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ARTICLE INFO ABSTRACT
Keywords: This work focuses on sidewall quenching (SWQ) for premixed methane/air flames that are forced by a periodic
Flame stretch oscillatory inflow with excitation frequency f = 100 Hz. The effects of steady-state and transient flame stretch on

Flame dynamics
Flame wall interaction
Unsteady FWI

the near-wall flame dynamics are evaluated using two-dimensional direct numerical simulation (2D-DNS) and
the GRI 3.0 reaction mechanism. The velocity fluctuations lead to significant changes in flame speed and flame
stretch, as well as the associated Markstein numbers. The phenomenon of SWQ is analyzed using flame

OpenFOAM quenching distance, wall heat flux and heat release rate. For steady-state conditions, there is a strong correlation
between the maximum wall heat flux (WHF ) and the flame quenching Peclet Number (Peg), as well as be-
tween the flame speed and the flame stretch; for transient conditions, the flame quenching distance (d,) increases
continuously from phase angles of 1/4f ! to 3/4f ! in one cycle as time progresses, and the fluctuation of the
quenching distance (Adq) decreases gradually with increasing equivalence ratio (). The flame stretch changes
from negative to positive in the process from 1/4f ! to 3/4f "}, while the heat release rate and fuel reaction rate
near the wall gradually decrease. Furthermore, the FWI region is dominated by negative flame stretch while
positive flame stretch is present at the base of the flame. Moreover, the methane/air flame has a nearly twofold
increase in the consumption speed during the oscillation from phase angle 3/4f ! to the next cycle at 1/4f ! at @
= 0.5 and @ = 1.0. These results show that flow field perturbations are not negligible in elucidating the effects of
flame-wall interactions.

100 and 350 °C, driven by wall heat loss; quenching between 400 and

1. Introduction 600 °C, determined by heterogeneous chemical reactions of surface

radicals, with the quenching distance increasing with increasing surface

Flame-wall interaction (FWI) describes the two-way coupling pro- temperature; and quenching beyond 600 °C, where the homogeneous
cess between the flame and a wall, which is an active research topic. The reactions overcome radical desorption and the flame is more difficult to
phenomenon is important to the operation and design of many closed extinguish. By accurately regulating the wall temperature and
combustion systems, including internal combustion engines and aero measuring the flame temperature and near-wall radical concentration
engines. The impact of FWI is enhanced by the increase of surface to quantitatively, Fan et al. [2] investigated the flame-wall coupling pro-
volume ratio when the combustor size is reduced. The heat loss of the cess in a microscale combustor. It was discovered that the quenching
flame to the wall often causes local thermal stress, local quenching and distance of the heated quartz wall could be less than 0.7 mm, and that
reburning, and unburnt hydrocarbon emissions. As a result, a better the size of the quenching distance depends on the wall temperature.
understanding of the behavior of flames near the wall and the influence With the aid of PLIF and PIV, Jainski et al. [3-4] investigated the side-
of FWI on the combustor performance is a topic of interest. wall quenching (SWQ) phenomenon of a turbulent V-shaped flame from
The impact of wall heat loss on flammability and instability during a Bunsen burner. Using two different methods to determine the
flame-wall interaction has been the subject of numerous studies. Ac- quenching distance of the flame, they analyzed the near-wall behavior of

cording to Kim et al. [1], the quenching behavior may be broken down the flame consumption rate and compared it with the behavior of a

into three temperature ranges: quenching at wall temperatures between freely propagating laminar flame. In addition, they showed that the
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Nomenclature

a Amplitude

CFL Courant-Friedrichs-Lewy number

CARS Coherent anti-Stokes Raman Spectroscopy
dq Flame quenching distance

Adq Fluctuation of the quenching distance
DNS Direct numerical simulation

D Diffusion coefficient of the species

EGR Exhaust Gas re-circulation

f Excitation frequency

FWI Flame wall interaction

hy Standard heat of formation of species k
HOQ Head-on quenching

k Heat conductivity of the unburnt gas

K Flame curvature

K Flame stretch

Ka Karlovitz number

Kas Non-dimensional aerodynamic strain

K Flame aerodynamic strain

Ka. Non-dimensional stretch due to curvature
K. Flame stretch due to curvature

Ly Markstein length

Le Lewis Number

Ma Markstein number

w Flame surface normal vector

a Thermal diffusivity of the reactant mixture

0 Angle between the tangential direction of the flame surface
and the wall surface

Pey Flame quenching Peclet Number

PLIF Planar Laser Induced Fluorescence

PIV Particle Image Velocimetry

qr Heat release rate

Grmax Maximum heat release rate

s Flame surface segment length

Se Flame consumption speed

s? 1D laminar flame speed

Sda Flame displacement speed

SWQ Sidewall quenching

Tiso Isotherm

Tw Wall temperature

u(x) Parabolic velocity profile for the steady-state

e Flow field velocity

Uin Maximum inflow velocity

uin(x,t)  Parabolic velocity profile for the transient cases

Wq Profile width (w,) at the peak of WHF 10 %

WHF Wall heat flux

WHF,,o,, Maximum wall heat flux

Yimax Maximum fuel consumption rate

Sth Flame thickness

[0} Fuel reaction rate

89 1D laminar flame thickness

%} Equivalence ratio
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Fig. 1. Correlation of laminar flame speed Sc over normalized stretch Ka for
hydrogen/air Bunsen flames, adapted from [18].

influence of the wall caused the fuel reaction rate to be much lower near
the wall and the flame front to re-laminarize. Chen et al. [5] looked into
how the sidewall tilt angle and inlet gas parameters affected the flame
structure and combustion limit with/without the side wall. The sup-
pression impact of a sidewall on flame stretching downstream is rein-
forced as the Reynolds number increases, but it was greatly reduced as
inlet gas temperature increased. Yang et al. [6] discovered that the
quenching distance of the combustor varies with different wall mate-
rials. The aforementioned studies analyzed flame quenching events and
the trend of the wall heat flux using experimental techniques. Other
scholars considered numerical simulation methods as an effective

research tool. According to De Lataillade et al. [7], wall heat flux in-
creases in a diffusion burner as the flame approaches the wall and is
higher for diffusion flames than for premixed flames under the same
operating conditions. Popp et al. [8] performed a numerical analysis of
the head-on quenching (HOQ) of methane/air and propane/air flames.
When the wall temperature rises, the wall heat flux increases and the
concentration of free radicals in the near-wall region becomes higher.
Therefore, surface reactions, such as adsorption and desorption of free
radicals, should also be taken into account, and the importance of
thermal diffusion cannot be neglected. The FWI for laminar hydro-
gen—oxygen combustion was studied by Dabireau et al. [9] using direct
numerical simulation (DNS), comparing the maximum wall heat flux
and the duration of the FWI between premixed and diffusion combus-
tion. They discovered that although the diffusion flame had a lower wall
heat flux but a longer residence time with high wall heat flux, the pre-
mixed flame had a greater wall heat flux but a shorter residence time
before quenching. Yenerdag et al. [10] looked at how heat loss and
quenching distance were affected by EGR, equivalence ratio, initial
pressure, and wall temperature. They found that the change in EGR in
the fuel mixture has a significant impact on both the maximum wall heat
flux and the heat flux caused by the temperature of the burnt gas. The
corresponding homogeneous wall reaction rates on the wall boundaries
were studied by Strassacker et al. [11] using the REDIM calculation
method. Jafargholi et al. [12] conducted a quantitative analytical study
of the quenching distance, wall heat flux distribution and wall heat
transfer process of laminar premixed flames in a flat plate burner and
found that the thickness of the flame was halved due to increased
pressure and unstable heat diffusion.

Flame stretch rate is a crucial covariate determining the flame dy-
namics [13-21] and is of great analytical value for the investigation of
FWI. Law [13] showed that the various effects caused by flame curva-
ture, flow field inhomogeneities, and flame instability can be described
by the flame stretch rate. According to Creta et al. [14], the strain rate
can have an additional stabilizing effect during the nonlinear evolution
of an unstable flame, delaying the onset of hydrodynamic instability.
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Fig. 2. Dimensions of the computational domain.

Liang et al. [15] proposed a finite thickness expression not only to
facilitate the extraction of laminar flame speeds, but also to indirectly
obtain the thickness and Markstein length of the laminar flame. Gian-
nakopoulos et al. [16] studied weakly stretched flames and established
that, according to asymptotic theory, both flame displacement speed
and flame consumption speed are linearly proportional to flame stretch
for various Markstein lengths. Zhang and Chen et al. [17-19] compared
the impact of the presence/absence of a wall surface on the flame and
found that the flame approaching a cold wall is compressed by the
slower flow near the wall, which causes the FWI to be dominated by
negative flame stretch; in contrast, for freely propagating flames, the
elongation process is a shift from positive tangential stretch to negative
tangential stretch, as depicted in Fig. 1. Additionally, it was discovered
that a linear relationship between the flame speed and the normalized
total stretch held true only for low stretch values, as seen in Fig. 1.
Furthermore, it is challenging to overcome the impact of unstable per-
turbations on flame combustion properties in practical applications.
According to Zirwes et al. [20], fluctuations in flame height have been
implicitly accounted for in the OH-LIF and CARS data, and the
quenching distances derived from free radical OH and CH by capturing
the temporal average of experimental measurements can be over-
estimated. Palulli et al. [21] analyzed flame dynamics and CO emission
patterns of methane/air preheated oscillating flames under these con-
ditions and found that approximately 50 % of the total heat release rate
would be transferred to the wall at the moment of quenching. Analysis of
CO species transport showed that it was dominated by convection and
diffusion when approaching the wall towards the top of the flame.

It is obvious that the flame structure and combustion properties in
the FWI zone are significantly influenced by wall heat loss and flame
stretch. As a result, several researchers examined how changing wall
temperatures and wall materials affect flame quenching behavior and
discovered that wall effects also greatly altered flame stretch. Less
research has examined the phenomenon of unsteady flame fluctuations
caused by inflow perturbations on FWI, and very few of the studies
mentioned above have been analyzed in conjunction with wall heat loss
and its impact on flame stretch. Methane is chosen as fuel in study
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because it is frequently utilized in gas turbines and because the pre-
heated mixture and the wall is comparable to those seen at the
combustor inlet of turbines. Using crucial parameters like quenching
distance, wall heat flux, and flame heat release rate, direct numerical
simulations are performed to characterize the flame-wall interaction
behavior under forced oscillating inflow conditions. The focus is laid on
the change in flame structure during transient flame-wall interaction in
terms of flame consumption speed and flame stretch rate.

2. Theoretical basics
2.1. Flame stretch

Karlovitz [22] considered flame stretch as the main factor affecting
the local flame dynamics and as the main parameter controlling the
flame structure. Flame stretch (K) is defined by Eq. (1.1) as the loga-
rithmic Lagrangian time derivative of the area A of an element on the
flame surface [23]:

1dA

K=——
A dt

1.1
Often, it is more practical to rewrite the expression for flame stretch
in the following equivalent way [24]:

K= -0 :V(UW+S7)+Ve(u+S,7) 1.2)

The first term on the right hand side of Eq.(1.2) represents the rate of
stretch perpendicular to the flame surface, and the second term the
stretch in the normal direction. 7 denotes the flame surface normal
vector and points toward the unburnt gas; U is the flow field velocity; Sy
is the displacement speed of the flame, here evaluated at the flame
surface defined by the fuel mass fraction corresponding to the position of
maximum reaction rate in an unstretched flame Yz = Yynx.

1 dyF _ d}F + Ve (prVYF)

Sy= ——— —— =
¢ VY| dr PV Y|

(1.3)
where @r is the reaction rate of fuel, p the density and Dy the diffusion
coefficient of the fuel species; U +S47 is the absolute movement ve-
locity of the flame front.

The contributions to flame stretch from Eq.(1.2) can be reorganized
as follows:

K=-7"7n:Vi+Veuw —7Wn:VS,n+VeS, 7w 1.4

In Eq.(1.4), - : VU +V e U = K; indicates the aerodynamic

strain; — ' 1 : VSqn + V e Syn = Syk = K, is the flame stretch due to a
curved, propagating flame, with k = V-7 the flame curvature.

The local Karlovitz number (Ka) is the normalized local flame stretch
K. It therefore describes flame bending and flame displacement under
various forms of stretch caused by inhomogeneities in the internal flow
field. It is defined as Ka = K(S? /S? = Kas + Ka,, which consists of two
parts, the aerodynamic strain (Kas) and the flame curvature strain (Kac).

2.2. Flame consumption speed (S.)

The local flame speed is computed from the rate of the consumption
of the fuel species [25]:

1 +o0
S, —m/ﬂo wpdn (1.5)
where @y denotes the fuel reaction rate; dn is the direction perpendicular
to the flame surface. Since flame speed is calculated by integration of the
reaction rate at each point along the normal coordinate of the flame
surface, each point on the flame front has a corresponding flame speed
that is largely insensitive to the choice of flame isosurface [25]. There-
fore, S; is to some extent more robust than the displacement speed. The
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Table 1

Calculated results of 1D unstretched methane/air flames (T, = 773 K).
@[-] 0.5 0.8 1.0 1.3
S(L) [m/s] 0.950 1.940 2.194 1.790
52 [mm] 0.477 0.311 0.287 0.316
Tiso [K] 1480 K 1680 K 1820 K 1850 K
Yimax[-] 0.003547 0.006427 0.008317 0.010841
Le [-] 0.972 0.970 0.969 0.968

integral result in Eq. (1.5) is always greater than or equal to zero, as the
reaction rate of fuel is mostly negative, and it approaches zero at the
position where the flame is quenched and no combustion reaction
occurs.

3. Numerical formulation
3.1. Simulation setups

The computational setup is shown in Fig. 2: the light blue area is the
computational domain, and its dimensionisL x w =8 x 2 mm?; the left
boundary is defined as an isothermal wall with the same temperature
(Tyw = Ty) as that of the fresh gas. The right boundary of the computa-
tional domain (vertical centerline in Fig. 2) is set as symmetry. Conse-
quently, an assumption of an inert wall, consistent with [17,18,20], is
applied. The inlet uses a parabolic velocity profile with a minimum
velocity of zero as provided by the Poiseuille solution [27], as seen in
Fig. 2. The inlet velocity function given by u(x) = ui [1-%/(w/2)?] = Ui
(1-4x%/w?) leads to a V-shaped flame which is convenient for studying
the flame tip near the wall. The no-slip boundary condition for the wall
together with the prescribed non-zero velocity at the wall at the inlet
leads to the development of a boundary layer in the vicinity of the high
velocity region. The flame is stabilized inside the computational domain
by adjusting the bulk velocity. The flow in the near-wall region is
intrinsically laminar due to the non-slip condition, which allows the
flame to be stabilized at a relatively low propagation speed, which is of
the order of sg [30]. Lean flames (@ = 0.5; @=0.8), stoichiometric flame
(@ = 1) and a rich flame (g = 1.3) are selected for this study, with the
calculated flame parameters of the corresponding 1D unstretched freely
propagating flames listed in Table 1. @ is the equivalence ratio of the
methane/air flames; u;, is the maximum flow velocity in the parabolic
inlet profile; S? is the 1D flame laminar speed of the unstreched flame.
Premixed methane/air flames in a combustor with a wall temperature

y

f('HJ[kgm3/S]

0 0.5 1
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(Ty) of 773 K and a pressure (Pg) of 1 bar are used. The fresh gas enters
the combustor along the y-axis and the preheated mixture temperature
(To) is set to 773 K. Table 1 also presents &7, which denotes the 1D
laminar flame thickness and is calculated from:
5 max(7) — min(T)

0 — )

(1.6)
max(|Z|)

where dT/on denotes the temperature gradient in the flame normal di-
rection; Yyyqy is the maximum fuel consumption rate for the unstretched
flame. The flame isosurface used for the following analysis is defined by
the isosurface of Y;me [12]. A second definition for the flame surface in
this work uses an isosurface of temperature (Tjs,) as the flame surface
which is obtained from the temperature corresponding to the maximum
heat release rate gradient in the unstretched flame [25]. The positions of
the flame surface obtained by the two methods are very close to each
other, and the difference in the methods lies in the flame surface dis-
tribution near the wall (zero-gradient for species mass fractions at the
wall vs fixed valued for the temperature). Le=a/D is the Lewis number.
It describes the magnitude of heat and mass transfer and is an important
parameter to measure the effect of stretch on the flame; a and D denote
the thermal diffusivity and the diffusion coefficient of the reactant
mixture.

The computational domain is discretized into a sufficiently refined
grid with a cell size of 20 pm, and the flame thickness (5y,) is resolved by
at least 10 to 17 cells to ensure accurate results. The maximum Courant-
Friedrichs-Lewy number (CFL) and Fourier number are 0.2 and 0.35.

The DNS solver from [29] is used, which is based on an in-house
extension of OpenFOAM [32,33]. The GRI 3.0 reaction mechanisms is
used to compute chemical reaction rates. Molecular diffusion is
considered with the mixture-averaged transport model (Curtiss-Hirsch-
felder approximation), taking into account differential diffusion. The
compressible Navier-Stokes equations are solved with the finite volume
method based on the assumption of an ideal gas, including mass con-
servation, species mass fractions and energy conservation [25]. A
second-order fully implicit time discretization and a fourth-order spatial
interpolation scheme are used to discretize spatial derivatives. The
open-source libraries Cantera [34] and Sundials [26] are used to provide
detailed diffusion coefficients and efficient routines for computing the
chemical source terms. The correctness of the DNS solver has been
demonstrated and detailed description along with validations can be
found in [29-31].

X

1.5 2 0.5 1 . 2

Fig. 3. Contours of local consumption rate (7 cp4), temperature (T), and velocity (U) for a stoichiometric flame (@ = 1). Dimensions along the x and y axis in mm.
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Fig. 4. Magnitude of the stretch rate along the flame surface for different
equivalence ratios.

3.2. Numerical setup

Fig. 3 shows the contours of the temperature (center) and velocity
(right) for a stoichiometric flame, where the flame surface is given by the
solid black line. It shows the location of the flame with the isoline of
Yimax, in which the flame is located relatively far downstream near the
wall. The wall is at the x = 0 mm location, while the flame base is close
to the x = 1 mm point. The figure on the left displays the contours of the
local consumption rate 7 cy4 of the fuel, along with the grid lines and the
equivalent surface Ycygs = Yimax (White solid line). The reaction zone
with 7 cgg < 0 is fully resolved in the near-wall region, and the maximum
wall distance found at the FWI location is calculated as x™ = 0.28, which
justifies the used grid resolution.

4. Results and analysis
4.1. Steady-state flames

The steady-state FWI analysis was performed using the 1D laminar
flame characteristics indicated in Table 1 for the lean flames (@ = 0.5;
@=0.8), stoichiometric flame (@& 1) and rich flame (@ 1.3),
respectively. u;, is always equal to S? for the different equivalence ratios.
The wall temperature is equal to the fluid temperature, T, = T, =773 K,
and pressure, Pp = 1 atm, which are associated with gas turbine inlet
conditions. The study of the weakly curved part of the flames (Ka. ~ 0) is
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the main subject of this section, excluding the impact of flame normal
stretch due to curvature.

Fig. 4 illustrates the trend of the aerodynamic strain along the flame
surface for various equivalence ratios. The horizontal axis indicating the
tangential coordinate s/spqx along the flame surface and the vertical axis
indicating the normalized stretch rate K&%,/S? = Ka which is also equal
to the aerodynamic strain (Kas) assuming low curvature. In the near wall
region (s/Smax < 0.1), the flow velocity is reduced, and the compressive
strain leads to more negative stretch. In addition, the temperature dif-
ference between the wall and the flame creates thermal convection
which also affects the internal flow. For the region away from the wall
(S/Smax > 0.1), Ka begins to rise from —4.1 to 0.9 along the flame surface
and reaches its peak at the flame base. This phenomenon is exactly
opposite to the trend of the freely propagation flame stretch rate, in
which aerodynamic strain continuously decreases until it reaches zero
[17]. The present findings demonstrate that this phenomenon can be
extended to high temperature isothermal wall and small-scale condi-
tions. Moreover, Ka along the flame surface in the near-wall region is
most pronounced at @ = 0.5, followed by @ = 1.0, @=0.8, and finally @
= 1.3. This trend is due to the larger methane fuel mass fraction gradient
near the wall.

For various equivalence ratios, the distribution of the wall heat flux
(WHEF) versus the heat release rate (g,) along the y-axis near the wall is
shown in Fig. 5. The heat release rate (q;) is calculated from ¢, =

—> "kl &%, where by denotes the standard enthalpies of formation of the
chemical species. WHF and g, both exhibit similar trends regarding the
position of the respective peaks. When WHF reaches its maximum value,
the flame quenching distance reaches the minimum and, due to the heat
loss to the wall, g, also decreases. The flame quenching distance (dq) is
defined as the distance from the quenching point to the wall and the
point on the isotherm closest to the wall. According to the aforemen-
tioned operating conditions, dq is 0.44 mm, 0.28 mm, 0.25 mm, and
0.36 mm, respectively.

Poinsot [37] also proposed a correlation between the maximum wall
heat flux (WHFy,qx) and the quenching Pelect number (Peq) with the
following expression.

Toa — Tywan 1

WHFWIM‘( = T 5
Tui—T. Pe,

1.7)
where, at a minimal Peclet number known as the quenching Peclet
number, Peg, quenching takes place. It can be written as Peq = dq/ég and
is defined as the quenching distance normalized by the premixed flame

thickness 5.
Here, the wall temperature is equal to the temperature of fresh gas

x 10° x 10°
6 1.8
; — ®=0.5 1.6 — ©=0.5
— 0=08 |14 — ®=0.8
,E 4 ®=1.0 § 1.2 ®=1.0
2 3 AV — =13 '11'0 | — 0=13
B AV 0.8
= N '
Z 2 : \ 0.6 :
| oaf |!
1 1 |
[ BV
T 3 3 i 3 6 7 8 o o3 1 oo
y [mm] y [mm]
(a) ()

Fig. 5. Distribution of wall heat flux (left) and heat release rate (right) along the flame surface for different equivalence ratios.
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1.2 Fig. 6 depicts the correlation of flame consumption speed with the
- ®=0.5 normalized stretch rate (Ka). Of particular interest is the response pre-
1.0 1 dicted by asymptotic theory indicating that the stretch forms a quasi-
A linear relationship with the flame speed under certain conditions, [38]
iven by:
0.8 * 8
SL‘ L(Z
s 2e_ 12k (1.8)
S5 06 ® 5 50
- 0.4
0.2 Table 2
’ Variation of dq with & for the different oscillating flames.
0.0 4 A*‘. " o 14" 2/4f1 3/4f' Adq  Steady-state
- *
. ; ; . : dq[mm] =05 028 0.34 0.75 047  0.44
-5 -4 -3 -2 -1 0 1 =10 018 0.24 0.46 028 025
0,c0 =13 037 0.45 0.54 017  0.36
K*60/S [] @
Fig. 6. Flame speed S, versus normalized stretch rate Ka.
Table 3
(T = Ty), i.e., WHFpq = 1/ Peg. The corresponding Pe, at the various Variation of Peq with @ for the different oscillating flames.
equivalence ratios are 0.92, 0.9, 0.87 and 1.14, respectively. According 1/4f7! 2/4f! 3/4f1 Steady-state
to Fourier’s law, the temperature gradient near the wall is likewise the Pe, o —05 0.59 0.72 157 0.92
largest since the WHFmq, at @ = 1.0 is the largest, as shown in Fig. 5a. As =10 0.63 0.83 1.60 0.87
a result, Pey at this condition is the smallest. 2=13 1.17 1.42 171 1.14

Fig. 7. Contours of flame surface and normalized heat release rate calculated from DNS of unsteady FWI at different phase angles during the oscillation.
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Fig. 8. Calculated heat flux at the wall from DNS of unsteady FWI.
S_S - Ma@ — 1 — MaKa 1.9) clearly. The excitation f.requency f = 1(?0 H‘z and Fhe r.elatlve amplitude
S? M a = 0.6 are used for the inflow velocity in this section, i.e., up(x,t) = u(x)

_ds/s?

dKa
which is determined by fitting S./S? and Ka linearly. Ma can be used to
determine how sensitive the flame speed is to flame stretch; Ma values
for the various equivalence ratios mentioned above are —0.27, —0.53,
—0.62 and —0.2, respectively. Additionally, negative Ma only appear in
the FWI zone and not for the free flame. A strong correlation between
flame speed and flame stretch can be seen. However, there is non-linear
relationship between the flame speed and flame stretch at the region
very close to the wall, due to the heat losses. This results in a hook-
shaped distribution with a lower flame speed at larger Ka.

where L, is the Markstein length and Ma = the Markstein number,

4.2. Oscillating flames

According to the experiments of Jainski et al. [3], it has been found
that the Helmholtz resonance frequency of the flame in a particular
combustor is about 100 Hz, which leads to fluctuations in the flow di-
rection at the flame tip. The magnitude of the fluctuation varies from
combustor to combustor [4,28]. This section investigates how flames
react dynamically to unsteady flow fields. Steady-state flames are
influenced by the fluctuating flow at the inlet, and the functional
expression for the inlet gas flow rate is uj;(x,t) = u(x)(1 + asin(2 zft)),
where u(x) denotes the parabolic velocity profile of the steady-state
simulation, as shown in Fig. 2. The unsteady behavior of the inlet flow
field is characterized by the excitation frequency (f) and amplitude (a).
The relatively large a allows the flame fluctuations to be observed more

(1 + 0.6sin(2 00xt)).

Fig. 7 depicts the normalized heat release rate for the lean-premixed
oscillating flame (@ = 0.5), stoichiometric oscillating flame (g = 1.0)
and rich oscillating flame (@ = 1.3) at different instances within a forced
cycle. The black solid line in the figure indicates the position of the flame
surface. It is evident that the flame is affected by the inlet flow field
during one oscillation cycle, causing the flame surface to oscillate
significantly, changing the morphology of the flame. The flame height is
at its maximum when the phase is at 1/4f . It then declines toward 2/
4f ! and reaches its minimum at 3/4f . Only phase angles from 1/4f !
to 3/4f ! are explored in this section since the flame at the initial phase
angle of 0/4f ! is almost the same as that at 2/4f . The angle (8) be-
tween the tangential direction of the flame surface and the wall surface
gradually increases until it reaches or approaches a straight angle as the
flame propagates towards the inlet. At 3/4f !, as the flame surface is
close to the wall, the heat release rate is lower than it is at the other
stages, while the stretch rate is larger than it is at the other stages (as
shown in Fig. 10). At the same time, the mass flow of fresh fuel also
declines, which causes a reduced fuel reaction rate and a positive stretch
instead of a negative one. In addition, the heat release rate at @ = 1.0
and 1/4f ! is enhanced at the upward bend (depicted by the white
square with dashed line) and weakened at the downward bend (marked
by the white circle with dashed line). This is due to an imbalance be-
tween heat diffusion and mass diffusion that causes the flame to be
extinguished. Although this phenomenon exists in the other two flames
as well, it is most noticeable for @ = 1.0.

Additionally, it has been demonstrated that the flame quenching



J. Zhu et al.

Fuel 331 (2023) 125774

le9

2.00 6
1.75
1.50
125
= 1.00
~
S 0.75
0.50
0.25
0.00 , . . = " 0
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.000.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
x [mm] x [mm]
(@)@ =05 b B=10
1 0 1le9
— /471
0.8 _
2/4f~1
0.6 — 3/4f71

Gy [W/m?]

0.2

0.0 T T T ——— - -
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

x [mm]

©p=13

Fig. 9. Calculated heat release rate along the x-axis from DNS of unsteady FWI.

distance (dg) is affected by the transient flow, but its variation is less
than £0.05 mm [20]. Fig. 7 shows, in contrast, that the quenching
distance dq considerably fluctuates within the same cycle. In order to
simplify the calculation of the quenching distance, the flame surface was
determined using the aforementioned isotherm method. The quenching
distances in one oscillation cycle and the variation of quenching dis-
tances were then compared under various equivalence ratios, as shown
in Table 2. For different @, dq increases from 1/4f" ! to 3/4f ! in one
cycle during the oscillation. The difference between the maximum and
minimum quenching distances, which decreases with increasing @, is
known as the quenching distance variation (Ad,). For the same phase, dq
at @ = 1 is smaller than that of other conditions. Moreover, dq is similar
to the experimental value of Jainski and Kosaka [4,39], whereas Ad is
much larger than the results of Zirwes [20], which is due to the fact that
the flame temperature is much larger than the wall temperature. Addi-
tionally, as the flame gets closer to the wall, the instantaneous wall heat
flux is affected by the flame oscillation, which in turn leads to an in-
crease in the variation of the quenching distance. The fact that a higher
amplitude is used is possibly another important factor. Table 3 shows the
trend of Peq with & for different states. The trend is approximated by the
quenching distance: for different equivalence ratios, Peq increases from
1/4f! to 3/4f ! during the oscillation. Different from the trend of
quenching distance, Pey gradually rises as @ rises.

In accordance with Fig. 7, the distribution of near-wall heat flux
(WHEF) along the y axis for different @ is shown in Fig. 8. At different
time instances for the same mixture composition, the width (wy) of the
curve at the peak of WHF 10 % is nearly constant, but it differs

noticeably between different equivalence ratios. This is also present in
the steady state, where at @ = 1 it is the smallest and at @ = 1.3 the
largest. WHF is approximately O near the combustor entrance, increases
sharply along the flow direction to a peak and then decreases slowly, and
is significantly larger than O near the combustor exit. Additionally,
throughout an oscillation cycle, the flame quenching point is continu-
ously moving relative to the entrance. However, when @ = 0.5 and the
flame oscillates at 3/4f !, the WHF has two peaks at the same time. This
is because the flame is affected by the inlet velocity at that moment,
causing the internal flow field to expand and the high-temperature zone
to widen. This is followed by a slightly higher WHF at the outlet than the
other instances. In addition, the maximum wall heat flux (WHF,5x)
corresponds to the y-axis positions of 1.1 mm, 1.2 mm, and 2.1 mm for
the above conditions, respectively. The WHF also follows a similar trend
as gr. The heat release rate variation along the wall-normal direction (x-
axis) at these positions is extracted separately and shown in Fig. 9.

Previous studies have shown that the heat release rate increases
significantly as the flame approaches the isothermal wall [9]. We set the
wall temperature at 773 K for this paper. The heat release reaches its
maximum at @ = 1.0, 2/4f ! and 3/4f L. It is roughly 3.3 times greater
than at @ = 0.5 and 6.4 times greater than that at @ = 1.3. At @ = 1.3,
there is more unburned fuel, which results in a slower effective heat
release rate, and at @ = 0.5 the heat generated by combustion is much
lower than that at @ = 1.0.

According to earlier studies [13], negative flame stretch dominates
in the FWI region while it transitions from positive to negative for the
free flame region. This phenomenon is similar to the trend of Ka along
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Fig. 10. Trends of stretch rate on the flame surface during unsteady FWI.

the flame surface, as depicted in Fig. 10. Ka is similar to the steady state
at 1/4f ! and 2/4f!: negative stretch is formed near the wall, and the
negative stretch rate is further reduced in a certain interval, while the Ka
starts to increase after a certain distance from the wall and reaches a
maximum at the base of the flame. Corresponding to Fig. 9, at position x
= 0.5 mm at the top of the flame, where the heat release rate is likewise
at a high value, the fuel reaction rate increases with rising Ka when Le <
1 and Ka is small [25]. The trend of the stretch rate changes from pos-
itive to negative tangential stretch at a phase angle of 3/4f !, more
closely resembling the stretch of a freely propagating flame. This is
because the chemical reaction zone exits the wall-near region at that
moment, causing WHF and ¢, to be lower than they would otherwise be.

Fig. 11 shows the relationship between the flame speed and the flame
stretch rate along the flame surface for different phase angles within one
oscillation period at different equivalence ratios. The strong association
between flame speed and flame stretch during the flame oscillation cycle
between 1/4f ! and 2/4f ! resembles the steady state. However, when
the flame moves downstream, the flame speed at 3/4f ! is significantly
lower than it is at earlier stages because of the maximum fuel reaction
rate at that moment, in accordance with Eq. (1.5), where S, is negatively
correlated with the fuel reaction rate. There is a negative slope at 3/4f !,
especially in Fig. 11(c), where the flame speed for the rich flame has a
completely negative linear relationship with flame stretch. The specific

values are shown in Table 4. According to the variation of Ma with the
phase angle at different equivalence ratios shown in Table 4, Ma fluc-
tuates between positive and negative values. Combining the above in-
formation, it is reasonable to assume that Ma changes from negative to
positive values when the effect of FWI is negligible or when the flame
moves away from the wall. Furthermore, the flame stretches greatly
while its speed increases nearly by a factor of two during the oscillation
from phase angle 3/4f ! to the next cycle 1/4f 'at @ = 0.5and @ = 1.0.
This trend is also valid for methane/air flames for the range of 0.5 to 1.0.

5. Conclusions

In this work, the interaction of premixed methane/air flames with an
isothermal wall at 773 K was simulated in order to evaluate the changing
pattern of near-wall flame behavior. The detailed study of this phe-
nomenon is both challenging computationally and experimentally, due
to the generally small flame-wall interaction zone. Therefore, two-
dimensional direct numerical simulations are performed for steady-
state laminar flames and oscillating flames created by inflow fluctua-
tions at different equivalence ratios. The objective is to analyze sidewall
quenching when subjected to velocity perturbations at the entrance
from both flame morphology and wall heat dissipation perspectives.
While many studies exist that look at turbulent flame-wall interaction,
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Fig. 11. Correlation of the flame speed with flame stretch during unsteady FWI.
(4) FWI is dominated by negative flame stretch, while positive flame
Table 4 stretch is present at the minimum flame height during the
Variation of Ma with @ for the different oscillating flames. R
oscillation.
1/4f7! 2/4f7" 3/4f7" Steady-state (5) For equivalence ratios between 0.5 and 1.0, there is a nearly
Ma %= 05 _0.24 0.26 0.11 _0.27 twofold increase in consumption speed during the oscillatory
=10 —-0.26 —-0.38 —0.44 —0.62 stretch of the methane/air flame. Additionally, when @ = 1.3, the
2 =13 —0.16 —0.64 0.62 —-0.2

much less work has been done to consider laminar flame-wall interac-
tion cases with well-defined frequencies and amplitudes for the flame
movement. The following findings have been presented in this work:

(1) In the steady state, since WHFx and Peq are inversely propor-
tional, Pey is the smallest when WHF, is the largest. Meanwhile
at @ = 1.0, Peg is the smallest among different equivalence ratios
and WHF,, is the largest.

The heat loss of the flame to the wall modifies the local flame
dynamics, leading to generally negative Markstein numbers
while methane flames at the same condition without the influ-
ence of walls have generally positive Markstein numbers.

The Markstein numbers are additionally a function of the phase
angle, when the flame oscillates due to forcing by the inflow. As
the flame phase angle increases from 1/4f ! to 3/4f !, the stretch
gradually changes from negative to positive for different equiv-
alence ratios, and both the heat release rate along the flame
surface and fuel reaction rate near the wall gradually decrease.

2

—

(3)

10

flame consumption speed is noticeably lower.

(6) The general findings regarding the effect of oscillating flame-wall
quenching scenarios are valid for both lean and rich methane/air
flames.

The distinct impact of the time-dependent flame-wall interaction can
be modeled by prescribing local Markstein numbers as a function of the
distance and relative movement between the flame and the wall ac-
cording to the presented findings.
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