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Abstract. This work presents a numerical study on the effect of flame-wall interaction (FWI) from the
viewpoint of flame dynamics. For that purpose, direct numerical simulations (DNS) employing detailed
calculations of reaction rates and transport coefficients have been applied to a 2D premixed methane/air
flame under atmospheric condition. Free flame (FF) and side-wall quenching (SWQ) configurations are
realized by defining one lateral boundary as either a symmetry plane for the FF or a cold wall with fixed
temperature at 20 °C for the SWQ case. Different components of flame stretch and Markstein number
regarding tangential, normal (due to curvature) and total stretch, Kas, Ka. and Ka;,; = Kas + Ka,, as
well as their correlations with respect to the local flame consumption speed S; have been evaluated.

It has been shown that the FWI zone is dominated by negative flame stretch. In addition, S;, decreases
with decreasing normal stretch due to curvature Ka, while approaching the cold wall. However, Sp
increases with decreasing Ka,. while approaching the symmetry boundary for the free flame case, lead-
ing to an inversion of the Markstein number Ma,,, based on Ka,,, from positive in the free flame case
to negative in the SWQ case. The quenching distance evaluated based on wall-normal profiles of S;.
has been found to be approximately equal to the unstretched laminar flame thickness, which compares
quantitatively well with measured data from literature. The flame speed has been confirmed to scale
quasi-linearly with the stretch in the FWI zone. The results reveal a distinct correlation during transition
between FWI and FF regarding flame dynamics, which brings a new perspective for modeling FWI phe-
nomena by means of flame stretch and Markstein number. To do this, the quenching effect of the wall
may be reproduced by a reversed sign of the Markstein number from positive to negative in the FWI zone
and by applying the general linear Markstein correlation (Sz /S0 = 1 — Ma - Ka), leading to a decrease
of the flame speed or the reaction rate in the near-wall region.
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1 INTRODUCTION

In order to achieve a high power density and to improve fuel efficiency, most combustion applications
take place in an enclosed environment with a relatively small volume, for instance in internal combus-
tion or jet engines. The flame in this case propagates against a cold wall and is extinguished in the
direct vicinity of the wall. As a result, the phenomenon of flame-wall interaction (FWI) significantly
contributes to the flame stability and efficiency of the combustion process, but also to the pollutant
emissions and lifetime of the burner [1]. The effect of FWI has been studied extensively in the last
years due to its importance [2, 3, 4, 5, 6, 7, 8, 9, 10]. For instance, Dreizler and Béhm [2] and Kosaka
et al. [9] performed comprehensive laser diagnostics for detailed measurements of flow velocity, tem-
perature, species concentrations and flame structure for premixed methane/air and DME/air flames in
the FWI zone, which improved the understanding of the related chemo-physical phenomena substan-
tially. The same experimental setup has then been studied numerically by Ganter et al. [5] and Heinrich
et al. [4] using different reaction-diffusion models and 2D/3D simulations, where the calculated wall-
normal temperature profiles, heat fluxes and wall distances showed a good agreement with measured
data. Saffman [11] measured the quenching distances for different hydrocarbon fuels and equivalence
ratios. The experimental and numerical works by Hiber and Suntz [6] and Strassacker et al. [7] have
been focused on the effect of different wall materials, including heterogeneous wall reactions. They
found that the quenching distance is only weakly dependent on the wall material and type of coating.
The 3D direct numerical simulations (DNS) performed by Gruber et al. [12] for turbulent hydrogen/air
flame interacting with a cold wall showed that the local flame thickness and propagation speed vary near
the boundary layer, resulting in a regime change from a freely propagating flamelet to a thickened flame
at the wall. In addition, the DNS results suggest that the near-wall turbulence plays an important role
on the convective heat transfer by pushing the reaction zone towards the wall. Mejia et al. [8] studied
the influence of wall temperatures on the flame’s response to acoustic perturbations, where the flame
instability can be controlled or suppressed by changing solely the temperature of the burner rim. The
numerical simulation by Poinsot et al. [10] showed that the wall can affect the flame evolution even if the
distance between the flame and the wall is significant. Popp and Baum [13] presented a numerical study
of FWI for a stoichiometric methane/air flame, where a one-step chemical reaction failed to predict heat
fluxes through the wall. Zirwes et al. [14] performed 2D/3D DNS of side-wall quenching (SWQ) of pre-
mixed methane/air flames at different equivalence ratios. The calculated quenching distances however
showed a consistent constant deviation from the measured data.

Despite the progresses made in the previous works, studying FWI is challenging as the relevant phe-
nomena occur in a very thin near-wall layer with a thickness of the order of O(0.1mm). Focus of
the recent numerical works was also to validate the proposed modeling concepts, such as the influ-
ences of using 2D/3D grids or detailed/reduced reaction-diffusion models, on reproducing the measured
data [4, 5, 7, 15, 14]. In addition, mostly under-resolved grid resolutions have been applied in these
works. Moreover, flames approaching walls are dominated by unsteady effects, which further complicate
the FWI phenomena and make the comparison between measurement and simulation difficult. There-
fore, more fine-grained simulations of FWI with sufficiently high grid resolutions, detailed reaction and
transport models, as well as well-defined boundary conditions are necessary for a thorough understand-
ing of the underlying processes of FWI. In an attempt to achieve this, DNS have been performed in the
current work for a 2D side-wall quenching (SWQ) setup operated with premixed methane/air mixtures.
Detailed chemical kinetics and molecular transport models are used and the FWI zone is resolved with a
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sufficiently fine grid. Special focus of the work is put on studying local flame dynamics regarding flame
stretch, flame speed and the Markstein effect in the FWI zone, revealing systematically the significant
role of flame dynamics for elucidating the mechanism of flame extinction at a cold wall. In comparison
to our previous work shown in [16], the analysis of near wall flame dynamics has been further refined to
identify different stages of flame dynamics during FWI.

2 Theoretical Basics

Flame stretch is calculated in this work by [1, 17]:
K= (1—-#n):Vi+SpV-i (D)

where I is the unit tensor, i the velocity vector and 7 the unit normal vector of the flame surface. The
first term Ky = (I—7i#) : Vii on the r.h.s. in Eq. (1) is attributed to hydrodynamic stretch caused by the
non-uniform flow distribution and the second term K. = S,V - i due to the motion of a curved surface
with the displacement speed Sp along the flame normal direction. 7i = ‘gg | and Sp are evaluated at the

flame surface defined by the fuel mass fraction Yr = Yr s [18]

1 dYr fp+V-(prVYF)
SD pu— = —

- or 2
AR N7 2)

7 is the reaction rate of fuel, p the density and Dr the diffusion coefficient of fuel.

The laminar flame speed is evaluated in the present work by integration of the fuel reaction rate along its
local normals |
Sp=————— / ir dit 3)
Pu (YF,u - YRb)
where Yr, and Yr, are the fuel mass fractions in the unburnt and burnt mixtures. Unlike Sp, S;, represents
an integral value that is not dependent on the choice of iso-surface defining the flame front.

The influence of stretch on the laminar flame speed can be derived by means of a first order Taylor
approximation for moderately low stretch around K = 0 for S; = Sio [17]:
oS

SL(K) =~ SL(K = 0) + 87

S(K) r
K-0 —1- =K 4
K=0 ( ) Sto Sto @

with the Markstein length £ = —dS; /0K |k—o and the unstretched laminar flame speed S;. Equation (4)

can be rewritten as 5,.(K) .5
L L0
=1—-——K=1—MaKa )
Sto S0 Sto

to introduce the Markstein number Ma defined as the ratio of the Markstein length and the characteristic
flame thickness &7

L 10s,

and the Karlovitz number Ka = K&;/Sro. In this way, Ma measures the sensitivity of flame speed to
stretch. A vast variety of experimental and computational work has been conducted in the last decades
regarding the effect of stretch on flame speed [19, 20, 21, 22, 23, 24, 18], which justified the asymp-
totic correlation proposed in Eq. (5). However, most of the previous studies have been conducted for
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1D canonical flame configurations with either outwardly expanding spherical flames or counterflow
flames. The spherical flame is only positively curved and the opposed counterflow flame is only pos-
itively strained in tangential direction. In addition, the influence of heat loss on flame dynamics, for
instance, due to a cold wall cannot be assessed. Therefore, detailed studies on flame dynamics are
needed to extend existing knowledge for the combined impact of strain and curvature considering the
negative stretch range, but also the effect of heat loss, for example, due to interaction with a cold wall.

3 Numerical Setups

Figure 1 shows a sketch of the 2D computational domain, which has a rectangular shape with lengths
of 32 mm in streamwise and 8 mm in spanwise direction. The boundary conditions used for the four
sides of the domain are indicated in Fig.1. Premixed methane/air mix-
ture enters the domain at the inlet from the bottom with a temperature
of Tp = 293 K and a pressure of py = 1 bar. The gradients of flow ve-
locity, temperature and all chemical scalars are set to zero at the outlet.
A parabolic velocity profile is used for the inflow, with a minimum ve-
locity of zero in the center and a maximum value of # = 1.6 m/s at both
lateral ends. This leads to a V-shaped flame stabilized at the center and
close to the inlet plane. The right side of the domain is set as a sym-
metry plane and the left boundary is defined either as a cold wall with
293 K or as a symmetry plane, as illustrated in Fig.1. These two simu-
lation setups are identified in the following with the abbreviations SWQ
(side-wall quenching) and FF (free flame), meaning that the left part of
flame branch propagates against a cold wall or freely towards a sym-
metry plane. In addition, a non-reflecting boundary condition [25] has

been applied to the inlet and outlet to bypass pressure waves at these Inlet, u(z) =4 (1 - 2—22)
boundaries. Premixed methane/air flames at different equivalence ra- .

tios @ = 0.8, 1.0 and 1.2 are examined in this work. The laminar flame
parameters shown in Tab.1 are calculated from computations of 1D un-
stretched freely propagating flames with Cantera. Sg and S(L) from these simulations are used to evaluate
Ka and Ma (see Eq.(5-6)). The flame surface is identified by the mass fraction of fuel corresponding to
the highest consumption rate of fuel ¥;

max *

Outlet (zero gradient)

flame front

S

fiagpuiifis

[ =4mm

< Wall (SWQ) / Symmetry (FF)

Figure 1: Computational domain and
boundary conditions used for DNS.

Table 1: Laminar flame parameters from 1D flame calculations at different ® and pg = 1 bar, Tp = 293 K.

o1 | 08 1.0 12
SO [emss] | 26.17 3641 32.19
8 [mm] | 0.536 0445 0472

Y. [-] | 0.0039 0.0057 0.0068

The simulations have been performed using a DNS code developed in the framework of OpenFOAM,
which includes detailed calculations of reaction rates and transport coefficients [26, 27, 28, 29, 30, 31,
32]. For the DNS the conservation equations for total mass, momentum, species masses and energy are
solved in the compressible formulations. The chemical reactions of the system are described by the GRI-



Feichi Zhang, Thorsten Zirwes, Thomas Héber, Henning Bockhorn, Dimosthenis Trimis and Rainer Suntz

3.0 mechanism [33] and molecular diffusion is considered with the mixture-averaged transport model.
The simulations employ a fully implicit scheme of second order (backward) for the time derivative and
a fourth order interpolation scheme for the discretization of the convective term. All diffusive terms are
discretized with an unbounded scheme of fourth-order, too. The pressure-implicit split-operator (PISO)
algorithm has been used for pressure correction. An equidistant grid length of 20 um is used for the
simulations, which ensures resolving the unstretched laminar flame thickness with more than 20 cells.
The time step has been set to 0.25 us, corresponding to a maximum CFL number of 0.2.

4 Results and Discussions

Figure 2 from left to right shows the spatial distributions of the calculated streamwise velocity v, tem-
perature 7', mass fraction of methane Yy, and consumption rate of methane 7cpy, for the SWQ case
with @ = 1. The solid lines in Fig.2a indicate streamlines for visualization of the flow direction. The
V-shaped flame front can be identified by the large gradients of 7" and Ycp, shown in Fig.2b and c. As
the temperature at the inlet is fixed at the fresh gas temperature, the flame cannot stabilize directly at the
inlet plane, which leads to a slightly lifted flame above the inlet. In Fig.2a, due to thermal expansion
caused by the combustion reaction, the flow is accelerated by passing through the flame front, which
leads to bending of the streamlines towards the flame-normal direction. The FWI zone can be identified
from the contact point of the flame surface with the wall, where the flow velocity and reaction rate de-
crease to 0, and the temperature decreases to the wall temperature. In this case, the flame is pushed away
from the wall, which results in a temperature and velocity boundary layer downstream. The thickness of
these boundary layers are smallest in the FWI zone, which means the gradients of temperature and flow
velocity are largest there.

A zoomed view of the FWI zone for the same case is shown in Fig.3a, where the flame front is indi-
cated by the white line of Ycy, =Y}, (see Tab.1). The grid lines of the mesh are shown to validate the
grid resolution, where the reaction zone with 7cgy, < 0 is resolved by more than 10 grid points in the
near-wall region. The largest wall distance has been confirmed to be x* = 0.57, which justifies the used
grid resolution. The straight lines in Fig.3a indi- (4 - [kg (b) O e
cate flame surface normals at different distances to
the wall (numbered from 1 to 4). The profiles of
fcH, along these lines are depicted in Fig.3b, with
the blue curve given by the solution of a 1D un- ;
stretched flame. These profiles of icg, are shifted adcised
along the flame normal coordinate s, so that their
peak values coincide with each other. |fcp,| for S
the lines 3 and 4 is larger than |7y, | obtained from 40
the 1D solution, which is attributable to a negative el e |
flame stretch, leading to an enhanced burning rate. ; .: e | |
The reversed effect is detected for the lines 1 and 0 0.5 1 1.5
2 closer to the wall, where the calculated |icg, | is = ' s/3L 11

smaller compared with the 1D solution. The flame Figure 3: Contours of consumption rate of fuel 7y, and pro-
experiences an intensive heat loss caused by the files of 7cp, along flame normals for the SWQ case with & = 1.
wall, which results in flame quenching or a decreased burning rate, respectively. Although not shown
here, similar behavior is obtained for the other cases with ® = 0.8 and 1.2.
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Figure 4 on the left shows profiles of the tangential strain component over the wall-normal distance, and
in the middle for the stretch component due to curvature for the SWQ and the FF cases. x = 0 denotes
the location of the wall in case of SWQ and the symmetry plane in case of FF. Outside the flame tip
or FWI zone with x/ 82 > 1, Ka, and Ka, are similar for the SWQ and FF setups, where the flame is
only weakly stretched in tangential direction with Ka; ~ 0.5 and Ka, ~ 0. In the near-wall region with
x/8Y < 1, Ka, reverses its sign from positive in the FF case to negative in the SWQ case. Therefore, the
flame is compressed lengthwise for the SWQ case, whereas it is elongated in case of FF. The mechanism
is explained in Fig.4 on the right by the contours and the streamlines of the flow velocity, where the
flame fronts are shown by iso-contours of the local heat release rate. The flow velocity increases towards
the flame tip, which leads to a positive tangential stretch; for the SWQ case however, the flow velocity
decreases while approaching the wall, which leads to a negative tangential stretch. As the flame is
negatively curved at the tip of the flame, Ka,. decreases while approaching the flame tip or the wall, as
shown in Fig.4 in the middle. However, the flame is curved more strongly at the tip for the FF case
compared with the SWQ case, so that the normal stretch is smaller for the FF case at the flame tip.

For the SWQ flames, 3 zones with different behaviour of flame stretch can be detected, as shown in Fig.4:

I. Ka, decreases, whereas Ka, or the flame curvature remains constant at Ka,. =~ 0. In other words,
the flame is only compressed tangentially by the flow near the wall, but not curved.

II. Kag continues to decrease while approaching the wall and the flame is additionally curved, leading
to a negative curvature or Ka,.

II. Ka, and Ka, increase again towards zero stretch.

In the 3rd zone, the flame is so close to the wall that the reaction rate is almost zero (see Fig.5 on the
right). Hence, the behavior of flame stretch during FWI is mainly attributed to the 1st and 2nd zone.

The joint effect of Ka; and Ka, is shown in Fig.5 on the left by the total stretch Ka,,; = Ka; + Ka. over
x/ 52. Although Kaj is positive at the flame tip in the FF case (see Fig.4 on the left), Ka,, is dominated
by negative values near the flame tip, indicating a stronger influence of Ka. on Kay,;. While approaching
the wall or flame tip at x = 0, Ka,,, starts to decrease earlier in the SWQ case compared to the FF case,
which is due to the tangential compression of the flame by the wall-near flow. A reduction of Ka;, Ka,
and Kay,; with decreasing wall distance was also reported in experiments by [34] for a head-on quenching
configuration with premixed methane/air flames.

Figure 5 on the right plots the normalized flame consumption speed S evaluated with Eq.(3) over the
wall normal distance. Sy is largest at the flame tip with x = 0 in case of FF and smallest with S; =0
for the SWQ case, denoting a fully reversed response of Sy, to flame stretch. For varying ®, Sy, from the
SWQ case (blue symbol) shows a similar distribution along the wall normal distance, where Sy, increases
first with x for the flame branch further away from the wall and decreases again in the region close to the
wall. This leads to a local maximum of S;, located at x/ S(L) ~ 1. The result implies that the burning rate
starts to decrease or the flame starts to quench towards the wall at a distance similar to the magnitude of
the laminar flame thickness. In this way, the calculated quenching distances by d, ~ 82 compares well
with measured data by Dreizler and Bohm [2] and Héber and Suntz [6] for a SWQ configuration of rod-
stabilized premixed methane/air flames, although d, was determined in these works based on OH*/CH*
chemiluminescence and near-wall temperature profiles. Thus, the behavior of flame quenching can be
reproduced or reflected by means of flame dynamics or flame speed, too.
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Figure 2: Calculated contours of streamwise velocity, temperature, mass fraction of CH4 and consumption rate of
CHy for the SWQ case with @ = 1, pg = 1 bar and T = 293 K.

KaC Streamwise velocity

1
x/67

Figure 4: Comparison of tangential Ka; (left) and normal stretch Ka. (right) along the wall normal coordinate
under SWQ (blue) and FF (red) conditions.
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Figure 5: Comparison of Ka,,, (left) and Sy, (right) over x at SWQ (blue) and FF (red) conditions.

In Fig.6, the flame speed is shown against the tangential stretch on the left, the normal stretch in the

middle and the total stretch on the right, where the arrows indicate the direction towards the wall for
SWQ or the flame tip for the FF case, respectively. A large number of data pairs of Sy vs Ka are
concentrated around Ka = 0, which represents the ordinary flame branch without influence of the flame

tip or FWI zone. As shown in Fig.4, Ka; and Ka, remain almost constant and close to O for both SWQ
and FF cases in the range of x/ 82 > 1. The different scenarios of flame quenching close to the wall with
x/ 52 < 1 can be detected again, similar to those for the flame stretch discussed before (see Fig.4):

I. in the 1st stage, Sy decreases with decreasing Ka,, while Ka, remains almost constant.

IL. in the 2nd stage, the flame is curved and Sy decreases to O with both decreasing Ka; and Ka,

0
SIS, [-]

1.8 v -
1.5
1.2
0.9 \
06} A $=0.8 Switch
o ®=1.0 of + Ma
0 ] o ,
-10 -5 0 5 20 -15 10 -5 0 -20 -10 -5 0 5
Ka Ka Ka +Ka
c S c

Figure 6: Correlations of flame consumption speed with flame stretch.
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In Fig.6 on the left, Sy increases with Ka, both for the FF and SWQ cases, revealing a negative Markstein
number for the tangential strain Ma; = — dj;(/a f(L) The magnitude of May is however larger in the SWQ
compared with the FF case, which can be detected from the slopes of the curves. Regarding the effect of
flame curvature or normal stretch Ka, on Sy, shown in the middle of Fig.6, S; decreases with decreasing
Ka, while approaching the cold wall (lower left branch) and it increases with decreasing Ka, for the FF
case (upper left branch), yielding a reversed sign of Ma, for the SWQ and FF setups. As a consequence,
Ma,; considering the joint effect of Ka, and Ka, switches its sign from positive in the FF to negative in

the SWQ case, as shown in Fig.6 on the right.

For a more quantitative analysis, the Markstein number Ma with respect to the total stretch has been
evaluated from linear fitting of the relation of S; vs. Kas+ Kac in Fig.7. Ma is positive for the FF
case and negative for the SWQ case, indicating that Ma reverses its sign from positive to negative while
approaching a cold wall, which is shown on the right of Fig.7 along with contours of the reaction rate of
CHy. There, Ma is larger than 0 when the flame is further away from the wall, and it turns over to negative
in the FWI zone. The sensitivity of Sy to Ka,, Ka. and Ka,,, are similar in magnitude for different &
in the FWI zone, so that the FWI dynamics may be described with an almost constant Ma =~ —0.1 for
varied stoichiometries. The result reveals a close connection between flame quenching due to interaction
with a cold wall and the flame dynamics in terms of flame speed and flame stretch.

0.04 - ' |y ma<o

0 FF -

® []

Figure 7: Calculated Markstein number for SWQ and FF flame configurations for different equivalence ratios.

S CONCLUSIONS

Direct numerical simulations (DNS) have been performed to study flame dynamics of laminar premixed
methane/air flames interacting with a cold wall, employing detailed calculations of the chemical reaction
rates and transport coefficients. The flame’s tangential and normal stretch Ka; and Ka,, as well as the
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local flame consumption speed S; have been evaluated based on the DNS results. It has been shown
that the flame-wall interaction (FWI) zone is dominated by negative flame stretch due to tangential com-
pression and negative curvature of the flame. In addition, both flame stretch and flame speed decrease
while approaching the wall, which results in a reversed sign of the Markstein number Ma from positive
in the free flame branch to negative in the FWI zone. The transition location of the sign of Ma has been
confirmed to be located at the wall distance, that is approximately equal to the unstretched laminar flame
thickness. The quenching distance d,; evaluated from this transition location of Ma with a maximum
value of §; shows a quantitatively good agreement with measured data from literature.

The obtained knowledge for flame dynamics may be used for modeling the effect of FWI. For instance,
for any combustion models which use the laminar or turbulent flame speed for the description of the
reaction rate, a negative Markstein number can be applied in the near-wall zone to reproduce the decrease
of the burning rate. Compared with common approaches for modeling FWI with tabulated chemistry or
detailed kinetics, using a Markstein analogy may be more convenient and has the potential to reduce
the computational cost significantly. It should be noted that the present result with inversion of the sign
of the Markstein number is valid only for flames with a positive Ma. For lean-hydrogen/air flames,
Ma is naturally negative so that it will not reverse its sign, or the flame speed decreases due to the
negative stretch in the FWI zone. Therefore, future work will study the influence of different fuels, wall
temperatures, and turbulence on the flame dynamics during FWI.
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