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To address engineering challenges encountered in developing advanced gas turbine combustors, theoret-
ical analysis and numerical simulation were performed to investigate the thermoacoustic instability of
a laminar lean premixed flame under autoignitive conditions. The analysis was carried out within the
scope of weak autoignition tendencies and employed a three-step mechanism, which included the chain-
initiation reaction. The numerical simulation was performed as a validation using a skeletal mechanism
for diesel fuel under the typical operating conditions of gas turbines. The results showed that the three-
step mechanism could qualitatively describe the high-temperature chemistry involved in autoignition and
flame propagation. The analysis indicated that the flame propagation speed was accelerated by the ac-
cumulation of pre-flame reactions. Under certain conditions, the flame speed showed a linear correlation
with the pre-flame length. The results were consistent with the existing literature. In addition, the equi-
librium position of the flame oscillation, which was excited by velocity fluctuation, could return to the
initial position, and pre-flame reactions could alter the phase delay. These results suggested a new mech-
anism for thermoacoustic instability because the overall heat release rate fluctuated with the flame front.
The flame might amplify, damp, high-pass filter, or low-pass filter the acoustic energy based on the phase
difference between the velocity and pressure oscillations.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Lean premixed combustion has been widely adopted in mod-
ern gas turbine engines to reduce pollutant emissions [1]. As en-
gine efficiency is continuously improving, pressure and tempera-
ture at the combustor inlet increase accordingly, which leads to a
reduction of the autoignition delay time of fuel-air mixtures. For
typical cases, this time scale is reduced to 1-10 ms [2,3], becom-
ing one of the most important constraints in fuel-air mixing design
[4]. This time scale is exploited in engineering to achieve a desired
mixing uniformity for low-emission combustion. However, because
the reactant mixture is autoignitive, which deviates from the clas-
sical models, another issue emerges regarding the process of flame
propagation and its aerodynamic characteristics [5]. “Autoignitive”
has been defined as a condition where the flow residence time (zy)
is comparable to the autoignition delay time (), and the flame
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propagation process is notably coupled to the chemical process of
autoignition [6-18]. The engineering needs for improving predic-
tion models and design methods have been driving academic in-
vestigations on combustion behavior under such conditions.

Won et al. [6,7] and Windom et al. [8,9] conducted experi-
mental studies to measure the turbulent premixed flame speed
at varying flow residence times with a reactor assisted turbulent
slot burner. They observed a strong CH,O signal in the unburned
regime upstream of the flame front, which indicated that pre-
flame reactions occur at elevated temperatures. Their results also
indicated that the turbulent flame might be drastically accelerated
by the pre-flame reactions changing the reactant composition and
Lewis number. They observed a potential flame instability mode
caused by a leap in the flame speed due to pre-flame reactions.
Krisman et al. [10] performed a comprehensive numerical investi-
gation on laminar premixed flames under autoignitive conditions.
Their results showed that both single-stage and two-stage igni-
tion fuels could form an autoignition-assisted flame, which propa-
gated mainly owing to a diffusion-reaction balance as the flow res-
idence time was comparable to the ignition delay time. Consistent

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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with experimental results, their results showed that pre-flame re-
actions could significantly modify the reactant stream ahead of the
reaction zone and thus assist flame propagation. The results of fur-
ther numerical studies [11-14] showed that the profile of normal-
ized flame speed might have a “hockey-stick” shape, which sug-
gested a strong nonlinearity lay in the transition from flame prop-
agation to autoignition.

Schulz et al. [15-17] and Ebi et al. [18] performed a series of nu-
merical and experimental studies on the aerodynamics of methane
flames in sequential combustors. Their results showed that au-
toignition and flame propagation could co-exist in a turbulent re-
acting flow. Furthermore, the transition of burning modes could
trigger a sudden change in the local heat release rate, driving the
flame to oscillate with high amplitude. It was essential to suppress
such phenomenon in engineering. However, classical thermoacous-
tic models [19] could not describe its mechanism since the flame
speed was no longer constant through the spatial location or flow
residence time.

This work aimed at understanding the impact of pre-flame re-
actions on thermoacoustic instability within the scope of a lam-
inar lean premixed flame under the operating conditions of an
advanced industrial gas turbine. The remainder of this paper
is organized as follows. Section 2 presents a semi-infinite one-
dimensional model used for the theoretical analysis of the flame
structure, its propagation, and its response to flow oscillation un-
der autoignitive conditions. Section 3 presents a detailed numerical
simulation performed with surrogate diesel fuel under inlet condi-
tions of 3 MPa and 860 K. The results were used to examine the
chemical structure of the premixed flame and the validity of the
previous analysis. Section 4 concludes the study presented in this

paper.

2. Theoretical analysis
2.1. Chemical reactions

To fully describe the chemistry of flame propagation and fuel
autoignition, a three-step mechanism [5,20] was employed for the
theoretical analysis:

F+M—R+M  1=Ap*T"Yzexp (- %)

F+R—2R  ry=A;0*T"YsYgexp (—4¢)

R+M—P+M(+qc)  ry=Aup*T"Yg
where F is the reactant, R is the radical, P is the product, M is the
third body, ¢q. is the chemical heat release, r is the reaction rate, A
is the Arrhenius constant, p is the density, T is the temperature, n
is the temperature exponent, Y is the mass fraction, and T, is the
activation temperature. The first step is a chain-initiation reaction,
which has high activation energy. It produces the initial radicals in
the reactant stream and thus is critical to the autoignition process.
The second step is a chain-branching reaction, which produces a
massive number of radicals from the reactant at a certain temper-
ature. It also has relatively high activation energy and is the dom-
inant reaction during the flame propagation process. The last step
is the radical termination reaction, which is insensitive to temper-
ature. It converts radicals to the product and releases all chemical
heat. The first reaction used to be neglected in analyses of classi-
cal laminar premixed flames. In the present study, the inlet reac-
tant stream was considered reactive, and its chemical process was
mimicked with the three reaction steps. In the following sections,
the temperature exponent n was set to n; = ny = ny = 2 for the
sake of simplicity [5]. This mechanism could qualitatively describe
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the high-temperature chemistry involved in autoignition and flame
propagation (see Appendix A).

2.2. Model

Figure 1 shows the laminar lean premixed flame model consid-
ering pre-flame reactions. The flame was set to a semi-infinite one-
dimensional domain. This work only considered the circumstances
with weak autoignition tendencies, i.e., Daj = T7/Tjz ~ 01071,
where Daj; is the ignition Damkohler number [21]. So, the com-
bustion process was still dominated by a diffusion-reaction balance
mode. The presence of the pre-flame reaction gradually modified
the reactant streamwise and assisted with the flame propagation.
There were two sets of coordinates: one was defined as x with the
origin at the flame front, where the radical concentration reached
its maximum; the other was defined as £ with the origin set at
the flow inlet, which was upstream of the flame with the finite
length L. The first coordinate was used to analyze the flame struc-
ture and steady-state propagation, while the second was used for
the dynamic response to flow oscillation.

If the thermal (cp) and transport (A, pD) properties of the mix-
ture were assumed constant, then the governing equations of the
flame structure can be given as follows [5]:

pu = Const. (4)
dT d’T
pucpa - )\w =(qcl'm (5)
dYe d?Ye
Pua - PDFW = Wf (6)
dYy d?Yy
UG PP g = %

where u is the velocity, ¢, is the specific heat, A is the thermal
conductivity, D is the mass diffusion coefficient, and w is the mass
production rate that satisfies wgp = —r; —ry and wg =17+ 17 — 1711
The boundary conditions are

TZTH;YFZYE“;YRZO,GI’XZ—L

T:Tb;YFZO;YRZO,atX—)-FOO (8)

The thermoacoustic behavior of a flame excited by inlet veloc-
ity fluctuation can be described as follows [19]. At a relatively low
excitation frequency, a quasi-static assumption was employed be-
cause the reaction and scalar transportation reached a balance con-
siderably faster than the velocity oscillation could:

d

% = Uin(t) - S(&y) (9)
p(t)=u,(t) Z (10)
Q)= QCYF.upuS(Sf) (11)

where u;, = T, + uj, is the inlet velocity, S(§;) is the steady-state
flame propagation speed for the flame front at the position &;, p’
is the pressure fluctuation, uj, is the inlet velocity fluctuation, Z is
the acoustic impedance, and Q is the heat release rate. The initial
condition for this problem was set to a steady-state:

& = Epoi Uino = S(&fp). at =0 (12)

2.3. Analysis of the flame structure and its propagation

To simplify Eqs. (4)-(7), a set of non-dimensional variables was
defined as follows:
pucp
A

Yo

c
! Y

v IR
YF,u

AcYru

T; ?F: —?
Wu

X= x T=

(13)



Z. Yu, Y. Ai, Y. Wang et al.

Combustion and Flame 225 (2021) 513-523

v Da;, = L ~0(107
g?o ai‘g - Tig ( )
| E——— - f ff
i T : T
i : T,
YFJI i b
Y, B
Uip
E——
First-stage ignition for .
two-stage ignition fuels e T
-L 0
I,
x=0 x
i T el ——————— -
initial pre-flame flame post-flame
section section front section

Fig. 1. Schematic of the flame structure under autoignitive conditions.

The non-dimensional governing equations are

df  d?T o
&~ dr = P (14)
d?p 1 dZVF T Tall
_ = — = —DaY, — Day¥r Y; ——
A% Ler dR2 a;Yr eXp T ajYr YREXP T

(15)
¥y 1 d%, Tu T, o
T; - EWR = Da,Ypexp<—?> + Da,,YF YREXP (—7"> — Day,Yr

(16)

where Le is the Lewis number. Da is the Damkohler number and
is defined as

2 A
Da; = 1%72
g (pU)°cp
2
Day = An%%ym
g (pu)“cp
P
Dayy = A ——— (17)
R (pu)’cy

where R; represents the gas constant. The boundary conditions
were converted to

T=T; ¥%=1%=0, af=-L (18)

T:Tb; ?on;VRzo, at X = +o0 (19)

The assumptions introduced to obtain an analytical solution
were listed as follows.

(i) The flame structure of two-stage ignition fuels consisted of
four sections, as shown in Fig. 1. In the initial section, the low-
temperature chemistry initiated, causing the first-stage ignition.
In the pre-flame section, the high-temperature chemistry gradu-
ally modulated the reactant mixture, causing a temperature in-
crease and fuel consumption. In the flame front section, the chain-
branching reaction quickly converted all remaining reactants into
radicals. In the post-flame section, the radicals were burnt, and the
combustion process was completed.

(ii) The first-stage ignition was modeled as a jump condition
(shown below) immediately downstream the flow inlet since the
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three-step mechanism could not describe it.

T=T; ¥r=1,%x=0:Y =0, arx—(—i)‘

T=T; Vi= VroVa=VrsVo=Vp,, at = (—E)+ (20)

where the parameters satisfy the following relationships:

VF,S + ?R.S + ?P.s =1
Ts - Tu = ?P.s

- T, T
Da;Yr,s exp ( 7 ) + Day¥r sYr s exp ( 7 ) DayYrs  (21)
S S

This assumption neglected the induction length of the first-
stage ignition. It might not be suitable in other cases.

(iii) The reaction rate in the pre-flame section was constant be-
cause the heat release and fuel consumption here were limited.
The reaction rate could be estimated as

2
Tpf = All%yﬁs exp ( g.s ) + Al gﬁ Yr sYr s €Xp <—%") = Amgz Yrs

N - T T
ps = DajYe s exp < F ) + Day ¥ Yr s exp ( F ) Day¥r s
S N

(22)

based on the assumption (ii).

(iv) The flame front was modeled as a thin reaction sheet; in
other words, the chain-branching reaction was fast enough to con-
vert all remaining reactants into radicals at x = 0. Thus, the jump
condition [22,23] across the flame front was

R=0* dF T
[Tl = |:d)?:|
X=0-
1 d¥y

=0+
= —=F =0
[LeF dx i|;z=o

(v) The Lewis number of the radical was unity, i.e., Leg = 1.

(vi) The non-dimensional length of the pre-flame section was
much larger than unity, i.e., L > 1.

Therefore, an explicit solution for the flame propagation speed
(S) could be obtained (see Appendix B) as

[ A
A111

(el =[felico =

1 d¥y
Leg dx

(23)

Ty, —
S= 2T"T

Tb — Tu Tpr
Tb —Ts Yeupu

(24)
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Table 1

Non-dimensional parameter setting.
L 30.0 T 0.7056
Ler 3.479 Ty 1.633
Leg 1.0
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Fig. 2. Analytical solution of a flame under autoignitive conditions: (a) flame struc-
ture (dashed lines: 7,; = 0.001 and T; — T, = 0.03; solid lines: 7,y = 0.002 and T; —
T, = 0.06; dash-dot lines: 7,; = 0.004 and T; — T, = 0.12; dotted lines: analytical so-
lution without considering pre-flame reactions); (b) Damkohler number.

The first term, which is approximate to ,/A/cp, is the flame
propagation speed without considering the pre-flame reactions in
the pre-flame section. This suggested that the first-stage ignition in
the initial section (Ts) could also lead to flame speed acceleration.

The second term, which is approximate to % indicated that the
flame speed was linearly related to its spatial location and that the
gradient of this relationship was amplified by the pre-flame reac-
tions occurring in the initial section.

Flame structure examples according to Eqs. (43), (44), and
(46), along with the solution without considering pre-flame re-
actions (i.e.,, the dotted lines), were drawn in Fig. 2(a). The
non-dimensional parameters were set as shown in Table 1. These
results suggested that the non-dimensional thickness of the high-
temperature flame was not affected by the temperature increase
and fuel consumption caused by pre-flame reactions in front of it.
The radical concentration profiles were identical at the flame front
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for all four cases. In the range & < —5, the diffusion transport of the
flame was negligible, and a pre-flame reaction-convection balance
was established. The non-dimensional fuel concentration and tem-
perature profiles showed good linearity, as described by the term
Fps® in Egs. (43) and (46). The non-dimensional mass fraction of
radicals was in the order of 10~ in this section, which increased
as the pre-flame reaction rate increased. Fig. 2(b) shows the de-
pendence of the Damkohler number (Day;) on the accumulation
of pre-flame reactions occurring in the pre-flame section. Three
pre-flame reaction rates (0.001, 0.002 and 0.004) and three initial
temperature increases (0.03, 0.06 and 0.12) were chosen for the
calculations with I = 10 — 50. These results showed that Day; de-
creased linearly as the pre-flame reactions accumulated in the ini-
tial and pre-flame sections. The effects of the nonlinear terms in
Eq. (51) were imperceptible.

2.4. Analysis of the thermoacoustic behavior

The thermoacoustic behavior of the flame under autoignitive
conditions was examined by introducing a simple harmonic veloc-
ity oscillation to the inlet:

Uiy (t)

=1+ Asin 27 ft)
Uin,0

(25)
where A is the relative amplitude and f is the frequency. The move-
ment of the flame front could be obtained numerically by substi-
tuting the solutions of Eqs. (48) and (49) into Eq. (9). For conve-
nient analysis, a linear approximation was employed to describe
the relationship between the flame speed and its position:

S(&r) = S(€r0) + k(& — £10)

where k is a coefficient (unit: s~1). Numerical simulations sug-
gested that k is a positive number and increases with &. Therefore,
the flame movement yields

d
% = Ujp0Asin (27 ft) — k(§f - gf,o)

and its solution is

2 f ”
Q7 f)? + k2 '

(26)

(27)

uin,OA

N e

—kt

=650+ n0Ae sin 27 ft — ¢)

(28)

where ¢ =tan‘1(%) € (0,Z) is the phase delay. If the flame
propagation speed was considered as a constant (i.e.,, k = 0), the
flame movement yields

UinoA | Uin oA [)
2n f 2n f 2

The impact of the pre-flame reactions on the flame front
movement could be determined by comparing the solutions of
Egs. (28) and (29). Under autoignitive conditions, the equilibrium
position of the flame oscillation could return to the initial posi-
tion because of k > 0. Second, the amplitude of the steady-state
oscillation could be reduced. Third, the phase difference between
the flame oscillation and velocity excitation could be altered by the
pre-flame reactions.

Substituting Eq. (11) into the solution of Eq. (28) yields the heat
release rate with velocity fluctuation:

Er=Efo+ + sin (27rft - (29)

Q) -1 2 fkA kA in (27 ft —
o G 1R T sin 27 ft — ¢)

(30)

where Qg is the heat release rate at t = 0. For t — oo and oscilla-
tion reaching a steady-state, the fluctuation of the heat release rate
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Fig. 3. Thermoacoustic stability diagram of a flame under autoignitive conditions.

is given as
Q)= QL sin@nft-¢) (31)
Ve +ie
This can also be given in the form of an n-t model [24]:

Q'(t) =n u(t— 1) (32)
where

n= _AYruPu DT = 2Lt.sm’1 <2lef> (33)

JeEne o

Combining Eqs. (25) and (31) obtains the flame transfer func-
tion of a planar premixed flame under autoignitive conditions:

Q(w)/Q ko
FTF = = = o 34
0 (@) AR By

where w =2m f is the angular frequency and j is an imaginary
unit.

For a planar wave, the acoustic impedance is constant to a spa-
tial location and may be expressed as

Z = pucye™ (35)

where ¢, is the sound speed of the reactant and 6 < [0, 277) is the
phase difference between the velocity and pressure oscillation [25].
Therefore, the steady-state pressure oscillation yields

P'(t) = puCullinoAsin 27 ft — 60) (36)
The Rayleigh criterion for this thermoacoustic behavior is

—_f Cullin 0QoA?

PO =11 P OQ@Od = LD 056 -g)  (37)

2 (%)24-1

A schematic diagram of this criterion is shown in Fig. 3. It
indicated that the stability of a planar flame to velocity excita-
tion depends on both 6 and ¢. Furthermore, it was controlled
by the coefficient k, which represented the impact of the pre-
flame reactions on flame propagation, and the acoustic impedance
Z, which represented the characteristics of the acoustic environ-
ment. The figure showed that, when the effect of thermoacous-
tic coupling reached its maximum at 0 = ¢, the pressure oscil-
lation was rapidly amplified. The system was most stable at 6 =
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Table 2
Parameters for the theoretical model.
Methane DME Diesel

Yeu - 0.03384 0.06285 0.03946
qc J/kg 4473 x 107 2,597 x 107 3.722 x 107
cp J/kgK 1207 1212 1205
A W/meK  0.0832 0.0850 0.0825
Ler - 0.97 1.665 3.479
Leg - 1.0 1.0 1.0
Ty K 2050 2074 1990
T K 860 918.4 926.2

¢ +m, and any pressure fluctuation was damped swiftly. More-
over, there were four stability scenarios for certain acoustic envi-
ronments. For 0 € [0, Z ], the flame was absolutely unstable to all
excitations. For 6 € (%, ), the flame was stable to excitation fre-
quencies lower than %tan(e — Z). This meant that, under such
circumstances, the combustion process might emit high-frequency
noises. For 6 [, 3F), the flame was stable for all excitations
that were usually most desired in engineering applications. For
0 ¢ [37”, 27), the flame was unstable to low-frequency excitations.
Because ¢ depended on both f and k, Eq. (37) also suggested that,
if6e(Z,m)or (37”, 27), the stability of the flame at a certain ex-
citation frequency could change depending on the operating con-
ditions.

3. Numerical simulation
3.1. Setup

A series of numerical simulations were conducted to validate
the analysis in Section 2. The operating pressure, inlet temperature,
and equivalence ratio were 3 MPa, 860 K, and 0.6, respectively. A
binary mixture of n-dodecane (77 vol%) and m-xylene (23 vol%)
was chosen as a surrogate fuel for diesel [26,27].

One-dimensional, transient, and isobaric Navier-Stokes equa-
tions were chosen as the governing equations. The fourth-order
conservative scheme [28] and optimal third-order total variation
diminishing (TVD) Runge-Kutta method [29] were employed for
spatial and temporal discretization, respectively. Open-source Can-
tera modules were used to evaluate the transport and reaction
terms. A skeletal mechanism [27] consisting of 163 species and 887
reactions was employed to predict the propagation behavior of the
lean premixed flame under autoignitive conditions. The length of
the computational domain was 1 mm for most cases. The spatial
and temporal resolutions were 5 x 10~7 m and 107 s, respec-
tively.

Table 2 presents the parameters of the analytical model. The
transport properties were determined at the mean temperatures of
T, and T,. The Lewis number of methane, dimethyl ether (DME),
and surrogate diesel fuel was set as suggested by van Oijen [30],
Deng et al. [31], and Vié et al. [32], respectively.

3.2. Flame structure and its steady-state propagation

Figure 4 shows the steady-state flame structure at various an-
chor positions. The flame was still dominated by a diffusion-
reaction balance under autoignitive conditions. The pre-flame re-
action was notable for causing a small temperature rise and modi-
fying the reactant stream in front of the high-temperature reaction
zone, which accelerated the flame propagation.

The analytical solution (dashed lines) captured some of the
main features of the flame structure that were predicted by the
numerical simulation (solid and dash-dot lines). First, the first-
stage ignition initiated immediately downstream the flow inlet,
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Fig. 4. Flame structure under autoignitive conditions (solid and dash-dot lines: numerical simulations; dashed lines: analytical solutions).

the length of which was less than 0.005 cm. This scale and the
reaction path inside this section were unaffected by the anchor
position or propagation speed of the flame. Second, in the region
upstream of the flame front, the profile of the temperature, fuel
concentration, and cumulative heat release showed good linearity.
A constant spatial distribution was observed for the concentration
of minor species, some of which were critical to the pre-flame re-
actions (e.g., OH, CH,0, and H,0,). This indicated that, in this re-
gion, the pre-flame reaction rate was close to a constant value,
which agreed with the theoretical analysis. Third, for the minor
species related to high-temperature chemistry (e.g., OH, CO, and
HO,), the peak value of the mass fraction profile was constant with
the anchor position of the flame front. This verified the analytical
solution of Eq. (50).

Because of the lack of complexity in the chemical kinetics, the
analysis had two major limitations. First, a considerable amount
(up to 75%) of fuel was decomposed into smaller alkyl radicals in-
side the initial section due to low-temperature chemistry; however,
the increase in temperature in this section was only about 66 K,
which was 5.8% of the total temperature rise. This phenomenon
could not be depicted by the three-step mechanism. Second, the
flame predicted by the analysis was much thinner than that pre-
dicted by the numerical simulation with the skeletal or the three-
step mechanism (Fig. 11). This was because of the thin reaction
sheet assumption (i.e., Eq. (23)), which took the thickness of the
reaction layer as infinitesimal and overestimated the reaction rate
of high-temperature chemistry.

Figure 5 shows the dependence of the flame propagation speed
on the pre-flame length. For the right ordinate, 7, is the autoigni-
tion delay time, which was 1.826 ms in the present case. 7y is the
pre-flame flow residence time and is defined as

_[f
“=, i@ G8)
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Fig. 5. Dependence of the flame speed on the pre-flame length.

where u(§) is the axial velocity profile. In the range of ty
| tig = 02-0.6, the flame speed predicted by the numerical
simulation showed good linearity with the pre-flame length, which
agreed well with the theoretical analysis. When t; [ 74< 0.2,
the flame speed dropped dramatically as the pre-flame length de-
creased. This might be because of the heat loss from the flame to
flow inlet by diffusion because the pre-flame length was so short.
At 77 [ Tig> 0.6, the combustion behavior was gradually dominated
by the autoignition process. A convection-reaction balance gradu-
ally formed at the high-temperature chemistry front, and the slope
of the flame speed curve increased rapidly.

Two other fuels, methane and DME, were included to fur-
ther validate the theoretical analysis, the parameters of which are
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Fig. 7. Dynamic response of the flame to inlet velocity fluctuation (black solid
lines: numerical simulation results; red circle markers: analytical solution consid-
ering pre-flame reactions; red solid lines: analytical solution without considering
pre-flame reactions; blue dashed line: velocity modulation).

shown in Table 2. Figure 6 shows the dependence of the normal-
ized flame speed on the normalized residence time, where the an-
alytical solution was roughly estimated as

S _ L -T
So Rec Tty
T, — T; exp 7(1 /Tig)

under the assumptions (i)-(vi). Despite differences in fuel and op-
erating conditions, the analytical solutions agreed well with the
existing literature ([10-14, 21]) when 7y [ T;; < 0.6. In general, the
flame acceleration was most notable for DME at low 7y | 7;, be-
fore the curve reaching the turning point, while it was neglectable
for fuels with single-stage ignition, e.g., hydrogen, methane, and
ethanol.

(39)

3.3. Flame oscillation with inlet velocity fluctuation

Figure 7 shows the dynamic response of the flame to inlet ve-
locity fluctuation in the numerical simulation. The frequency of the
inlet velocity excitation was set to 80 Hz, which was the “growl”
frequency in a lean premixed prevaporized (LPP) combustor [33].
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Fig. 8. Flame oscillation at various excitation frequencies (square markers: numer-
ical simulation results; solid lines: analytical solution considering pre-flame reac-
tions; dashed lines in (a): analytical solution without considering pre-flame reac-
tions).

The relative amplitude of the fluctuation was set to 3%, which was
low enough to avoid any nonlinear behavior that would be be-
yond the scope of this study. In the present numerical simulation,
the pressure was considered as spatially and temporally constant.
Therefore, the complex nature of thermoacoustic coupling was not
considered here. Figure 7 shows that the inlet velocity excitation
caused the position of the flame front and the heat release rate
to oscillate with the same frequency. The simulation results, which
considered the skeletal reaction mechanism, agreed well with the
analytical solution based on the linear approximation in Eq. (26).
The equilibrium position of the flame returned to the initial posi-
tion within three cycles, and the phase delay of the flame oscilla-
tion relative to the velocity fluctuation was about 0.4487; this was
smaller than the phase delay that did not consider the impact of
pre-flame reactions on the flame propagation.

Numerical simulations were also performed with excitation fre-
quencies of 40, 160, and 320 Hz. The results are shown in Fig. 8.
The simulation results agreed well with the theoretical analysis.
The amplitude of the flame oscillation dropped as the excitation
frequency increased, and the impact of the pre-flame reactions on
this parameter was exceedingly small in the high-frequency sec-
tion. With increasing frequency, the phase delay of the flame fluc-
tuation increased and gradually approached /2, which was the
value for the case not considering pre-flame reactions. The results
showed that both n and 7 decreased with increasing frequency.
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Fig. 9. Contours of the Rayleigh criterion index.

3.4. Thermoacoustic behavior

Figure 9 shows the contours of the Rayleigh criterion index,
which were calculated according to Eq. (37) at k = 79.36 s~
These contours embodied the thermoacoustic stability diagram in
Fig. 3. Above 80 Hz, the stable and unstable regions were roughly
separated by the lines of & =7 and 0 = 2w because k was rela-
tively small. At low frequencies, however, the situation was much
complex. The boundaries between the stable and unstable regions
were strongly nonlinear. The scenario of selective filtering (see
Section 2.4) could occur if 0 = 7w /2-m or 0 = 3w /2-2m. The value
of the Rayleigh criterion index fluctuated along the 6 direction, and
the amplitude of this fluctuation dropped rapidly along the f direc-
tion.

4. Conclusions

To address engineering challenges encountered in developing
advanced gas turbine combustors, theoretical analysis and numer-
ical simulation were performed to investigate the thermoacous-
tic instability of a laminar lean premixed flame under autoignitive
conditions. The major conclusions were as follows:

(1) The three-step mechanism employed by analysis could qual-
itatively describe the high-temperature chemistry involved in au-
toignition and flame propagation, while the behavior of the first-
stage ignition was missing.

(2) The typical structure of a lean premixed flame burning two-
stage ignition fuels under autoignitive conditions consisted of four
sections. In the initial section, the low-temperature chemistry ini-
tiated, causing the first-stage ignition. In the pre-flame section,
many radicals reached the steady-state, and the fuel consump-
tion rate and heat release rate were constant. In the flame front,
the rate of high-temperature chain-branching chemistry reached
its maximum. In the post-flame section, the combustion process
gradually reached completion.

(3) The results from the theoretical analysis and numerical sim-
ulation indicated that the propagation speed of a flame under
autoignitive conditions was affected by the accumulation of pre-
flame reactions, which was related to the spatial location of the
flame front. Under certain conditions (e.g., Ty [ T;; = 0.2-0.6), the
flame speed showed a linear correlation with the pre-flame length.

(4) The flame oscillation, which was excited by the inlet veloc-
ity, was investigated. The results suggested that, under autoignitive
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conditions, the pre-flame reactions could cause the equilibrium po-
sition of the flame oscillation to return to the initial position and
could alter the phase delay.

(5) The thermoacoustic behavior of a planar flame was evalu-
ated according to the Rayleigh criterion. The stability diagram and
contours of the Rayleigh criterion index revealed that, under au-
toignitive conditions, a new mechanism for thermoacoustic insta-
bility might emerge because the overall heat release rate might be
associated with the spatial location of the flame front. The flame
might amplify, damp, high-pass filter, or low-pass filter the acous-
tic energy based on the phase difference between the velocity and
pressure oscillations.

The findings from this study could contribute to the improve-
ment of combustion models in CFD simulations. The constraint for
inhibiting the thermoacoustic instability (i.e., 6 €[, 3Z)) might
also prove useful in optimizing the design of advanced gas turbine
combustors. The limitations of this work, such as some of the as-
sumptions employed in the analysis and the absence of compress-
ibility in the numerical simulations, will be addressed in future re-
search.
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Appendix
Appendix A

Table 3 presents the parameters of the three-step mechanism.
Three fuels, i.e., methane, DME, and surrogate diesel fuel (77
vol% n-dodecane + 23 vol% m-xylene), were included represent-
ing small hydrocarbon with single-stage ignition, small hydrocar-
bon with two-stage ignition, and large hydrocarbon with two-
stage ignition, respectively. A unified activation temperature (T)
was chosen for all fuels, the value of which corresponded to
Eq,=30 kcal/mol [34]. The activation temperature (T,;) was set as
the flame temperature (Ty). The Arrhenius constant (Ay;) was tuned
to fit the flame speed to the prediction with detailed or skeletal
mechanisms. Other Arrhenius constants, A; and Aj;, were set to re-
produce the ignition delay time as much as possible.

To validate the adequacy of the three-step mechanism in de-
picting autoignition assisted flames, the CHEMKIN codes of PSR
and PREMIX were employed with mechanisms developed by Smith
et al. [35], Zhao et al. [36], and Pei et al. [27], respectively. The
same operating condition as in Section 3 was chosen for all cases.
Analytical solutions were also acquired for comparison, the param-
eters of which were shown in Table 2.

Table 3
Parameters of the three-step mechanism.
Methane  DME Diesel

Al m3/kgeseK?  0.1149 385.0 107.4
Ta K 15,105 15,105 15,105
Ay m3/kgesK?  0.08842 0.04914  0.03236
Tai K 2050 2074 1990
A m3/kgeseK*>  0.2758 0.3087 0.1409
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Fig. 10. Computed scalar profiles in a perfectly stirred reactor (solid lines: detailed
or skeletal mechanism results; dashed lines: the three-step mechanism results).

The numerical results shown in Figs. 10, 11 and 12 indicated
that the three-step mechanism could qualitatively describe the au-
toignition and flame propagation process. However, due to its sim-
plicity, the deviation in predicting ignition delay times could be
as large as 7 times for methane. And the deviation in predict-
ing flame speeds could be as large as 70% for DME. Furthermore,
the three-step mechanism could not describe the low-temperature
chemistry. The behavior of the first stage ignition was missing.
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Appendix B

Under assumptions (i)-(iv), the governing equations and their
boundary conditions can be written as

ar ot

dx  dx2

[T‘i:(7[)+ - T;; T’)?ZO = Tf’ T Xodoo Tb]

Day Y

(40)
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Fig. 12. Dependence of the flame speed on the pre-flame length (markers: detailed
or skeletal mechanism results; dash-dot lines: the three-step mechanism results;
dashed lines: analytical solutions).

&7, -
& "L ae = Tpr (X<0)
Ve =0 &> 0)
I:YF|~ ( ")+—YF5§ ?FL?O_O] (41)
%? - L%R ‘iz? =Tpr— Day¥x (X <0)
% - I_]TR (LZXYR = —Day ¥ &> 0)
I:YRi)?:(—i)+ = YR,S; YR|).<_:0 = YR,f; YR|)’€~>+:>O = 0] (42)

where Ty and Y ; are the temperature and radical mass fraction,
respectively, at the flame front, as shown in Fig. 1. These param-
eters were determined by the chemical, thermal, and transport
properties of the mixture at which the chain-branching rate be-
came equal to the rate of removal of radicals by molecular diffu-
sion [22,23].

The profile of the reactant mass fraction is obtained by solving
Eq. (41) as follows:

) AN,

Ye= —F, 8+ ————~——[1—exp(LesX)], X< 0 43
F pf l—eXp(—LeFL)[ p (LerX)], X < (43)

The profile of the radical mass fraction is obtained by solving
Eq. (42) as follows:
X<0)

(%> 0) (44)

7. _ {Q exp (a18) + G exp (aaR) + Vi
Y rexp(a2%)

where o1, oy, C; and C, are constants:

Leg =/ Lelze + 4LegDayy;

2
—(Yr.g — Yrs)exp(—azL)
exp(fohf) - exp(—azi)
(Ve s — Yrs)exp(—anl)

G = exp(—a;L) — exp(—ayl) (45)

12 =

G =
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By substituting Eq. (44) into Eq. (40), the temperature profile
yields

. | Gexp(®) +C4 + Biexp(aiR) + Brexp(aaX) + X (X < 0)
T=1_. %
T, - o1 el exp(a) *>0)
(46)
where 84, B, C3, and C4 are constants:
_ DayG
b = o —oy
_ Day
bz = o3 — o
(1= T) - [1 - exp(-orD) i~ [1 - exp(-aD) -l
T 1—exp(-I)
G=T-p1-B—-GC (47)

For the solutions to satisfy the mass and heat flux continuity
conditions (i.e., Eq. (23)), two additional relationships were ob-
tained:

G +arfr+@afa+Tpr = (Tr =Tz (48)
. (T = Tf) (3 — a2)
Yoy = Dayy (49)

Therefore, the Damkohler number and flame propagation speed
could be numerically acquired.
Under the assumption (v), Eq. (49) can be further simplified as

Under assumptions (v) and (vi), Eq. (48) can be transformed
into

-~ 2
1 Tb—Ts—fpr 1
Day; = 4<Tb—Tf 3 (51)

which indicated that the flame was affected by the accumulation

of pre-flame reactions occurring in the initial (T;) and pre-flame
(FprL) sections.
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