) and high-pressure shock tube for the pressure range
from 7-30 atm, a temperature range of 670-1200 K, and fuel/air equivalence ratio of 0.3 to 1.3.

They have developed a correlation (Eg. (2)) of ignition delay times for Jet Al fuel through multiple

linear regression analysis.

145101490

T/ps = 102065022 exp( T

) X (p /bar)—0.89iO.12(@)—0.7910.06 (2)

The developed correlation is determined for the pressure ranging from 7-30 atm, temperature

ranging from 925 -1195 K for the equivalence ratio (¢) from 0.3 and 1.0.

Few research groups studied distributed combustion in the highly preheated and diluted
environment at elevated pressure. Khalil and Gupta (2011) have used CDC in a cylindrical gas
turbine combustor incorporating tangential air inlet and axial exhaust gas outlet. They have
conducted experiments on both premixed and non-premixed combustion regimes operating at 2.0
atm pressure and preheated inlet air using methane gas as a fuel. Luckerath et al. (2008) achieved
MILD combustion at 20 atm pressure for natural gas with and without H> admixtures under
different lean premixed conditions. Ye et al. (2015) experimentally achieved MILD combustion at

a pressure of 5.0 atm in a reverse flow combustor by using pre-evaporated liquid fuels of ethanol,



acetone, and n-heptane. Kruse et al. (2015) investigated MILD combustion in a reverse flow
configuration type combustor using methane as fuel in partially premixed mode operating at an
atmospheric and elevated pressure of 2.5 and 5.0 atm. Tu et al. (2020) numerically investigated
MILD combustion at high pressure up to 8 atm in a reverse flow configuration type non-premixed
combustor using methane as a fuel. Their analysis suggests that MILD combustion at elevated
pressure can be achieved by enhancing internal flue gas recirculation by decreasing the nozzle

diameter.

From the above literature, it has been found that very little literature is available on high-
pressure MILD combustion since the MILD combustion at very high pressure is a challenging
task. To achieve the MILD combustion at high pressure, the combustion products need to be highly
diluted. Consequently, the present study aims to accomplish the highly preheated and diluted
combustion of laminar premixed CH4/O2/N2 mixture at high pressure (up to 10 atm.). Autoignition
characteristics and numerical analyses are carried out to gain a detailed understanding of highly
preheated and diluted combustion operating at high pressure. The ambient pressure varies from 1
to 10 atm, the temperature of the reactants is varied from 1100 to 1500 K, and the dilution of the
reactants is varied from 21 to 3 % O (in volume) levels. The equivalence ratio of the mixture is
maintained constant throughout our studies at @ = 1. The ignition delay as a function of combustor
pressure, reactant temperature, and dilution is estimated by using Ansys CHEMKIN PRO
considering the homogeneous reactor model. Simulation is conducted using the laminar plug flow
reactor model (PFR) of the Ansys Chemkin Pro package. Two-dimensional pictorial representation
of premixed methane (CHa) — diluted oxidizer is analyzed using the finite volume-based CFD code
Ansys Fluent 19.2. Finite-rate chemistry with the widely used detailed chemical mechanism GRI

MECH 3.0 (Smith et al., 2019) is implemented for the combustion analysis. The effects of the



ambient pressure, reactant temperature, and dilution on the flame and reaction distribution are
investigated. Finally, a regime diagram is prepared to show the various combustion mode such as
HIiTAC, MILD combustion, and No ignition region as a function of O content and reactant

temperature for different operating pressure.

2. Numerical modeling

2.1. Ignition delay time

The ignition delay of the CH4/O2/N2 mixture has been evaluated by considering the closed
homogenous reactor model of the CHEMKIN PRO package. It has been assumed that the unburned
gas mixture is in a closed adiabatic system during the computations. The transient, spatially
homogeneous form of the conservation equations for mass, energy, and species are solved under
such conditions. There are various methods available to estimate ignition delay times in
computational as well as experimental combustion work. For instance, it is often defined as the
time at which (i) the concentration of certain species reaches the maximum value, or (ii) the rate
of increase in temperature reaches a particular user-defined value, or (iii) the output of the
luminous radiation from the system is first noticed. In the present work, the ignition delay time is
calculated using detailed chemical mechanism GRI Mech 3.0 (Smith et al., 2019) based on the
approach related to the maximum of the OH species concentration. Surface chemistry is not
included in the present computation. The GRI Mech 3.0 chemical mechanism contains 53 species
and 325 chemical reactions. This mechanism was optimized and validated for methane and natural
gas over a wide range of operating parameters, a temperature range of 1000-2500 K, pressure range
from 10 Torr to 10 atm, based on flame speed measurement and shock tube experiment. Recently,

(Tuetal., 2020) have validated GRI Mech 3.0 with experimentally measured data of ignition delay



time and laminar flame speed from 1 to 10 atm and implemented this mechanism for their CFD
investigation on high-pressure MILD combustion. The performance of GRI Mech 3.0 in the highly
diluted condition is good and also adopted by many combustion researchers in the area of MILD
combustion studies even if at low O (Yo2 =3% in the oxidizer) content (Dally et al., 2005, Mardani
and Mahalegi, 2019). Here, we have presented the prediction capability GRI Mech 3.0 by
comparing the experimentally measured ignition delay times of CH4/O2/N2 mixtures at different
N2 diluted conditions (Zeng et al., 2015) with two operating pressure of 1 and 10 atm, as shown in
Fig.1. The GRI Mech 3.0 offers good agreement with experimental data in diluted conditions at
atmospheric and elevated pressure of 10 atm. Hence, the GRI mech 3.0 chemical mechanism is

considered in our present numerical analysis.
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Figure 1. Validation of Chemkin results with measured experimental data of ignition delays of

methane/ air mixtures diluted by Na.

2.2. Laminar PFR model

In the present study, numerical simulation of a steady, one-dimensional, constant pressure
laminar premixed flame in highly preheated and diluted conditions was conducted using the

adiabatic plug flow reactor model (PFR) module Ansys Chemkin Pro and GRI 3.0 chemistry. The
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plug flow reactor model is computationally efficient since it solves the first-order ordinary
differential equations (ODE’s) of continuity, momentum, energy, and species without requiring
the transport properties. The fundamental assumption of a plug flow reactor model is that the fluid
is perfectly mixed in the radial direction while there is no mixing in the axial direction. The present
work considers the domain of length 1.4 m and diameter of 0.01m in which the combustion of
laminar premixed CH4/O2/N2 mixture in a diluted and at high-pressure condition is analyzed. The
present reactor's dimension is taken from the experimental tubular reactor used by Sabia et al.
(2013). A stoichiometric premixed mixture (¢=1) of CH4 and oxidizer (O2 and N>) is considered
with different O dilution levels. Reactants are supplied at the inlet at different reactant
temperatures ranging from 1100 to 1500K. The percentage of O in the air is varied from 21 to
3%. The pressure of the reactor is varied from 1 to 10 atm. The calculated jet Reynolds number of
the mixture for all covered cases is = 1750. The effects of all these parameters (%02, combustor
pressure, inlet temperature) on achieving distributed combustion are investigated in the present
work. At the combustor's inlet, mass flow inlet boundary condition is applied with a constant
mixture mass flow rate of 0.00061 kg/s for all the cases considered in the present work. The
mixture's mass flow rate is calculated by considering the inlet velocity of 30 m/s as the base case
for the reactant temperature of 1300 K and at a pressure of 1 atm with a 21% O level. The
operating conditions considered in the present work, as well as corresponding flow velocity under
stoichiometric conditions for all cases, are supplied in Table S1 of the supplementary material.
Similarly, the mole fraction of the mixture species (CH4, O2, and N2) provided at the inlet with

different dilution levels for ¢=1 are listed in Table 1.



Table 1: Mixture composition (in mole fraction) for ¢=1

Oz in the air (%) | Nz in the air (%) XcHa Xo2 XN2
21 79 0.095 0.19 0.715
17 83 0.078 0.156 0.766
13 87 0.061 0.122 0.817
9 91 0.043 0.086 0.871
5 95 0.02439 0.04878 0.92683
3 97 0.01477 0.02955 0.95568

2.3. CFD Modelling

In the present work, laminar premixed combustion of CHa/O2/N; in a cylindrical combustor
(tube) of 0.01m in diameter (D) and 1.4 m in length (L) is numerically analyzed. The same
operating conditions, such as reactant temperature, pressure, and dilution level mentioned in the
PFR model, are considered in the CFD study. The computational domain imposed with different
boundary conditions is shown in Fig. 2. The wall of the combustor is set as adiabatic. At the inlet
of the combustor, mass flow inlet boundary condition is applied with a constant mixture mass flow
rate of 0.00061 kg/s for all the cases considered in the present work. Similarly, the mole fraction
of the mixture species (CHas, O2, and N2) supplied at the inlet with different dilution levels for ¢=1
are listed in Table 1. Pressure outlet boundary condition is specified at the outlet of the cylindrical

combustor.
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Figure 2. Computational domain of the combustor (not to scale)

The entire computational domain of the combustor has meshed with the help of the Ansys
ICEM CFD 19.2 tool. A structured mesh with uniform size quadrilateral elements is considered,
as shown in Fig.3. In axial direction (X direction), 6000 grids are considered, and in the radial
direction (r direction), 40 grids are considered. This constitutes a total number of 2,40,000 grid
points or 2,33,961 cells. This particular number of cells (2,33,961 cells) has been chosen in our
present work after conducting a grid independence test. The temperature variations along the
centerline of the tubular combustor for 1300 K reactant temperature and 21 % O, and operating at
latm pressure are chosen for the grid independence. The grid independence test is shown in Fig.S1

of the supplementary material.

0.005

Figure 3. The meshing of the computational domain
The laminar premixed CH4/O2/N> flames are computed by a set of conservation equations
for continuity, momentum, energy, and species in a 2-D axisymmetric computational domain using

finite-volume-based commercial CFD code Ansys Fluent 19.2. The steady-state assumption is
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adopted in the current computation. VVolumetric reaction-based finite rate chemistry with the
detailed chemical mechanism GRI Mech 3.0 (Smith et al., 2019) is used for the combustion
analysis. Many researchers have considered GRI Mech 3.0 chemical mechanism for their CFD
investigations at atmospheric and elevated pressure (Kruse et al., 2015; Mardani et al., 2019; Tu
et al., 2020). The chemical source term in the reactive flow is determined by the direct integration
method. The discrete ordinate (DO) model with the weighted sum of the grey gas model
(WSGGM) recommended by Smith et al. (1982) is considered to calculate the radiative heat
transfer by correctly predicting emission and absorption co-efficient. Incompressible ideal gas law
is used to calculate the density of all the species. The SIMPLE algorithm is used for pressure-
velocity coupling to solve the pressure correction equation. The second-order upwind scheme is
used to discretize the convective part of the transport equation for more accurate calculations. A
central difference scheme is utilized to discretize the diffusive component of the governing
equations. The convergence criteria for each simulation are set through two critical conditions.
First, the residuals for all the equation is set below 10, except for energy and radiation equation
with a stricter tolerance of 10®. Second, the variation of velocity and mean temperature at the

combustor outlet are less than 0.1m/s and 1 K, respectively.
2.4. Validation of CFD work

The validation of the present numerical methodology is checked by comparing the profiles
of flame temperature and species concentration with the experimental data available in the
literature. It is not possible to compare the result of the present numerical work with the
experiments performed in such size geometry at atmospheric and elevated pressure since there are
non-available. However, some experimental data were found for a one-dimensional flame

geometry with a stoichiometric methane-air mixture conducted in the atmosphere (Bechtel et al.,
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1981; Stephenson, 1979). Bechtel et al. (1981) used the Laser Raman Scattering method in their
experiment to measure profiles of temperature and species concentration of stoichiometric,
premixed laminar methane-air flames. The burner details can be found in the work of (Bechtel,

1979; Bechtel et al., 1981; Stephenson, 1979).

The centerline variation of profiles of temperature and species concentration by the present
CFD work compared with that of experimental data from the literature Bechtel et al. (1981), as
shown in Fig. S2(a)-(d) in the supplementary material. The reactant temperature and velocity for
the stoichiometric methane-air mixture at the inlet are considered as 300 K and 0.3 m/s,
respectively. The result shows reasonable agreement between the present numerical method with
experimental data. Hence, the adopted numerical methodology is suitable for capturing the

combustion behavior for the cases considered in the current work.

3. RESULT AND DISCUSSION

3.1.Ignition delay time

Numerical simulation is conducted to evaluate the effect of operating pressure, reactant
temperature, and dilution on ignition delay times of stoichiometric CH4/O2/N2 mixtures. The
analysis has been carried out in the pressure range of 1-10 atm, a temperature range of 1100-1500
K, and with a range of dilution, which is carried out in terms of varying Oz content in the mixture,
i.e., from 21-3% O> (mole basis). The results are presented in Fig.4. It may be noticed from the
figure that the ignition delay times of the CH4/O2/N2 mixtures decrease sharply at higher reactant
temperatures while operating at a fixed pressure. The ignition delay for CH4/O2/N2 mixtures with
21% O and at 1 atm pressure is observed to be 2.06x10° ps at 1100 K, which drops down to

1.18x103 us at 1500 K. Similarly, with 3% O level, the ignition delay is reduced from 2.04x10°
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to 7.49x10° ps with increasing the reactant temperature from 1100 to 1500 K, respectively, as
shown in Fig. 4(a). The dilution effect on ignition delay time can also be understood both from
Fig.4 and Fig.5. The ignition delay time increases with the decrease in O content for a fixed inlet
temperature and pressure. The variation of ignition delay time with different O, content as a
function of reactant temperature at 1 and 10 atm pressure is shown in Fig.5. For a reactant
temperature of 1100 K and at 1 atm pressure, the ignition delay offers a value of 2.06x10° and
2.04x10° s for 21 and 3% O levels, respectively. Whereas for 10 atm, the ignition delay time is
increased from 1.73x10* to 1.42x10° ps with decreasing the Oz level from 21 to 3%. Likewise, for
the reactant temperature of 1500 K and 1 atm pressure, the ignition delay times of 1.87x10? us and
1.66x10° us are observed for 21 and 3% O, respectively. At higher pressure of 10 atm, the ignition
delay times are 6.31 and 4.51 times lower as compared to ignition delay times of 1 atm pressure
for 21 and 3% O, respectively, while at a fixed reactant temperature of 1500 K. Next is the
variation of ignition delay, which shows a non-uniform increment with the decrease of oxygen
content. The increment of ignition delay is observed lower at high oxygen content and higher at
low O2 content. From Fig.4(a), it can be noticed that the ignition delay time is increased by
3.20x10% us and 5.16x10* ps on decreasing the O, content from 21 to 17% and 5 to 3%
respectively, for a fixed pressure of 1 atm. Similarly, at 10 atm pressure, the ignition delay time
is increased by 4.10 x 102 ps and 6.94 x 103 ps for the decrease of O, content from 21 to 17% and

5 to 3%, respectively, as observed from Fig.4 (e).
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The effects of operating pressure on the mixture ignition delay times for 21 and 3% O
cases are shown in Fig. 6. It is observed that the ignition delay time is in inverse relation with both
combustor pressure and reactant temperature. The ignition delay times get shorter with increasing
the operating pressure as well as the reactant temperature. For the 21% O level, the ignition delay
time is decreased from 1.17x10*to 1.45x10° us as the pressure of the reactor is increased from 1
to 10 atm. While, for 3% O, content, the ignition delay times of 1.15x10° s and 1.5x10* ps are
observed for the case of 1 and 10 atm, respectively, while maintaining a fixed reactant temperature

of 1300 K.
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Figure 6. Variation of 7,4, with reactant temperature at different operating pressures; (a)21% Ox,

and (b) 3% O levels.
3.2.1-D PFR and 2-D CFD analysis
3.2.1. Effect of dilution on combustion and emission characteristics.

The temperature profile of the diluted laminar premixed flame obtained by PFR data with
0%V ranging from 21 to 3% for 1 and 10 atm pressures is shown in Fig. 7. The temperature of
the reactants is kept at 1300 K for both cases. It is observed that with the decrease in oxygen level,
the flame stabilizes far away from the inlet since the 7,4, of the mixture (CHs + oxidizer) is
increased with an increase in dilution levels (Refer to Fig.4 and Fig. 5). For example, the ignition
delay time of 1.17x10* us and 1.15x10° ps is observed for the mixtures with 21 and 3% O levels,
respectively, at 1 atm pressure. A reduction of Oz content in the mixture simultaneously decreases
both CH4 and O> content at the inlet to maintain the constant equivalence ratio (¢ = 1.0) for all
cases (refer to Table 2). The peak temperature is reduced with the decrease in oxygen content in
the oxidizer. The peak temperature is observed higher for 21% O, content and lower for 3% O-

content. However, the flame is not observed at 3 and 5% O, content when the combustor is
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operating at 1 atm pressure. Due to the higher ignition delay time (1.15x10° us) of the mixture at
3% Oz, which is 9.83 times higher than the 21% O case of the same pressure. The length of the
combustor is fixed to 1.4 m that is not sufficient to stabilize the flame before the exit. However,
for 10 atm pressure with 3% O, the flame is stabilized in the combustor. The 7,4, for this case is
1.5x10* ps, and it is 7.67 times less than the Tign OF 1 atm with 3% O level. Hence the flame is
stabilized inside the combustor for 3% O, as shown in Fig. 7(b).

Furthermore, higher temperature increment is observed at high pressure. For instance, the
temperature increment of 1511 K is observed at 10 atm pressure with 21% Og; it is 143 K more
than its respective counterparts at 1 atm, as listed in Table 2. As it moves towards low O content,
the difference in temperature decreases between 1 and 10 atm, i.e. at low O, content, the difference
of peak temperature between 10 and 1 atm is having a lower value than at high O2 content (refer
Table 3). The 2-D pictorial representation of the same is shown in Fig.8. The distance of the flame
front from the combustor inlet is found longer in the case of 1 atm than 10 atm, for the same
dilution level, see Fig. 8(a) and (b). Also, the distance of the flame front from the combustor inlet
increases with the decrease in oxygen content from 21 to 3%, which is better observed at 1 atm.
At 10 atm pressure, the flame is observed very close to the inlet of the combustor due to the low
T;gn Of the mixture at 10 atm compared to 1 atm. Ignition delay of the mixture consisting of 21 %
O at 10 and 1 atm pressures are 1.45 x 10° us and 1.17 x 10* ps, respectively. The shorter ignition
delay time at high pressure is responsible for the early initiation of the reaction. The dilution level
(O2) has shown much influence on the flame stabilization location at low pressure. Flame location
is justified where the sharp temperature rise is observed, as shown in Fig. 7 for all the cases. For
the 1 atm pressure case, the flame front is moved from 0.35 to 0.94 m when the O is varied from

21 t0 9 %. For 10 atm pressure, the flame front is located at 0.0055 m for 21% O and 0.044 m for
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3% O: level. The corresponding flame location can also be observed from the temperature contour

obtained from the CFD simulation. The data obtained by CFD is slightly underpredicting

compared to PFR data in terms of the flame front location. Comparing CFD and PFR for the

axial variation of temperature is observed from Fig. S3 of the supplementary material.

3500 |
—_—2102 e 17 02 1302 (q)
g o | ---902 - - 502 ——302 g
@ [4h]
f— I -
o | r s |
5 20 | £
D [+¥]
3 3 -==c 3
2000 | .
e - ! 2
1500 | |
[ i, T —— — —
1000 I R A A A A A A A A AT ST A B A
0 02 04 06 08 1 12 14
X (m)

3500

—21 02 e 17 02 13 02 (b)
o0 F ---902 ---502 ——302
2500 i
2000 §
woo I ]
1000 ||||||||||||||||||||||||||||||||||

0 0.2 0.4 0.6 0.8 1 1.2 1.4
X (m)

Figure 7. The laminar's temperature profile diluted premixed flames along the axial direction

obtained from the PFR model for a reactant temperature of 1300 K; (a) 1 atm and (b) 10 atm.

Table 2. Temperature increment as a function of O content at 1 and 10 atm

AT = (TPeak - Tin)

Pressure

21 % O, 17 % O, 13% O 9% O, 5% 0> 3% O»
1 atm 1368 K 1260 K 1103 K 860 K
10 atm 1511 K 1365 K 1167 K 894 K 540 K 335 K
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(b) 10 atm pressures.

Moreover, the flame marching is not uniform with the change in Oz content, as shown in Fig. 7 for

both the pressure of 1 and 10 atm. Here, the flame marching is defined as the distance between the

two points of maximum slope (temperature gradient, Z—i = maximum) on the temperature variation

curve for the two successive O content. The flame marching of 0.084 m, 0.168 m, and 0.336 m is
observed at 1 atm pressure for the successive decrease of O, content from 21 to 17%, 17 to 13%,
and 13 to 9%, respectively. Similarly, the flame marching distance of 0.0012 m, 0.002 m, 0.0042
m, 0.0122 m, and 0.0207 m is observed for the successive decrease of O, content from 21 to 17%,

17 to 13%, 13 to 9%, 9 to 5% and 5 to 3%, respectively for 10 atm case. It indicates an increase of
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flame marching distance concerning the decrease of O, content. Also, the flame marching distance
is observed more for a combustor operating at low pressure than the high-pressure combustor. This
non-uniform marching distance with the change of O content is related to the variation of ignition
delay time to the O, content, as shown in Fig. 4(e). The ignition delay time difference of 4.10 x
102 ps, 6.90 x 102 s, 1.40 x 10 us, 4.11 x 10 ps, and 6.94 x 10° us is observed for the successive
decrease of O content from 21 to 17%, 17 to 13%, 13 to 9%, 9 to 5% and 5 to 3%, respectively
when the reactor is operated at 10 atm. Furthermore, an increase of ignition delay times with
pressure shows a non-uniform trend, reflected upon the flame marching behavior, as shown in Fig.

7(b).

Intermediate species profiles, specifically OH, CH>0, and HCO varying with dilution level
for the operating pressure of 1 and 10 atm, are shown in Fig.9. The species, such as OH and CH-0O,
show a wider and shorter peak at low O> content. The presence of OH in the reactive system is an
indicator of reaction rate or a marker of flame, while the species, such as CH>O and HCO is an
indicator of ignition and heat release rate, respectively (Mardani and Mahalegi, 2019). Figure 9(a)
and (b) shows the X, 4 profile obtained by PFR data for two operating pressures of 1 and 10 atm
for the reactant temperature of 1300 K when Oz is varied from 21 to 3%. It is noticed that with the
decrease in Oz content, the mole fraction of OH gets decreased. The reduced Oz content in the
mixture increases the ignition delay that helps in distributing the reaction in the combustor by
minimizing the localized reaction. Reduced O and subsequent CH4 in the reactants suppress the

production of OH, mainly through these reactions (Zeng et al., 2015).

R1: CH3+02>0OH+CH-0
R2: H+O,¢>0+0H
R3: HO2+CH3<~OH+CH30
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It is observed from the reaction sensitivity analysis of Zeng et al. (2015) CHs radicals formed by
the dissociation of CH4 get decreased as CHa, and O, concentrations are reduced with increased N2
dilution. Hence, the production of OH is suppressed by the combined effect of reduced CH3s and
O2. From Fig. 9 (a), it is observed that the peak value of Xon is found highest at 21% O; and
lowest at 9% O when the combustor is operated at 1 atm. Hence the reaction is distributed at high
dilution. The species CH-O is proven to be the precursor of auto ignition and typically appears
before the ignition process. The CH>.O mole fraction is decreased as we move towards reducing
the oxygen content from 21 to 3%, as shown in Fig.9 (c) and (d). By lowering the O content, it
can be noticed that the maximum value of the mole fraction of HCO is decreased for both 1 and
10 atm, as shown in Fig.9 (e)-(f). It indicates a reduction in heat release rate at a high dilution
level. The peak value of the OH and HCO mole fraction is noticed higher at 1 atm than at 10 atm
while maintaining the fixed O content. However, the opposite is true for the CH,O mole fraction.
The maximum value of CH20O mole fraction is observed slightly higher in the case of 10 atm than
1 atm. The profiles of the OH, CH»O, and HCO mole fractions at a high dilution level of 3 and 5%
O2 content are not observed in 1 atm while observed at 10 atm due to higher ignition delay times

at 1 atm as compared to 10 atm.
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Figure 9. The profiles of mole fraction of the OH, CH»O, and HCO varying with dilution level

along the axial direction obtained by the PFR model for the reactant temperature of 1300 K;

(a),(c),(e) 1 atm, and (b),(d),(f) 10 atm.
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Figure 10. The profiles of CO and NO emission along the axial direction of the combustor; (a),(c)

1 atm, and (b),(d)10 atm.

Figure 10(a)-(d) shows the profiles of CO and NO mole fraction with O2% varying from

21 to 3% in the oxidizer at 1 and 10 atm, respectively. The CO mole fraction is decreased with

the reduction in O content in the oxidizer. It can also be observed from the CO profiles that the

CO mole fraction first attains a peak and then reaches the equilibrium value. Both the peak value

of CO mole fraction and the CO mole fraction at the exit is decreased with the reduction in O2

content. Similarly, the NO mole fraction is reduced with the decrease in O2 content in the oxidizer.

It is expected since the peak temperature is reduced at a high dilution level.
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3.2.2. Effect of pressure on combustion and emission characteristics

The effect of the operating pressure on the profiles of flame temperature obtained from
PFR data is shown in Fig. 11 (a) and (b). If attention is given to first Fig.11 (a), it is observed that
at a high dilution level of 3% Oz, the flame is not observed at 1 and 3 atm pressure while the well-
stabilized flame is noticed at a higher pressure of 5,7 and 10 atm pressure. In the cases where the
flame is not stabilized in the combustor, ignition delay times of these mixtures are observed very
high such that the residence time of the reactants in the tube length (1.4 m) is less than the ignition
delay time. As demonstrated by Burke et al.(2015), with the help of sensitivity analysis, the
pressure increment inside the combustor causes an increase in concentration (high density) of
reactants (CH4 and oxidizer) which results 7;,,, to decrease. Extreme dilution and low reactant
temperature cause an increase in the ignition delay time (tign). FOr instance, the highest dilution
(3% O2) and lowest reactant temperature of 1200 K, t; 4, 0f 4.76x10°and 1.71 x10° ps are observed
for 1 atm and 3 atm, respectively, see Fig.4 or Fig.5. The ignition delay is further decreased to a
value of 9.88x10% us at 5 atm pressure, results in the stable flame are observed in the combustor.
The shorter ignition delay time also results in shifting the flames towards the combustor inlet.
Likewise, the stable flame is observed in all the operating pressure considered in the present work
when the reactant temperature is considered as 1500 K, as shown in Fig. 11 (b). It is because the
ignition delay time is reduced with an increase in reactant temperature. For instance, the ignition
delay of 4.76x10° ps is observed at 1200 K, which is reduced to 7.49x10° us at 1500 K while
maintaining the fixed pressure of 1 atm. It results in a stable flame at 1500 K with 1 atm pressure,

while the flame is not observed at 1200 K with the same pressure.
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Figure 11. Effect of pressure on the profile of temperature obtained from PFR data for the reactant

temperature of (a) 1200 K and (b) 1500 K at 3% O level.
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Effect of the operating pressure on flame temperature and flame marching position are
shown in Fig. 11 and Fig.12 for 3% O level at different reactant temperatures of 1200 and 1500
K. The flame front is observed closer to the combustor inlet with increasing the combustor
pressure. It is due to the reduction of ignition delay times as well as jet velocity with pressure.
Moreover, the flame marching is not uniform with the change in pressure, shown in Fig. 11 for

both the reactant temperature. Here, the flame marching is defined as the distance between the two
points of maximum slope (temperature gradient, Z—z = maximum) on the temperature variation

curve for the two successive pressure. As shown in Fig. 11(b), the flame marching distance is
observed more as the combustor pressure is increased from 1 to 3 atm and gradually decreased on
further increasing the pressure. The flame marching distance of 0.21 m is observed when the
pressure increased from 1 to 3 atm. This value is reduced to 0.025 m, 0.0073 m, and 0.00046 m on
further increasing the pressure to 5, 7, and 10 atm, respectively. This non-uniform marching
distance is related to the variation of an ignition delay time of the mixture with pressure. The
ignition delay at 3 atm is 3.76x10% us less than the pressure at 1 atm, see Fig. 4(a) and (b).
Similarly, the ignition delay time is decreased by 1.03x10% s, 6x102 ps and 4.4x102 us on
the successive increase of pressure from 3 to 5 atm, 5 to 7 atm and 7 to 10 atm, respectively, refer
Fig 4(b)-(e). Furthermore, the reduction of ignition delay times with pressure shows a non-uniform
trend, reflected upon the flame marching behavior, as shown in Fig. 11(b). As far as the peak
temperature of the flame is concerned, the peak temperature is slightly increased from 1 to 3 atm

and then after it remains almost constant with the successive increase of pressure up to 10 atm.
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Figure 13. Effect of pressure on temperature contour for the reactant temperature of (a) 1200 K
and (b) 1500 K at 3% O level.

The OH mole fractions show a decreasing trend with an increase in operating pressure. It
indicates a reduction in reaction rate with pressure, as shown in Fig. 13(a)-(b). Another observation

is that the width of the reaction zone (the region where the OH concentration higher than 25% of
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the maximum value) gets narrower with an increase in operating pressure. The peak value of the
CH-0 mole fraction doesn't show a specific trend with an increase in operating pressure, as shown
in Fig. 13 (c) and (d). The peak value of 2.97x10#, 2.96x10* 2.86x10*, 3.24x10* and 3.51x10*
are observed for the pressure of 1 atm, 3 atm, 5 atm, 7 atm, and 10 atm, respectively, while
operating at fixed reactant temperature of 1500 K, as shown in Fig. 15 (d). It indicates that the
peak value of CH>O mole fraction is slightly decreased from 1 to 5 atm pressure, then after 5 atm,
it starts increasing with the combustor pressure. Also, the width of the preheating zone (denoted
by CH20) shifts towards the combustor inlet and appears to be thinner at higher operating pressure.
The HCO mole fraction is decreased with an increase in operating pressure, as shown in Fig.10 (e)
and (f). It indicates a reduction in heat release rate with operating pressure. The heat release rate
is also observed lower at low reactant temperature and higher at high reactant temperature while
maintaining a fixed pressure. Furthermore, the width of the heat release rate is decreased with an
increase in operating pressure. The mole fraction of OH and HCO is observed lower at 1200 K
reactant temperature as compared to the high reactant temperature of 1500 K. In contrast, the CH.O
mole fraction is observed higher value at 1200 K reactant temperature as compared to the reactant
temperature of 1500 K. The profiles of OH, CH20 and HCO species at a pressure of 1 and 3 atm
are not observed with the reactant temperature of 1200 K while observed with the higher reactant

1500 K due to higher ignition delay times at 1200 K as compared to 1500 K.
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Figure 14. Effect of pressure on the profiles of CO and NO mole fraction at 3% O level; (a),(c)

1200 K, and (b),(d) 1500 K.

Figure 14(a)-(d) shows the profiles of CO and NO mole fraction varying with pressure at
3% O content for two reactant temperature of 1200 and 1500 K. The CO mole fraction at the
combustor outlet is decreased with an increase of operating pressure, although the peak value
doesn’t vary much, as shown in Fig.14 (a)-(b). Similarly, an increase in pressure results in a
decrease in the NO mole fraction, as shown in Fig.14 (c)-(d). The CO and NO mole fraction are
having a lower value at reactant temperature of 1200 K than 1500 K. Besides, the mole fraction of

CO and NO at 1 and 3 atm pressure is not observed for a reactant temperature of 1200 K while
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observed for 1500 K reactant temperature due to higher ignition delay time at 1200 K as compared

to 1500 K.

3.3. Identification of MILD combustion regime

The combustor operating under a different mode of combustion for the pressure of 1, 5,
and 10 atm pressure has been represented in Fig. 17 (a)-(c) as a function of inlet reactant
temperature (Tin) and O> content in the oxidizer. Three different modes of combustion have been
observed; (i) HITAC, (ii) MILD, and (iii) no-ignition. The MILD combustion regime in Fig. 17
(a)-(c) is identified with the help of conditions suggested by Cavalire and Joannon (2004). They
have defined MILD combustion as a subset of HITAC in which the inlet reactant temperature is
above the auto-ignition temperature of the combustible mixture and the temperature rise inside the
combustor is lower than the mixture auto-ignition temperature. Here, the term “auto-ignition
temperature” is defined as the lowest temperature below which any fuel-air mixture will not ignite
in standard testing conditions at a given pressure. For methane fuel operating at atmospheric
pressure, this temperature is considered 600° C or 873 K (Robinson and Smith, 1984). At elevated
pressure, the auto-ignition temperature is quoted as lower than the atmospheric pressure (Caron et
al., 1999; Steinle and Frank, 1995). As suggested by Caron et al. (2009), the auto-ignition
temperature for methane-air mixtures with a range of pressure from 2 to 47 atm is 410° C. Steinle,
and Frank (1995) have measured auto-ignition temperature for methane-air mixture with a pressure
range from 50 to 1000 atm. They have observed that the auto-ignition temperature is decreased
from 600°C at atmospheric pressure to 390°C at 1000 atm. Hence, in the present work, we have
considered the auto-ignition temperature of 600°C (873 K) for atmospheric pressure and 410°C
(683 K) for the rest of the pressures (5, 10, 15, and 20 atm). As shown in Fig. 17 (a)-(c), the regime

diagram is prepared by analyzing the peak temperature of a stable temperature profile in the
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combustion. For this, a wide range of numerical simulations is conducted with the help of a steady,
adiabatic, one-dimensional laminar premixed plug flow reactor (PFR) model. Out of the three
regions observed in Fig. 15, a region named “no-ignition” is identified in which the mixture does
not get ignited. Because in this region, the residence time of the combustor is less than the ignition
delay time of the mixture (7,.s < T;4,). Another small region can be thought of along the
separation boundary (boundary which separates No-ignition) with a line thickness of
approximately 15-20 K (in Tin scale) towards the 'No-ignition' region in which the reaction has not
fully occurred,; i.e., the reaction has just initiated at the end of the combustor with a small rise of
temperature. In these cases, a fully stable temperature profile would have been observed if the
length of the combustor had been more significant than the present combustor length of 1.4 m.
This small region has not been shown in Fig. 15 and included in the 'No-ignition' region for the
simple analysis. The 'No ignition' region is observed in a broader region in the case of 1 atm
pressure, and this region gets narrower with a successive increase in pressure. This occurs due to
the variation of an ignition delay time of the mixture with pressure. The ignition delay time is
decreased with an increase in pressure. The ignition inside the combustor has to occur when the
residence time of the mixture inside the combustor is greater than the ignition delay time of the
combustor. Next, when it comes to MILD combustion region in the map at 1 atm, it is observed
that the combustion system has to be operated approximately below 9% O and preferably above
1275 K in order to have an appearance in the MILD combustion regime. However, at a higher
pressure of 5 and 10 atm, the MILD combustion region appears below approximately 6.5% O>
content in the oxidizer. It indicates that the combustion mixture needs to be highly diluted to
achieve MILD combustion at high pressure compared to its respective counterparts at 1 atm. The

good thing about high-pressure MILD combustion at 5 and 10 atm is that the MILD combustion
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region appears in the whole range of reactant temperature considered in the present work, i.e.

(1100-1500 K). However, it requires a high level of dilution as compared to 1 atm.

1500 1500
HITAC 1400 ' 1400
« HITAC | g
1300 I—E - 1300 l_TE
1200 1200
No Ignition
1100 1100
21 18 15 12 9 6 3 0 21 18 15 12 9 6 3 0
O, in oxidizer, % O, in oxidizer, %
1500
= 1400
N%
= 1300 ¢
=
1200
1100

21 18 15 12 9 6 3 0
O, in oxidizer, %
Figure 15. (Tin-O2 in oxidizer) maps showing different modes of combustion;(a) 1 atm, (b) 5 atm,

and (c) 10 atm.

Also, at a high dilution level or further reducing the O2 content in the MILD combustion regime,
the reactant temperature should be increased to have a stable flame in this region. For example, if
the Oz content in the mixture is decreased from 6% to 3%, the reactant temperature should be

increased from 1300 K to 1350 K for 1 atm and 1100 K to 1125 K for 5 atm, respectively, to have
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a stable flame in the MILD combustion regime. This can be other way stated that as we go towards
the sufficiently high-level dilution or low O2 content in the oxidizer to achieve MILD combustion,
the reactant temperature should be increased in order to get stable flame while maintaining fixed
pressure. Similarly, at a very low O2 content (say 3%) in the oxidizer with a fixed low reactant
temperature (say 1100 K), the pressure of the combustor needs to be increased to achieve MILD
combustion. On the other hand, for a fixed reactant temperature, the combustion products need to

be highly diluted to achieve MILD combustion as we go towards higher pressure.

5. CONCLUSIONS

High pressure laminar premixed flames in highly preheated and diluted conditions have
been numerically investigated through ignition delay time, laminar PFR model, and CFD analysis.
The investigations have been conducted for a wide range of operating parameters such as
combustor pressure (1 atm < P.,mpustor < 10 atm), reactant temperature (1100 K < Tyeuctant <
1500 K), and mixture dilution (3% O. < Dilution < 21% O2). The investigation includes
analyzing combustion and emission characteristics, identification of the MILD combustion
regime. The significant outcomes from the present numerical studies are listed below.

e Asthe O content in the mixture is decreased, the flame is stabilized at a distance far away
from the combustor inlet. Similarly, with an increase in combustor pressure and reactant
temperature, the distance from the combustor inlet to the flame stabilization point
decreases, i.e., the flame moves towards the combustor inlet. The reason for this is
summarized as varying characteristics of ignition delay times as a function of pressure,
reactant temperature, and dilution. The ignition delay times are increased with the decrease
in Oz content, whereas it gets substantially decreased with increasing combustor pressure

as well as reactant temperature.

34



e The residence time of the combustor increases both with increasing combustor pressure
and reactant temperature. However, the peak temperature varies marginally with increasing
combustor pressure while it increases with an increase in reactant temperature.

e Finally, various combustion mode such as MILD combustion, HiTAC, and No ignition is
identified with the help of a regime diagram. The regime diagram is prepared as a function
of reactant temperature and O content for different operating pressure. The MILD
combustion region at high pressure is observed at lower O (below 6.5% O) content as
well as lower reactant temperature (1100 K) than the MILD combustion region at
atmospheric pressure ( below 9% O and above 1270 K). Similarly, the “No ignition”
region gets decreased while the “HiTAC” region gets increased with an increase in
pressure.

e Both the heat release rate and the reaction rate would appear to be low with an increase in
dilution as well as pressure in the MILD combustion regime. Similarly, the width of the
reaction zone as well as the heat release rate is decreased on increasing the combustor
pressure.

Moreover, the CO and NO emissions observed in high-pressure MILD combustion are very

low as compared to that of MILD combustion at atmospheric pressure.
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