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ABSTRACT

Numerical simulation of interactions between acoustic waves and flames is of utmost importance in thermo-
acoustic instability research. In this study, interactions between a one-dimensional Methane-Air laminar
premixed flame and acoustic waves with a frequency of 50 to 50000 Hz are simulated by simultaneously solving
the equations for energy conservation, chemical species transport, state and continuity in one-dimensional
space. By assuming that the flame thickness is smaller than the acoustic wavelength, the spatial pressure
fluctuations can be neglected and the flame experiences only a time-varying acoustic pressure. The GRI
mechanisms, as well as their reduced mechanisms, are considered to obtain results for steady flames without
acoustic waves, and the interaction of unsteady flames with acoustic waves. Results show that the total heat-
release-rate fluctuations for the flame is affected by increasing the frequency of the acoustic wave. An increase
in frequency first increases the total heat released, and then decreases it. The obtained results are in good
agreement with those of other researchers. Furthermore, at the presence of acoustic waves, various chemical
species can affect the total heat-release-rate fluctuations. With Rayleigh's instability criterion, it can be shown
that H20, CO2 and O are the main species to the fluctuations of the total heat release rate and lead to flame
instability. Results show that heat-release-rate of H20 specie is the most important on the total heat-release-
rate. Therefore, for the flame-acoustic waves interaction problem, the best mechanism is the one that could
predict the concentration of H20 more precisely.

Keywords: Flame-acoustic interaction; Rayleigh instability; Numerical simulation; Acoustic waves; Multistep
mechanisms.

1. INTRODUCTION it is crucial to study combustion instability to control
the combustion process.

One of the most influential factors in combustion in Combustion instability generally appears as high

some flames is the interaction between acoustic  amplitude pressure fluctuations due to the resonance
waves and flame. Studying the effects of acoustic at the natural frequency of combustion chamber
waves on the flame is vital for various reasons. The (Lieuwen and Yang 2005). Thermo-acoustic
generated noise during combustion, and its jnseapility is the result of a combined heat-release-
interaction with the flame, may result in unstable a6 flyctuations from the flame and acoustic waves.
combustion. This phenomenon is most evident in By studying the interactions of flame and acoustic
equipment outfitted with a combustion chamber, waves, in 1878, Rayleigh presented a criterion for

such as gas turbines and ramjets. Combustion  compuystion instability as follows (Rayleigh 1945):
instability can lead to flame extinguishment, or

damage to the combustion chamber. However, there Tv Tv
are also some cases, where the generation of acoustic ” p(X,t)-q'(x ,t)dvdt > “cb(x ,t)dvdt
waves can improve flame stability or soot reduction 00 00

in the combustion chamber (Demare and Baillot
2004). Other applications of acoustic waves and
flame interaction are enhancement to fuel and air
mixture, increase in combustion efficiency, and
reduction in NOx pollutions (Chao et al. 1996; Oh et
al. 2009; Fujisawa et al. 2019). Given these features,

)

Where p’ and ¢’ are pressure and heat-release-rate
fluctuations, respectively,® is the dissipation of
energy in the system, v denotes volume, and t is a
long enough time interval. This equation illustrates
that when added energy to the system (left-hand-side
of the inequality, or gains) is more than the
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dissipation of energy (right-hand-side of the
inequality, or losses), instability increases.

In most combustion systems, the dissipation of
energy is minimal, and the right-hand side of the
inequality diminishes. Thus, Rayleigh’s combustion
instability criterion may be considered as follows:

@

o t—

\%
jp'(x 1)-q’(x,t)dvdt >0
0

When the phase difference between pressure
fluctuations and heat release fluctuations is below 90
degrees, the left-hand side of the equation is larger
than zero, and the system destabilizes. If the
difference is anything between 90 and 180 degrees,
the left-hand side of the equation is negative,
resulting in the stabilization of the system (Lieuwen
and Yang 2005).

(Clavin and Pelce 1989) assumed the effects of
pressure fluctuations on a flat premixed flame to be
one-dimensional and solved the equations for mass
conservation, momentum, and energy. They also
studied the equation for chemical species
conservation, using a single-step Arrhenius reaction
for the chemical kinetics. They collided a single
acoustic wave, with a short amplitude of p’ and
medium frequencies of w to a laminar flame of
thickness &5 at a velocity of S;. In a similar study,
(Mcintosh 1991, 1993, 1999) calculated the
fluctuations for mass flux and heat-release-rate.
Moreover, in another study by (Jiménez et al. 2012),
they used a two-step reaction for chemical kinetics.
Numerical predictions from their studies show
similarities to the single-step model results in lower
frequencies. However, at higher frequencies, results
differed from the single-step model.

To verify the one-dimensional thermo-acoustic
theory, (Wangher et al. 2008) studied the effect of an
acoustic wave on premixed one-dimensional flames
of Methane and Propane. They considered the
acoustic wave’s frequency in the range of 90 to 1000
Hz. By comparing the chemical luminescence results
for Hydroxyl (OH*) and Methylidyne (CH*) radicals
with those from theoretical equations, it was found
that these results show similarities to the heat-
release-rate fluctuations, and differ from the that of
fuel consumption theory. With an increase in
frequency, the amplitude for the heat-release-rate
fluctuations nearly remains constant. Comparison of
experimental data and theoretical results show
similarities based on order but differ numerically.
They presented two reasons for this numerical
difference. The primary reason was the inaccuracy of
the single-step mechanism for analyzing chemical
kinetics. Also, chemical luminescence of OH* was
determined to be unsuitable for calculating heat-
release-rate fluctuations.

(Schmidt and Jiménez 2010) numerically studied the
interaction of acoustic waves with a premixed
Methane flame based on the research of (Wangher et
al. 2008). They presented two numerical solutions
based on the assumption of compressible and
incompressible flows. By assuming the Mach
number to be small and considering the equations for
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energy and species conservation (Klein 1995), they
calculated the incompressible solution for the one-
dimensional problem. Using the DNS method
(Baum et al. 1995), they were also able to calculate
the compressible solution for the same problem. To
investigate the effects of chemical kinetics, they used
the advanced GRI-3.0 model (Smith et al. n.d.) (53
species, 325 reactions), Peter’s multi-step model
(Peters 1996) (16 species), and the Arrhenius single-
step model (Fernandez-Tarrazo et al. 2006).
Simulation results showed the compressible and
incompressible models have little differences. This
conclusion could be a result of excluding the pressure
gradient term from the equations. Comparisons
showed the results were in good agreement with data
obtained by the experimental model (Wangher et al.
2008), rather than those based on the theoretical
model (Clavin and Pelce 1989; Mcintosh 1991). By
studying the models for chemical kinetics, it was
shown that the results for the GRI-3.0 and Peter’s
models were in accordance, while they considerably
differed from the Arrhenius single-step model.
Finally, they concluded, that the single-step model
was unable to make correct predictions regarding the
interactions between the acoustic waves and flame.

(Jiménez et al. 2012) following their previous
research, studied and calculated the interaction
between an acoustic wave and a flat premixed flame.
The GRI-3.0 and San Diego (Saxena and Williams
2006) (21 reactions) models were used to simulate
combustion for Methane and  Hydrogen,
respectively. Simulation results were compared with
data acquired from single-step (Clavin and Pelce
1989), and two-step (Clavin and Searby 2008)
theoretical model and experimental data. Results for
the two-step theoretical model have better agreement
with the experimental and numerical data.
Eventually, they suggested multi-step kinetic models
to study the interactions between the acoustic waves
and flame.

(Beardsell and Blanquart 2019) calculated the
interactions of acoustic waves with a premixed
Methane-Air flame and compared their results with
(Wangher et al. 2008) and (Jiménez et al. 2012)
results. In addition to using Methane as fuel for the
laminar premixed flame, they used n-Heptane and n-
Dodecane, and studied the interactions of acoustic
waves on their flames. Based on Rayleigh’s
definition of instability, they assessed the
corresponding frequency  with maximum
fluctuations of heat-release-rate and zero-phase-
difference, as the unstable frequency. (Beardsell and
Blanquart 2021) numerically simulated the laminar
flame and acoustic waves interaction problem for
hydrogen and n -heptane fuels.

Performing two and three-dimensional simulation of
the interactions between acoustic waves and flames
is costly for combustion models based on transport
equation (e.g. Eddy Dissipation Concept Model).
Based on this fact, researchers prefer to use single or
two-step mechanisms to simulate chemical Kinetics
(Han and Morgans 2015; Han et al. 2016; Hajialigol
and Mazaheri 2017; Lee and Cant 2017; Massey et
al. 2018). Therefore, assessing the reduced states of
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chemical mechanisms is essential in determining an
accurate and cost-efficient mechanism.

(Shalaby et al. 2009) studied the interactions of
acoustic waves with a turbulent premixed flame,
using the DNS simulation method. Based on
Rayleigh’s instability criterion, CO2, H20, and H
have positive values, meaning they increase
instability, while O, OH, and CO have negative
values and contribute to the dissolution of the
acoustic wave. HCO, CH20, HO2, and H20: radicals
have near-zero values, meaning they have little to no
effect on the interaction process. Neutral species
such as Argon (Ar) and Nitrogen (N2), have been
found to have near-zero values as well. Findings
from these researches show that the two models used
for studying chemical kinetics produce different
results, especially for species such as CO2, Hz20, H,
and OH.

(Laverdant and Thevenin 2003), studied the effects
of Gaussian sound waves on a turbulent non-
premixed Hydrogen flame, using the DNS method.
Rayleigh’s instability values were in agreement with
the heat-release-rate fluctuations. H202 and HO:2
have near-zero values, while Hz, Oz, and especially
H20 contribute to the increase of instability. H* is an
essential factor in the dissipation of the acoustic
wave.

It is prominent to consider the heat-release-rate
fluctuations of chemical species to obtain the effect
of each chemical species on system instability.

The goal of this research is:

1-  Assessing the reduced states of chemical
mechanisms is essential in determining an
accurate and cost-efficient mechanism.

2-  Assessing the contribution of each species
on destabilizing the reaction. Moreover, by
determining the impact of each species, we
can justify the difference results from
different chemical kinetic mechanisms.

2. METHODOLOGY

2.1 The Governing Equations

Zero-Mach-number equations (Schmidt and
Jiménez 2010) for simulating the interaction of
the acoustic wave and laminar flat flame are as
follows:

Species Transport Equation:

oY oY O )
+oU—=-—"+M,_a, 3)
ot OX OX
Energy Equation:
Ll T _dp & . oh .
mp§+mcp&:£7&q721 —=->"hM,a,

Continuity Equation;

op O _
E-F &(pu) =0 (5)
In the above equations, subscript ( s) denotes
species s, p is the density of the mixture, Ys is
the mass fraction of species s, u represents
velocity, j —_,p_av,jox is the diffusion flux of

species s, Dqm is the mass diffusion coefficient
of species s, Ms denotes the molecular weight

of species s, ® is the chemical source term of
species s, Cp is the specific heat of the mixture
at constant pressure, p is the pressure,
q=—koT/ox is the Fourier’s thermal flux, K is

the conductive heat transfer coefficient ,and hs
is the enthalpy of species s.

State equation for a mixture of ideal gases is as
follows:

p:pT ZS:YSRS (6)

where Rs is the gas constant for species s.

With spatial and temporal differentiation of the state
equation, and applying the equations for species
transport and energy in the continuity equation,
while dp/dx = 0, a definitive equation for velocity is
obtained:

ou
&:CJFDJFCH (7)

In the above equation, term C is the compression
term resulted from combining state and continuity
equations, D is the diffusion term, and CH is the
chemical reaction term.

1 dp

T Topdt ®)

1 [og .« ] 1</M3
D=———2124 sl _= M Ys
pCpT{8X+§JS<?X} p;{ms ax} ©)

1w|M h .
e ZPE{MS‘CDT }Ms“’s (10)

s ) .
M =]/Zs=1Ys/Ms is the molecular weight of the

mixture, and 7 = o/ is the ratio of specific heats.

By assuming that the acoustic wave-length is
relatively larger than the flame’s thickness, one may
disregard the spatial pressure fluctuations, and the
temporal pressure fluctuations can be calculated by
the following equation:

dp =Awcos(at) (11)
dt
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Table 1 Chemical reaction mechanism

Mechanism No. .Of No. .Of MethOd. of Ref.
Species Reactions Reduction

GRI-1.2 32 177 - (Frenklach et al. 1995)
Drm22 24 104 detailed reduction (Kazakov and Frenklach n.d. b)
Drm19 21 84 detailed reduction (Kazakov and Frenklach n.d. a)
10step 14 10 steady-state analysis (Chang and Chen n.d.)
6step 10 6 steady-state analysis (Chang and Chen n.d.)

GRI-2.11 49 279 - (Bowman et al. n.d.)

16step(ARM2) 19 16 steady-state analysis (Tang 2003)

12step 16 12 steady-state analysis (Chen n.d.)

GRI-3.0 53 325 - (Smith etal. n.d.)
15step 19 15 steady-state analysis (Sung et al. 2001)
13step 17 13 steady-state analysis (Chen n.d.)

where A is the amplitude of pressure fluctuations,
and f is the frequency of the acoustic wave,

0=27f  |n the above equations,
thermodynamic and transfer parameters can be
calculated by the following equations:

R
= Mi I:als + aZSTS + a35T32 + a4sTs3 + aSsTSA:I

s

Cps

(12)

(13)

hs:RT
M

s

[als +%TS +%TS2 +%TS3 +%TS“ +%} (14)

k:1 iXSkSJr S 1
S S 3 (3
s=1

where cps is the constant pressure specific heat of
species s, Xs is the mole fraction of species s, and a
are constants of the equation. Chemical reaction rates
for the I reactions containing species s are calculated
by the following

(15)

equation:

|
b, =3 (0f —u;i)[k,,
i=1

S

[l I as)

i= s=1

where v’siand v s are stoichiometric coefficients for
the forward and reverse reactions, respectively. [Xs]
is the molar concentration for species s, ks and kri are
the forward and reverse rate constants, which can be
calculated by the following equations:

ky, = AT/ exp(_—EiJ (17)

R.T
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(18)

Where Ai is the pre-exponential factor in the rate
constant of the i" reaction, B; is the temperature
exponent in the rate constant of the i™" reaction, Ei is
the activation energy in the rate constant of the it
reaction, Rc is the universal gas constant in [cal /
(mole K)] and K.i is the equilibrium constant in
concentration units for the ith reaction.

2.2 Chemical Kinetic Mechanisms

The chemical reactions in the equations are obtained
by using the reduced states of GRI-1.2, GRI-2.11,
and GRI-3.0 mechanisms. Table 1 provides the
number of chemical species and reactions for these
chemical mechanisms.

2.3 Numerical Simulation

At each time step, pressure can be calculated
explicitly using Eq. (6). Energy and species transport
equations are discretized by an implicit second-order
spatial and temporal finite difference scheme to solve
for mass fractions of species and temperature at any
point. Density is determined by the state equation
and velocity is explicitly achieved from Eq. (7). k,
cp, hs, Dsm and can be calculated by CHEMKIN2
(Kee et al. 1989) having state variables at any point.

2.4 Initial and Boundary Conditions

A schematic of the solution domain is presented in
Fig. 1. The length of the computational domain and
the flame’s thickness is relatively smaller than the
acoustic wavelength. Thus, it is possible to assume
constant pressure along the length of the domain. The
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Fig. 1. Schematics of the domain.

unburnt mixture enters from the left boundary with
uin and Tin as inlet velocity and temperature,
respectively. The velocity and temperature for the
inlet boundary can be calculated using the following
equations:

uin = L_'Iin + l"Ii’n (19)

T =T+ T (20)
Average values of 13cm/s and 300K were assumed
for velocity and temperature, respectively. Velocity
and temperature fluctuation values can be calculated,
using the following equations (Shreekrishna and
Lieuwen 2009):

1
T_i_(uij = (21)
n P
u.f P/
i: M -
o F (22)

However, these values have little effects on the
solution. The Mach-number value for Eq. (22) is very
small and this equation has been ignored in the
previous researches (Schmidt and Jiménez 2010;
Beardsell and Blanquart 2019) .

At the inlet boundary, mass flux fractions were
assumed instead of species mass fractions. Mass flux
fractions can be calculated using the following
equations:

Doy Yo

U ox

& =Y, + |

(23)
The gradients of temperature and species mass
fractions are set to zero at the outlet boundary. The
steady-state solution of equations was used as the
initial condition for studying the interaction between
the flame and acoustic waves. The steady solution is
obtained by considering a zero value for the
frequency in Eq. (11), and the compression term in
Eq. (8) (C=0).

2.5 Non-dimensional Parameters

The non-dimensional parameters are introduced in
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this section to enable us to make a better comparison
between the acquired results with other experimental
and numerical data. The flame transient time scale
(Jiménez et al. 2012), is defined as:

(24)

where a is the thermal diffusivity and S is the
laminar flame speed. The flame thickness length
scale It is defined as (Beardsell and Blanquart 2019):

Tb _Tu
(%)
max| —
X
where Ty and Tu are the temperatures for burnt and
unburnt fuel, respectively. The heat-release-rate for

species s and total heat-release-rate for Ns amount of
chemical species are as follows:

I, =

(25)

Qs = —Mahg (26)
Ny
Qtor = Z Qs
NS (@7
= =) Mich,
s=1

To study the heat-release-rate fluctuations in time, it
is necessary to use the integral of heat-release-rate on
the whole domain. Therefore, the total heat-release-
rate and the species heat-release-rate s are defined:

O, = _TQst (28)
Dy = .TthdX (29)

Now, if the integral variations of the heat-release-
rate in time are divided into averaged and fluctuating
parts:

O, =D +P, (30)
thot = &)tot + CI)ém (31)
Then the ratio of the total heat-release-rate

fluctuations to the pressure fluctuations can be
defined as:

CD{m,m%
q)lcl
Prnax
pc?

where Dot max and p 'max are the amplitude for Dy,
and p, respectively. The phase difference between
the total heat-release-rate and pressure, and the
species heat-release-rate s and pressure can also be
calculated as follows:

G= 32)
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O=2xf (tpmax o )

(33)
0, =27 (t,, ~t,. ) -
where tg, . o oo, and tp o are the time

corresponding to the peak of total heat-release-rate,
the peak of heat-release-rate of species s and the
pressure peak.

pr'nax/PCZ is a solution input parameter, and has a

fixed value when comparing chemical species. It is
possible to correlate the fluctuations in the integrals
of total heat-release-rate and the heat-release-rate of
species s, as follows:

Dy Nz @
F ¥ 35
(Dtot s=1 (Dtol ( )

The sum of the species' heat-release-rate is equal to
the total heat-release-rate. On the other hand, for
studying the effects of each chemical species, it is
necessary to consider the phase difference between
the total heat-release-rate fluctuations and the
species heat-release-rate fluctuations. As inferred
from Fig. 2, in order to calculate the amount of heat-
release-rate fluctuations by each species, it is
necessary to multiply its corresponding amplitude by
the cosine of the phase difference between the heat-
release-rate of that species and total heat-release-

—— Pressure

— —Total heat release rate

----- Specic heat release rate|

Fig. 2. Contribution of the heat-release-rate
fluctuations for each species to the total heat-
release-rate fluctuations (Phase difference
included).

rate. By considering the amplitude of fluctuations

and the phase difference simultaneously, the
following equations are achieved:
cD{ot,max _ i (D;,max COS(@S - etot) (36)
(Dtot s=1 (Dtot

The above equations are used to study the effects of
each chemical species.

2.6 Mesh Independence Study

The grid study was performed using five
systematically refined meshes. The solution domain
was divided into a reaction zone and a non-reaction
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zone to achieve better accuracy and reduce the
computational costs. Mesh size in the reaction zone
is five times smaller than that in the non-reaction
zone. Table 2 tabulates this information, including
the number of computational points within the flame
thickness in the reaction zone, and the number of
total points in the solution domain.

The flame thickness can serve as a satisfying
parameter when studying the independence of the
solution from the mesh size. Figure 3 shows the
calculated flame thickness corresponding to the five
meshes of Table 2. Figure 4 also depicts the obtained
heat-release-rate across the flame by these meshes.
Based on the presented results, it is clear that the size
of Mesh4 is adequate for capturing the steady flame
without acoustic.

Furthermore, we have to show that the selected
mesh size is suitable for simulating the interactions
between acoustic waves and the flame. Figure 5
illustrates the time behavior of the non-dimensional

Table 2 Mesh study

No. of point per No. of point
Mesh flame thickness in solution

in reaction zone domain
Mesh 1 25 70
Mesh 2 50 140
Mesh 3 100 280
Mesh 4 200 560
Mesh 5 400 1120

Flame thickness (mm)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Number of mesh

Fig. 3. Mesh independence for flame thickness.
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total heat-release-rate fluctuations for an interacting
acoustic wave with a frequency of 500Hz is the total
heat-release-rate of the steady flame without
acoustic. The occurrence of some small spurious
numerical oscillations on the results of coarser grids
of Mesh1 and Mesh2 is noticeable. These numerical
oscillations are emanated from the integration of the
unresolved high gradients in the reaction zone. It is
essential to prevent these unphysical oscillations for
obtaining consistent results for the maximum non-
dimensional value for fluctuations of the heat-
release-rate integral, and its corresponding time. It is
evident that adequately refining the grid can remove
these wiggles from the results. Again, Mesh4 seems
to be a suitable choice for this task.

Tuning the time step is also crucial for the present
simulations. Due to a large number of chemical
reactions with different time scales, the required time
step needs to be very small. A suitable option would
be in the order of 10-8s. Larger values usually lead to
divergence. However, smaller time steps of 5x10-%
and 2.5 x 10% were also examined, but almost
identical results were obtained.

3.RESULTS

In this section, first the numerical results for the base
flame model is presented, using various chemical
mechanisms. As discussed before, the results of this
section are used as the initial conditions for studying
the interactions of acoustic waves and the flame in
section 3.2. Furthermore, the effects of the acoustic
waves on the total heat-release-rate fluctuations and
chemical species are investigated, the data from
various chemical mechanisms compared, and the
effects of chemical species on the mechanisms
discussed at the end.

3.1 Flame Without Acoustic

The base model is a laminar premixed flame in which
the combustion of a Methane-Air mixture with an
equivalence ratio of 0.625 in atmospheric pressure,
the temperature of 300K, and velocity of 13cm/s
occurs. The length of the computational domain is
7mm. Figure 6 compares the total heat-release-rate
obtained from various chemical mechanisms. The
results obtained from three GRI mechanisms are
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compared in Fig. 6.a. It is observed that the
calculated maximum heat-release-rate and the flame
location by the GRI-1.2 and GRI-2.11 reaction
mechanisms are close together, but they have a slight
deviation from the results of the GRI-3.0 mechanism.

Figure 6.b compares the results of the GRI-1.2
mechanism and its reduced forms. The GRI-1.2
predicts the same maximum heat-release-rate for the
different mechanisms and the only differences are in
the flame location. Data for the 6-step mechanism
with drm19 and drm22 show similarities, despite its
much smaller number of chemical species and
chemical reactions compared to the drm19 and
drm22 mechanisms. Figure 6.c presents the
calculated total heat-release-rate data for the GRI-
2.11 mechanism and shows similarity in maximum
heat-release-rate and a slight difference in the flame
location. In this figure, it can also be seen that the
results of the ARM2 and 12-step mechanisms are
very similar. In Fig 6.d, GRI-3.0 and its reduced
forms also predict similar heat-release-rate behavior,
but again slight difference is seen in the flame
location.

To conclude, Fig. 6 reveals that the prediction of
the flame location by different chemical
mechanisms differs slightly from each other. For
explaining this difference, it is required to analyze
the heat-release-rate for multiple chemical species.
Figure 7.a shows the heat-release-rate of various
chemical species across the solution domain. It is
inferred that the maximum heat-release-rate of each
species occurs at a different location across the
flame. Total heat-release-rate can be calculated by
adding up the amount of heat-release-rate from
each chemical species. Hence, the amount of heat-
release-rate from each chemical species contributes
differently to the total heat-release-rate. It is
observed in Fig. 7.a that H2O has the most
influential heat-release-rate, compared to the other
chemical species. Therefore, H20 is the primary
contributor to the total heat-release-rate and the
maximum location of the total heat-release-rate is
mainly controlled by H20. Chemical reactions
related to H20 vary among different chemical
mechanisms. Therefore, each mechanism provides
different result for the location and value of
maximum heat-release-rate of H20.

Also, to confirm this issue, the results of the GRI1.2,
6step and 10step mechanisms are compared in Figure
7.b. In this figure, for each mechanism, the amount
of total and H20 heat-release-rate is given. It can be
seen that the location of maximum value of total
heat-release-rate for each mechanism corresponds to
its location of maximum H20 heat-release-rate value.

Figure 8. shows variations in the mole fraction of
chemical species predicted by the GRI-3.0
mechanism. Results for other mechanisms regarding
these variations show a negligible difference. As
mentioned before, the temperature, velocity, density,
and molar fractions distributions calculated for the
base flame model are used here as initial conditions
for studying the effects of acoustic waves on the
laminar flame in the following section.
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Fig. 6. Total heat-release-rate for flame without

acoustic waves (a) GRI mechanism, (b) GRI-1.2

mechanism, (c) GRI-2.11 mechanism, (d) GRI-
3.0 mechanisms).
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3.2 Flame-Acoustic Waves Interaction

321 Total Heat-Release-Rate
Fluctuations
Considering different chemical reaction

mechanisms, we assess the results for interaction
between the flame and acoustic waves with an
amplitude of 500 Pa (Jiménez et al. 2012) and a
frequency in a range of 50-50000 Hz. Figure 9
compares the present numerical results for total heat-
release-rate fluctuations at different frequencies, to
the experimental data of (Wangher et al. 2008) and
numerical data from (Jiménez et al. 2012).
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Fluctuations for non-dimensional heat-release-rate
fluctuations based on non-dimensional frequencies
are presented in Fig. 9.a. It is evident that the
predictions of the present study are in good
agreement with data acquired by Jimenez et al.
However, in spite of being in the same order of
magnitude, there are discrepancies between
numerical and experimental data. It is worth
mentioning that no clear correlation is seen between
the heat-release-rate fluctuations and frequency in
the experimental data. The numerical results also
show that the heat-release-rate fluctuations first
increases by increasing the frequency in the range of
50-750Hz and then declines.

A phase difference is observed between the
fluctuations in heat-release-rate and the acoustic
wave at various frequencies. Based on Eq. 33, this
phase difference is calculated and plotted in Fig. 9.b.
The results show that by increasing frequency, a
reduction in phase difference occurs. Moreover,
there is a consistency between the numerical and
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Fig. 9. (a) Total heat-release-rate fluctuations (b)
Phase difference between acoustic waves and
heat-release-rate fluctuations.

experimental data, but the regression line slope is
larger for the experimental data. According to the
Rayleigh’s instability criterion and the positivity of
pressure fluctuations in the solution domain, one can
infer that larger fluctuations in the heat-release-rate
and smaller phase difference between pressure and
heat-release-rate, results in more instability.
Therefore, we can interpret the results of Fig. 9 as
follow: because of smaller heat-release-rate
fluctuations and higher phase differences at low
frequencies, the system is more stable. The
maximum expected instability occurs at 750Hz when
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the heat-release-rate fluctuations are at the maximum
level, and the phase difference is almost zero.
Finally, more increase in the frequency results in less
heat-release-rate fluctuations and more phase
difference and ultimately leading to more stability.

3.2.2 Heat-release-rate  Fluctuations  of
Chemical Species
The assessment of each chemical species

contribution to the instability of a flame is critical.
(Shalaby et al. 2009) studied the interaction between
a turbulent premixed flame and acoustic waves and
concluded that CO2, H20, and H increase instability,
and O, OH, and CO contribute to the dissipation of
the acoustic waves. HCO, CH20, HOz, and Hz0:
radicals have little to no effect on the interaction
process. It is understood that neutral species such as
Argon (Ar) and Nitrogen (N2), do not affect the
process as well. (Laverdant and Thevenin 2003),
studied the effects of Gaussian acoustic waves on a
turbulent non-premixed Hydrogen flame and
concluded that H202 and HO2 have almost no effect,
while Hz, O2 and most importantly H.0 amplify the
acoustic waves, and that H* is the primary
contributor to the dissipation of the acoustic waves.

(Beardsell and Blanquart, 2019) calculated the
interactions of acoustic waves with a laminar
premixed Methane-Air flame. By plotting the
maximum amounts for chemical species mass
fractions, they studied the effects of each species.
They reached the conclusion that if maximum mass
fractions for O* and H* are in the same phase as the
total heat-release-rate fluctuations and the acoustic
waves, total heat-release-rate fluctuations will be at
maximum. However, they did not study the effects of
other chemical species.

In this study and according to Rayleigh’s instability
criterion, the effects of other species is assessed
using Eq. (36). The amount of for the primary
contributors is presented in Fig. 10.a. Other chemical
species have little to no effect, and are disregarded.
It is understood that H.O and CO: have a similar
behavior regarding the contribution to the total heat-
release-rate fluctuations. However, O*, H*, and OH*
have a low amplitude of the heat-release-rate
fluctuations at low frequencies, and with the increase
of frequency, their amplitude rises, where at higher
frequencies, their amplitude is higher than H20 and
CO:z. To study the effects of each chemical species,
it is necessary to consider phase difference (Fig. 2).
The phase difference of each chemical species with
total heat-release-rate fluctuations is presented in
Fig. 10.b. The gradient of phase difference in O* and
H* is noticeably larger than H20 and COs..

Using Eq. (36), the impact of each species on the
total heat-release-rate fluctuations is plotted in Fig.
10.c, as well as the effect of the instability of each
species according to its sign and magnitude.
Negative values refer to species that contribute to
stability, while positive values refer to species that
contribute to instability. In Fig. 10.b, stability and
instability contributions for each chemical species
can be calculated based on their phase difference. -
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n/2 to /2 is the range for instability, while -3n/2 to -
5m/2 is the range for stability.

-®-H
16 |[-*-0
—a— 02
14 ||-O-oH
—8— H20/
+(:c)?]

B oa i
S i
== ! g
2 g
B OLE os
e - )
0.6 o
L Py
‘e
0.4 Tt
ey A
el -
02 i oW
F T et el
0 B e ; :
01 1 10 100 1000
Wiy
(@)
/22
nfa1 §
0
e |
)
I
. T2
o T =~
—3m/4
——H
_n }|-m0
=02
OH .
- | Unstable region
ST/ T e M2 5 =
—o-CO2 Stable region
—3n/2 !
0.1 1 10 100 1000
wT,
15
1
e
| 0.5
gL
e
I
= 0 -
<&
g
E ——H
€ -0
-0.5 —+02
OH [0 unstable region
—¢H20 ‘
o2 [ stable region
-1 + + +
0.1 1 10 100 1000
wT,
(©

Fig. 10. (a) Heat-release-rate fluctuations for
different chemical species, (b) Phase difference
between acoustic waves and heat-release-rate
fluctuations of chemical species, (c) Heat-release-
rate fluctuations for each chemical species based
on phase difference.

According to Fig. 10.b and 10.c, chemical species
can act as both stabilizers and destabilizers at
different frequencies. At low frequencies, O and H
have destabilizing effects in the -n/2 to n/2 range.
Although, because of insignificant amplitude of
fluctuations, this has very little effect. At higher
frequencies, they have stabilizing effects and
because of significant amplitude of fluctuations, they
contribute majorly to stability. H20 and CO2 have a
large amplitude of fluctuations and phase difference
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in the instability range, and act as destabilizing
factors. At high frequencies, OH has a large
amplitude of fluctuations, but because of having a
phase difference near -m/2, it has little to no effect on
total heat-release-rate fluctuations and stability.

3.23 Comparison of Different Mechanisms

The various chemical kinetic mechanisms can be
used in numerical simulation of combustion. The
selection of each mechanism is based on the degree
of accuracy and cost-effectiveness.  The
computational cost would considerably increase as
more chemical species are taken into account. The
number of chemical species equations is equal to the
number of species selected for the chemical kinetic
mechanism. In order to calculate the interactions
between the flame and acoustic waves in industrial
applications, it is necessary to use the LES model.
Unsteady and three-dimensional solutions, along
with multi-step chemical kinetic mechanisms, are
costly and time consuming. Therefore, most of the
researchers generally use single-step mechanisms.

(Schmidt and Jiménez 2010) numerically simulated
the interaction between the flame and acoustic waves
using three single-step mechanisms, GRI-3.0, and
the Peter’s model. They concluded that in order to
simulate the interaction properly, it is necessary to
use multi-step mechanisms. Peter’s model and GRI-
3.0 are mechanisms with multiple species and
reactions, but are computationally expensive. In this
section, the behavior of the GRI mechanism and its
reduced forms in studying interaction of flame and
acoustic waves are explored. The difference between
the data acquired from these mechanisms is due to
the influences of several contributing species.

Figure 11 shows the obtained results by these GRI
mechanisms for the non-dimensional fluctuations of
the total heat-release-rate in terms of the non-
dimensional acoustic wave frequency. The
frequency at which the total heat-release-rate
fluctuations reaches to the maximum value is similar
in all of the mechanisms. On the other hand, as Fig.
11.a shows, the 13-step reduced form of GRI-3.0 is
in better agreement with its original mechanism than
the 15-step mechanism. This indicates that
considering more steps does not guarantee accuracy.
However, data obtained from GRI-2.11 and its
reduced forms in Fig. 11.b show that the 12 and 16-
step ARM2 reduced forms of GRI-2.11 produce
similar results but are not in good agreement with the
data acquired by GRI-2.11. These mechanisms show
the most difference with their original form. In Fig.
11.c, data from GRI-1.2 and its reduced forms are
presented. Since the drm22 and drm19 (reduced
forms of GRI-1.2) results are the same again, only
results of drm19 are presented. The 6-step
mechanism also produced similar data to drm19,
with a little difference at higher frequencies. The 10-
step mechanism shows similarities with data from
GRI-1.2 at lower frequencies.

Based on similar data obtained from the reduced
forms of the GRI mechanisms, it is concluded that
the less costly reduced forms are superior for the
calculation purpose. The 6 and 10-step mechanisms



E. Salimi Babokani et al. / JAFM, Vol. 16, No. 3, pp. 429-441, 2023.

show the most similar data to those acquired from the
GRI mechanisms. These two mechanisms involve
fewer species, compared to the GRI mechanisms,
and need less transport equations.

The difference in data obtained from these
mechanisms comes from the different chemical
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Fig. 11. Amplitude of fluctuations for total
heat-release-rate ((a) GRI-3.0 and its reduced
forms, (b) GRI-2.11 and its reduced forms, (c)

GRI-1.2 and its reduced forms).

reactions selected for each mechanism. Similarities
between the 12- and 16-step (ARM2) mechanisms
are because they share 10 almost identical chemical
reactions. In order to investigate the difference
between these mechanisms, the heat-release-rate
fluctuations from each species must be evaluated.

Data obtained from the 12-step mechanism has the
most differences to the data from the GRI
mechanisms. To analyze this difference, the 12-step
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mechanism is compared to the 13-step mechanism.
The 13-step mechanism has 14 species, 13 of which
are identical to the 12-step mechanism. Only NHs,
which is a minor chemical species, is added to the
13-step mechanism. These two mechanisms have 4
almost identical chemical reactions. The amplitude
of fluctuations for the non-dimensional heat-release-
rate in the 12 and 13-step mechanisms is presented in
Fig. 12. It is implied that the behavior of heat-
release-rate fluctuations in both mechanisms is
similar. Nonetheless, the difference in heat-release-
rate fluctuations of H20 is significant. The 13-step
mechanism’s superiority is due to a better prediction
of H20. Chemical reaction related to H20 for the 12-
step mechanism is presented in Eq. (37), and that of
the 13-step mechanism is presented in Eqgs. (38) and
(39). H20 is obtained via a single chemical reaction
in the 12-step mechanism, while in the 13-step
mechanism; this has been achieved via two chemical
reactions. Such simplification in the 12-step
mechanism is the reason that it predicts the behavior
of H20 poorly compared to the 13-step mechanism.

The 6-step mechanism is the most cost-efficient
selection, which also has good accuracy. The other

H+O0H =H,0 @37)

H +0.50,+0H +0.5C,H, + N,

38
=H,0+NO+HCN (38)
H,+H+0,+C0+0.5C,H, + 2N, (39)
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=H,0+2NO+2HCN
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Fig. 12. Amplitude of fluctuations for heat-
release-rate of each chemical species (from the
12 and 13-step mechanisms).

advantage it has compared to other accurate
mechanisms (10step and 13step mechanisms) is the
inclusion of O and its corresponding chemical
reactions. In Fig. 13, fluctuations for heat-release-
rate of each chemical species for GRI-3.0 and the 6-
step mechanism have been presented. It is
understood that the 6-step mechanism produces data
very similar to GRI-3.0, the only difference is in the
behavior of H20.
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Fig. 13. Amplitude of fluctuations for heat-
release-rate of each chemical species (from GRI-
3.0 and the 6-step mechanism).

5. CONCLUSION

In this study, interaction between a one-dimensional
Methane-Air laminar premixed flame and acoustic
waves with a frequency of 50-50000Hz have been
simulated. Equations for chemical species transport,
energy, state and velocity were solved in one space
dimension. Data acquired from this study was in
good agreement with experimental and numerical
data from other researches. Any change in the
frequency of the acoustic waves affects fluctuations
of heat-release-rate. Phase difference between
fluctuations of heat-release-rate and pressure
decreases when the frequency is increased. By
assessing each chemical species heat-release-rate
fluctuations, their effect on total heat-release-rate
fluctuations and instability were determined. H20,
CO2 and O2 have the most impact on total heat-
release-rate fluctuations, respectively. These species
have a destabilizing effect. H*, O* and OH* also
have a significant impact on total heat-release-rate
fluctuations. H* and O* have a destabilizing effect at
low frequencies, but have a stabilizing effect at
higher frequencies.

GRI mechanisms and their reduced forms were
assessed in order to obtain an accurate and cost-
efficient mechanism. All of the reduced form
mechanisms predicted the frequency related change
in heat-release-rate fluctuations correctly. Difference
in predicting the behavior of H20 is understood to be
the source of difference in data obtained from these
mechanisms. The 6-step mechanism is a cost-
efficient and accurate mechanism; it also has few
chemical species and reactions. Therefore, it is
determined to be well-suited for this line of study.
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