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Abstract

A premixed and thermo-diffusively unstable turbulent hydrogen-air flame-in-a-box case is simulated in conjunc-
tion with the flame particle tracking (FPT) method. The flame is located in the flamelet regime. The focus lies on
the assessment of memory effects in local flame dynamics. By tracking flame particles on an iso-surface of the
flame during flame-turbulence interaction, the time history of flame speed and flame stretch can be recorded for
each point on the flame iso-surface in a Lagrangian reference frame. The results reveal a time delay between the
local flame speed and flame stretch signal, showing that previous values of flame stretch affect currently observed
values of flame speed. Furthermore, by choosing flame particles whose trajectories are dominated by single fre-
quencies, the time delay can be quantified. While plotting instantaneous values of flame speed and flame stretch
results in a large scattering for turbulent flames, a quasi-linear correlation can be achieved by shifting the time sig-
nal of flame stretch according to the time delay. The time delay itself depends on the local flow time scale, which
is expressed as a local Damkohler number. There is, however, an important difference between consumption and
displacement speed. While most analyses in the literature are limited to the flame displacement speed, the flame
consumption speed is evaluated for each flame particle in this work as well, which shows a strong correlation
with the local equivalence ratio even at unsteady conditions. As the flame particles move toward regions with
more negative flame stretch, the consumption speed decreases as the flame locally extinguishes. At the same time,
the diffusive component of the displacement speed increases, as the tangential component of the diffusive flux
increases in regions with strong negative flame curvature.
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1. Introduction

The interaction of turbulent flow with flames con-
stitutes a complex problem that spans many orders
of magnitudes of relevant length and time scales and
is governed by a large number of physical processes,
e.g. chemical reactions, molecular diffusion, turbulent
velocity fluctuations and their mutual interaction. Be-
cause of this, turbulence-flame interaction is still not
fully understood.

A fundamental property of flames is the flame
speed s. For laminar, steady-state flames, the flame
speed can be expressed as a function of the flame
stretch K or normalized flame stretch Ka, which
represents a laminar Karlovitz number [2]. Fig-
ure 1 on the left shows the correlation of local flame
speed s, normalized by the laminar, unstretched flame
speed sr,,0, and the normalized flame stretch for a
hydrogen-air Bunsen flame from [1]. This allows a
simple modeling of the flame speed as a quasi-linear
function of Ka. For turbulent flames, however, this
simple correlation is not valid anymore [3, 4]. Fig-
ure 1 on the right shows value pairs of flame speed
and flame stretch on different points on a turbulent
hydrogen-air flame iso-surface discussed further be-
low. A strong scattering of the data is observed, which
is typical of transient flames. However, this effect
cannot be reliably modeled with the current under-
standing [5-10].

One possible reason for the scattering of the flame
speed s and flame stretch K correlation in transient
flames is that instantaneously observed values of s are
affected by prior values of K. This type of memory
effect or the time history of local flame dynamics can-
not be assessed by evaluating single time snapshots of
the flame in an Eulerian reference frame, as shown on
the right of Fig. 1. Nevertheless, this is the most com-
mon way of evaluating direct numerical simulations
of turbulent combustion. Instead, a Lagrangian refer-
ence frame has to be employed, where single points
on the flame surface are tracked over time to reveal
the thermo-chemical trajectories of the local flame dy-
namics.
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Fig. 1: Correlation of local flame speed with flame stretch of
hydrogen-air flames. Left: Laminar steady-state rich Bunsen
flame from [1]. Right: Lean turbulent flame from this work.
The picture on the left shows the heat release rate field in
the Bunsen flame and the picture on the right depicts an iso-
surface of hydrogen in the turbulent flame.

The numerical tool for the investigation of flames
in a co-moving Lagrangian reference frame has been
devised by Chaudhuri [11]. So called flame parti-
cles (FPs) represent material points on an iso-surface
of the flame. They are tracked during the simulation
and record time signals of e.g. flame speed and flame
stretch on well defined points on the flame surface,
thus enabling to include the time history in the anal-
ysis of local flame dynamics. Flame particles have
been used in the past both in turbulent flames [11-14]
as well as laminar flames [1].

The aim of this work is to utilize flame particles to
study the correlation of flame speed and flame stretch
in a turbulent hydrogen-air flame in the flamelet
regime with focus on the memory effect in the local
flame dynamics. The goal is to recover a quasi-linear
correlation from the strongly scattered data by tak-
ing the time histories of flame speed and flame stretch
on material points on the flame front into account.
In contrast to previous works that were mostly lim-
ited to evaluating the flame speed in terms of the dis-
placement speed, this work combines the flame par-
ticle tracking technique with the evaluation of the lo-
cal consumption speed, which is much more expen-
sive computationally because a line integral has to be
evaluated at every point on the flame surface. A turbu-
lent flame setup is chosen over a laminar one for two
main reasons: a) with a single turbulent simulation,
flame-flow interaction over a broadband of length and
time scales can be realized; b) the configuration en-
sures that the flame particles experience a realistic
combination of curvature and strain. For typical lam-
inar flame configurations, either only positive flame
stretch occurs (e.g. in counterflow flames) or only
stretch due to curvature (e.g. spherically expanding
flames).

This work is organized as follows: section 2 gives
a brief description of the mathematical fundamentals
of flame particles. The numerical setup for the tur-
bulent premixed hydrogen-air flame is given in sec-
tion 3. Section 4 validates the flame particle trajec-
tories with characteristics known from the literature.
The assessment of the memory effect on local flame
dynamics is presented in section 5. Section 6 demon-
strates the difference between consumption speed and
displacement speed in the context of the flame parti-
cle tracking method. The findings are summarized in
section 7.

2. Fundamentals of Flame Particles

Flame particles (FPs) are massless, sizeless, virtual
tracer particles that follow material points on flame
iso-surfaces and do not interact with the flame or the
flow. Because FPs co-move with an iso-surface of the
scalar ¢, their movement is described by i—f = 0.
From this, the movement velocity W of any material
point or FP can be shown to be [1, 11, 15]

W =1 + safl, ey



where 4 is the fluid velocity and 7 = V¢/|V| the
surface unit normal vector. The normalized displace-
ment speed sj; = sap/po evaluated for an iso-surface
of the fuel mass fraction Y is given by
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where wr is the reaction rate of the fuel species F,
p the gas mixture density, po the density of the un-
burnt gas, fp the diffusive flux of the fuel, s e the
component of s3 due to chemical reactions and s} q;¢
the component due to diffusion. The diffusive contri-
bution can be further split into a normal and tangential
component

Sq.diff = _ﬁDm,Fv X0

Po
N—————
Sz,diff,tang

1 0 oYr
" polVYal 0n (”DW‘F on > @

o*
Sd,diff ,norm

where it is assumed that the diffusive flux of species F'
is expressed as ;F = —pDy pVYr and Dy, F is
the mixture-averaged diffusion coefficient. The local
consumption speed s. is computed from a line inte-
gration normal to the flame front according to

_ f w ' dn
po(Yrp — Yro)’

where Yro is the fuel mass fraction in the unburnt

mixture and Yz, the one in the burnt mixture.

The concept of flame stretch is related to the move-
ment of FPs by
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where V, is the gradient tangential to the iso-
surface, Kas the non-dimensional strain, Ka. the
non-dimensional flame stretch due to propagation of
a curved surface and 7. = d¢n,0/5SL,0 the reference
flame transit time of an unstretched flame with ther-
mal thickness d¢p,0.

3. Computational Setup

The turbulent premixed flame considered in this
work is located in the flamelet regime and operated at
atmospheric conditions with an equivalence ratio of
¢ = 0.5, which corresponds to a laminar flame with
sL,0 = 55.6 cm/s, 6+, = 0.42mm and 7. = 0.75 ms.
This flame has been selected for the relevancy of hy-
drogen in near-future carbon-free energy systems.

The computational domain is a rectangular box,
which can be regarded as a section of a larger tur-
bulent flame, with dimensions of L, X L, X L, =

2cmx1cecmx1cm, where x is the direction of the
main flow. The domain length has been chosen af-
ter running a preliminary simulation on a domain half
the length, which is available as an animation in the
supplementary materials. At the inlet (see Fig. 2),
a turbulent inlet generator [16] creates the inflow
with prescribed turbulence parameters (bulk veloc-
ity i/sr,0 = 4.5, fluctuation scale v’ /sp,0 = 3.4, in-
tegral length scale L. /do = 30, with 6o = 0.066 mm
being the diffusive thickness). The integral turbulence
turnover time is about 1 ms. These conditions are se-
lected to retain the flame within the computational do-
main during its propagation. On the opposite side of
the box, there is an outlet enforcing zero-gradients.
The four lateral sides constitute cyclic boundary con-
ditions. The mesh consists of 719 x 359 x 359 cells,
which yields an equidistant resolution of d¢p,0/Ax =
15 or in terms of the Kolmogorov length I /Ax =
2.5 (see also Table 1). The simulation is run for a total
of 24 ms, 327., 24 integral turbulence turnover times
or 3 flow-through times based on the inlet conditions.
All flame particle trajectories are recorded for 5ms
< t < 20ms, after which the flame approaches the
inlet plane. The maximum extend of the flame brush
between ¢ = 5ms and ¢t = 15ms is about 40 % of
the domain length. Iso-surfaces illustrating the posi-
tion of the flame front at different time instances are
available in the supplementary materials.

The simulation is conducted with an in-house
code [9, 17-21] based on OpenFOAM [22] and Can-
tera [23]. It employs the finite volume method to
solve the fully compressible Navier-Stokes equa-
tions. Chemical reaction rates are computed with
the finite rate chemistry model based on the detailed
reaction mechanism by Li et al. [24] and molecu-
lar diffusion for all species is considered with the
mixture-averaged diffusion model. Spatial derivatives
are computed with fourth-order interpolation schemes
and temporal discretization is implicit and second-
order. The time step is dynamically adjusted to keep
the convective CFL number below 0.1.

3.1. Flame particle seeding and selection
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Fig. 2: Computational domain. A turbulence generator at the
inlet (left) creates the turbulent flow that interacts with the
flame, shown here as temperature iso-surface 7' = 1050 K
colored by Y, .



Table 1: Summary of physical parameters for the turbulent flame simulation.

Quantity Value
Laminar thermal flame thickness &, (mm) 0.42
Laminar flame speed sy, o (cm/s) 55.6
Laminar diffusive flame thickness §p (mm) 0.07
Flame transit time 7. = dy,/51,,0 (s) 0.75
Kolmogorov length {5 (um) 70
Lewis number Le = Do, /Dy, 0.46
Normalized velocity fluctuations u'/sy, o 34
Normalized integral length scale L;/dg 30
Normalized unburnt mean bulk flow velocity /sy, o 4
Turbulent Damkéhler number Da, = (Ly/u')/(00/5L.0) 8
Turbulent Karlovitz number Ka; = 63 /1% 0.89

Flame particles are randomly seeded on an iso-
surface of the fuel mass fraction Yu, iso = 0.0032
that corresponds to the mass fraction value at the po-
sition of the maximum heat release rate in an un-
stretched laminar flame. During the simulation, the
FPs are tracked on the iso-surface and time signals
of flame speed, flame stretch and other quantities are
recorded to reveal the effect of unsteady fluctuations
on local flame dynamics. The flame particles are
seeded every 0.5ms onto random points on the iso-
surface. In total, about 500000 flame particles are
tracked over the course of the full simulation. Track-
ing is started 5 ms after the start of the simulation and
particles that approach any boundary within 0.5 mm
are removed.

For the analyses performed in section 4, 50000
flame particle trajectories are chosen at random. For
the discussion in section 5, the following selection cri-
teria are applied:

« the particle lifetime 7, is longer than 0.017,

* the flame stretch experienced by the FP is lim-
ited to |Ka| < 5 throughout the particle’s life-
time

* there is one value of flame stretch that is en-
countered twice throughout the particle’s life-
time with a total change of flame stretch of
(max(Ka) — min(Ka)) > 0.5 in-between, so
that a meaningful trajectory in the flame speed
and flame stretch space is represented.

Throughout the simulation, about 500 flame particles
fulfill the above mentioned criteria. Because these
flame particles experience a moderate range of flame
stretch, they are expected to follow the linear Mark-
stein correlation. Additionally, these particle trajec-
tories are dominated by single frequencies (see sec-
tion 5).

4. Characteristic Lifetime of Flame Particles
Chaudhuri [11] found that flame particles tend

to follow a characteristic lifetime: During the first
roughly 90 % of their lifetime, flame particles are

characterized by moderate values of flame speed and
flame stretch. During the last 10 % of their lifetime,
they move into regions with strong negative curvature
and a steep increase of the displacement speed until
they are annihilated [4, 11-13, 25]. The same anal-
ysis is performed in this work, but here for a lean,
thermo-diffusively unstable hydrogen-air flame. Ad-
ditionally, the local consumption speed has been in-
cluded in the analysis.

Figure 3 depicts time signals of different quanti-
ties recorded by a single FP tracking a point on the
turbulent flame’s iso-surface showing the flame par-
ticle characteristic life. The FP starts out in a re-
gion with moderate flame stretch |Ka| < 1 (bot-
tom left). Because of the connection between ma-
terial points and flame stretch (flame particles move
with @ and flame stretch is generated by K = V; -0,
see Egs. (1) and (5)), flame particles tend to move to
regions with negative flame stretch, so that the over-
all non-dimensional flame stretch Ka becomes more
negative over time, with the characteristic sharp drop
near the end of the FP lifetime. Because a lean hy-
drogen flame is considered here, more negative flame
stretch causes lower local equivalence ratios and thus
weakens the chemical reaction rates. Because of this,
s¢ on the top left of Fig. 3 and the chemical contribu-
tion to s on the top right go toward zero as the flame
locally extinguishes in regions with strong negative
curvature. At the same time, the overall displacement
speed increases, which is driven by a strong increase
of the tangential component of the diffusive flux (or-
ange line at the top right), which causes a change of
the sign of s} 4;¢ from negative in moderate flame
stretch regions to positive in strongly curved regions
(the same holds for the diffusive flux of Hz, see the
blue line on the bottom right).

5. Lagrangian Viewpoint and Memory Effects

Studying the effect of time histories on local flame
dynamics is only possible by employing a Lagrangian
reference frame provided by the flame particles. Fig-
ure 4 at the top shows the correlation of s./sr,0 and
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Fig. 3: Time signals of flame speed in terms of s and s7; (top left), components of displacement speed (top right), flame stretch
(bottom left) and the terms of the hydrogen mass fraction balance equation (bottom right) of a single FP.

Ka in the Eulerian reference frame. This means that
each point in the figure represents the instantaneous
values of flame speed and flame stretch at many dif-
ferent points along the flame evaluated from different
time snapshots where the flame is considered frozen.
In this way, it is not possible to establish a causal tem-
poral connection between the points. In contrast to
that, Fig. 4 on the bottom presents the same correla-
tion, but in the Lagrangian reference frame. Instead
of picking arbitrary points at different time snapshots,
each flame particle tracks a defined point on the flame
iso-surface over time. Each colored line in the bot-
tom figure represents the trajectory of a FP while fol-
lowing a single point on the flame surface over time,
shown in flame speed and flame stretch space. In this
viewpoint, the temporal evolution of flame dynamics
becomes visible. The cluster of flame particles from
Fig. 4 has been chosen for the following analysis be-
cause it tracks a segment of the flame whose dynamics
are dominated by single frequencies for the lifetime
of the flame particles. The strong scattering of flame
speed and flame stretch leads to a low Pearson cor-
relation coefficient of o = 0.68. Note that the focus
here lies on the analysis flame consumption speed s,
as explained in the next section.

Figure 5 shows the trajectory of a single FP from
the cluster of particles in Fig. 4, i.e. the line in the top
part of Fig. 5 represents a single trajectory from the
bottom part of Fig. 4. Instead of displaying the trajec-
tory of the FP in flame speed and flame stretch space
(top of Fig. 5), the time signal of normalized flame
stretch Ka(t) and normalized flame speed s.(t)/sz,0
of that FP is depicted on the bottom. In this way, a
time lag At between the time signal of Ka(t) (red
line) and s.(t) (blue line) becomes visible, which

shows that instantaneous values of s. are affected by
previous values of Ka. Because time histories of s.
and Ka are available for each material point on the
flame surface due to the flame particle tracking, the
time lag At can be evaluated for each FP from the
cluster.

To determine At, the time signal of s. for each
flame particle is moved backward in time until the
maximum correlation between Ka(t) and s.(t +
At) is reached (black dashed line on the bottom of
Fig. 5). Thus, the time delay At is the time shift A¢;
for which ,max {o(sc(t)/sL.0, Ka(t — At;))},

where o(a,b) is the Pearson correlation coefficient
between the quantities @ and b. An animation of this
procedure is included in the supplementary materi-
als. This time lag, however, is not constant, but is
a function of the local time scales or unsteadiness of
the flow.

To quantify the effect of local flow unsteadiness on
the time delay between flame speed and flame stretch
signal, a local time scale is defined for each flame
particle. Because the flame particles selected here
were chosen based on their lifetime which is domi-
nated by a single frequency, the local time scale can
be readily defined as the inverse frequency of the lo-
cal flame stretch time signal fx. More specifically,
the frequency is approximated as twice the time be-
tween the first and last inflection points of the flame
stretch signal (see the dotted red line in Fig. 5 at the
bottom). With this, a local Damko6hler number Da x
can be defined as
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Fig. 4: Flame speed and flame stretch correlation in the Eu-
lerian viewpoint (top) and Lagrangian viewpoint (bottom).

The dependence of the time lag between flame
speed and flame stretch on the local time scale or
Damkohler number is depicted in Fig. 6. Each point
represents the time lag and local time scale extracted
from a single flame particle from the chosen cluster
tracking the flame surface during interaction with the
turbulent flow. On the top, At is shown normalized
by 7.. The higher the local frequency, the lower the
time delay At as the flame becomes less responsive
to high frequency fluctuations with Dax < 1. This
is consistent with previous findings in oscillating lam-
inar Bunsen and slot burner flames [1, 9]. The phase
shift Aa = At/f;"' is shown at the bottom, which
decreases approximately linearly in the log-log plot
and approaches zero for Dax — oo or fg — 0. In
the range of relevant Day for this flame, the phase
shift is of the order Ao = O(0.1 — 0.01).

To provide a more general definition of the lo-
cal time scale than the one from the inflection point
method, an alternative definition is introduced, which
is based on the temporal rate of change of the flame

stretch signal along the trajectory:

1 0Ka t
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where AKa = (max(Ka) — min(Ka)) and 7, is
the particle’s lifetime. This expression yields the ex-
act frequency in case the flame stretch time signal
behaves like a harmonic oscillation for half a pe-
riod. Plotting the normalized time shift for each parti-
cle with the local Damkdohler number computed with
Eq. 7 in Fig. 7 shows a weaker correlation compared
to Fig. 6, but overall yields a qualitatively similar
functional dependence.

Being able to model the time delay or memory ef-
fect for the local flame speed and flame stretch corre-
lation presents a new approach of reducing the scat-
tering of s. and Ka significantly, which is usually
present in turbulent flames. In contrast to Fig. 4
at the bottom, where instantaneous values of s.(t)
and Ka(t) from the FP trajectories are plotted with-
out consideration of the memory effect resulting in a
large scattering and low correlation coefficient o =
0.68, Fig. 8 instead takes the time delay At into ac-
count. By correlating the instantaneous flame speed
sc(t) with the flame stretch corrected by the time lag
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Fig. 5: Trajectory of a single flame particle in flame speed
and flame stretch space (top) and recorded signals from the
same flame particle of flame speed and flame stretch over
time (bottom).



Ka(t — At), a quasi-linear relation, analogous to a
laminar flame, can be recovered with a high corre-
lation coefficient of p = 0.92. Moreover, the new
quasi-linear correlation can be used to define a turbu-
lent linear Markstein number [26-28]. Here, Ma =
—0.59 averaged over the FP trajectories in the quasi-
linear range. An additional comparison between the
instantaneous and corrected flame particle trajectories
in form of a joint probability density function is avail-
able in the supplementary materials.

It should be noted that recovering the quasi-linear
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Fig. 6: Dependence of time lag At between local flame
speed and flame stretch on the local Damkohler number.
Time lag is plotted relative to 7. at the top and the phase
shift A at the bottom.
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Fig. 7: Dependence of time lag At between local flame
speed and flame stretch on the local Damkdohler number us-
ing the definition from Eq. 7.
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Fig. 8: Flame particle trajectories in flame speed and flame
stretch space. Correlation of s. and Ka after correcting the
flame stretch signal with the time lag At.

correlation is only possible for a limited range of
flame stretch. Figure 8 at the bottom shows that the
linear correlation is not valid anymore for |Ka| > 3
in this case. This is expected, as the linear depen-
dence of flame speed on flame stretch is generally
only valid in the range of small Ka, which has been
demonstrated for different laminar flame configura-
tions, e.g. in [9, 29]. Therefore, the results obtained
in this section are valid for local flame conditions that
correspond to the flamelet regime and that fulfill the
assumptions of the linear Markstein theory, i.e. cov-
ering a moderate range of flame stretch.

6. Consumption Speed and Displacement Speed

In the analyses shown so far, flame speed has been
expressed as the local flame consumption speed s..
In general, recovering a quasi-linear correlation as
shown in Fig. 8 is only possible for s. but not for s4.
The reason lies in the way flame stretch affects the lo-
cal equivalence ratios. The flame considered in this
work is lean (¢ < 1) and the Lewis number below
unity (Le < 1). Additionally, the flame is strongly
affected by preferential diffusion, as shown e.g. by
the existence of local extinction. Because of this, the
main effect of flame stretch on this flame is a modi-
fication of the local equivalence ratio ¢joc by chang-
ing diffusive fluxes, or more specifically a decrease
of ¢10c With increasing negative flame stretch. ¢ioc is
computed from the local elemental composition of the
gas mixture at the FP position.

The following mechanism leads to the different be-
havior of s. and sj: (1) a flame interacting with a
turbulent flow becomes stretched and curved; (2) the
new flame stretch condition causes a change in dif-
fusive species fluxes; (3) the altered diffusive fluxes
cause a change in the local equivalence ratio. How-
ever, step (3) is not instantaneous. Instead, the flame
requires some time to reach a quasi-steady state.
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Fig. 9: Flame particle trajectories in the flame speed and
local equivalence ratio space. Consumption speed (top
left), total displacement speed (top right), contribution to s
by chemical reactions (bottom left) and diffusion (bottom
right).

Figure 9 illustrates this behavior. Depicted are
the flame particle trajectories of instantaneous lo-
cal consumption speed (top left), total displacement
speed (top right) and the chemical and diffusive com-
ponent of s} (bottom) plotted against the instanta-
neous local equivalence ratio. Because s. depends
directly on the chemical reaction rates (see Eq. (4)),
which in turn directly depend on ¢ioc, there is a very
strong correlation between s. and ¢ioc. Similarly,
57 chem directly depends on wr and thus ¢iec, and
5.4 depends on the curvature and thus likewise af-
fects ¢ioc.

In this lean hydrogen flame, s} 4iz and s} cpem
have the opposite trend when correlated with ¢ioc.
Because of this, recovering a quasi-linear correlation
between flame speed and flame stretch by taking the
time delay At into account is possible for s., s} qig
and 85 chem . bUt nOt 57 (see the respective figure in the
supplementary materials). As a consequence, model-
ing s requires a separation into sy 4i and S chem
when following the methodology from the previous
section, in the case that 53 4;¢ and s chem have a dif-
ferent trend with Ka or ¢joc.

7. Summary and Conclusions

A turbulent premixed hydrogen-air flame within
the flamelet regime has been simulated. During the
flame-turbulence interaction, flame particles (FPs) are
tracked, which follow material points on the flame
iso-surface. Due to the Lagrangian viewpoint enabled
by the FPs, the effect of time histories on the local
flame speed and flame stretch correlation can be ex-
amined. The key findings from this work are summa-
rized as follows:

1. Although the hydrogen flame considered in this
work is thermo-diffusively unstable, the charac-
teristic life of flame particles found in methane

and near-stoichiometric hydrogen flames has
been confirmed to be present in this flame as
well. Consumption speed s. and displacement
speed sq behave oppositely in this flame, be-
cause s. decreases with more negative flame
stretch due to the reduction of local equivalence
ratio and subsequent local extinction, while sq4
increases due to high tangential diffusive fluxes
caused by strong negative curvature.

2. Tracking points on the flame iso-surface over
time reveals a time delay At between the flame
speed and flame stretch time signal. Therefore,
previous values of flame stretch affect currently
observed values of flame speed.

3. The time delay At depends on the local time
scale of the flow. By defining a local Damkd&hler
number Da g based on the frequency of the lo-
cal flame stretch signal fx, a strong correlation
between At and Dag is found. The higher the
frequency, the shorter this time lag becomes as
the flame has less time to relax to a quasi-steady
state. The phase shift At/ f };1 on the other hand
increases with increasing frequency or decreas-
ing Damkdohler number and approaches zero for
Dag — oo.

4. By taking the time delay into account, a quasi-
linear correlation between flame speed and
flame stretch can be recovered in turbulent
flames from the otherwise strongly scattered
data.

5. The recovery of a quasi-linear correlation is
generally possible for the consumption speed
and the two components of displacement speed,
due to their strong correlation with the local
equivalence ratio even in unsteady conditions,
but not for the total displacement speed directly.

This work constitutes an important step toward new
approaches of modeling local flame speed in turbulent
flows based on local time scales and memory effects.
By now, the methodology described in this work has
been performed for points on the flame whose dynam-
ics are temporarily dominated by a single frequency.
While this allows for a simple definition of local time
scales, the implications are relevant for the study of
local flame dynamics in general. While the analy-
sis of the memory effect in local flame dynamics has
been performed in this work for a subset of FPs due
to the complexity of the unsteady flame-flow interac-
tion, further research is required to build new mod-
eling concepts from these findings. Additional stud-
ies with more turbulent flames outside the flamelet
regime will help to gain deeper insights into flame dy-
namics in the future.
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