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ABSTRACT

Fully resolved numerical simulations with finite rate chemical reactions and detailed molecular diffusion have been conducted for a series of
laminar premixed hydrogen-air flames under atmospheric condition. The objective of the work is to study the influence of unsteadiness of
the flow on the local and global flame dynamics. Two equivalence ratios with ® = 0.5 and 4 are considered, leading to a negative and a
positive Markstein number Ma® at steady-state condition. The flames are excited with oscillating inflows at pre-defined frequencies fto assess
the effect of unsteady flame stretch on flame dynamics. The Damkohler number, defined by the ratio of the inverse frequency of the oscilla-
tions and flame transit time, is used to characterize the interactions between the flow and the chemical reactions based on their time scales.
For both lean and rich flame conditions, the local flame speed S is less sensitive to the flame stretch in an unsteady flow, which results in a
reduced magnitude of the Markstein number |Ma|. In addition, [Ma| is smallest when the time scale of the flow approaches the intrinsic
time scale of the flame (Da = 1). The global consumption speed S,, computed from integration of the fuel burning rate over the whole com-
putational domain, yields a phase delay and a damped oscillation with respect to the unsteady inflow. The phase delay increases with f or
decreasing Da, whereas the reverse trend has been found for the oscillation amplitude of S,. The flame is not able to follow the unsteady flow
or adjust its flame surface at high excitation frequencies with Da <1, and vice versa in the low frequency range with Da > 1. An efficiency
factor E has been introduced to model the damped response of the flame due to flow unsteadiness, which reproduces the asymptotic behavior
of E— 0at Da < 1and E — 1 at Da > 1. The simulation results reveal that the fluctuation time scale plays a significant role in elucidating
the effect of flame—-flow interaction, which should be considered for turbulent combustion modeling.
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The flame dynamics in terms of the correlation between laminar
and turbulent flame speed with flow stretch has been extensively stud-
ied in the last few decades.' '’ Most of these works were focused on
analyzing single snapshots (e.g., for spherically expanding flames) or
time-mean flame structures (e.g., for Bunsen-type flames), which
assign the influence of flame stretch to integral properties such as the
turbulent length scale L, or the root mean square (rms) values of the

I. INTRODUCTION

Turbulent premixed combustion is controlled by flame-turbulence
interactions leading to changes in local and global flame dynamics and
consumption rates. The flame surface is stretched by tangential straining
and/or curvature caused by the non-uniform, unsteady flow, altering
the internal flame structure as well as the local and global burning rate
of fuel. At high pressures, the flame becomes thinner, and highly turbu-

lent fluctuations may lead to flame wrinkles with extremely large curva-
tures and flame stretch. Accordingly, the classic flamelet approach,
which employs stationary laminar unstretched flames for representing
the turbulent flame structure, is not suited in this case.

velocity fluctuations #'. Hence, the time history of the unsteady flow
and its effect on the flame dynamics have been neglected. However, as
shown in Ref. 11 by detailed numerical simulation of oscillatory plane-
jet Hy/air flames, the flame displacement is attenuated strongly in an
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unsteady flow, particularly in the high-frequency range of fluctuations.
The flame requires a relaxation time to adapt to the imbalance of
the prevailing diffusion-reaction processes caused by the unsteady
flow. Similar behavior has been reported in Refs. 8, 9, and 12, apply-
ing direct numerical simulation (DNS) of 1D counter-flow oscillat-
ing, premixed H,/air flames, and 3D turbulent methane/air flames.'
It has been shown in the latter case that motion of the flame surface
was weakened at fluctuation frequencies above the inverse of the
flame transit time 7. = & /S? that is defined by the ratio of the
unstretched laminar flame thickness 6] and unstretched laminar
flame speed S. Therefore, the time scale of the flow represents an
essential parameter for studying the effect of flame-turbulence
interactions, which should be considered in addition to L, and «'.
For studying the effect of the flow time scale on flame-turbulence
interactions, it is regarded as the oscillation period of the velocity
fluctuation and is normalized by the chemical time scale to obtain
the Damkdhler number Da = t;/7..

Although implicitly including an integral turbulent time scale via
7, = Ly /u/, present models are not able to predict the observed effect
of flow unsteadiness on flame dynamics due to incomplete consider-
ation of the underlying flow history. Instead, most of the available
combustion models assume the fast chemistry limit with Da >> 1, i,
the instantaneous adaption of the chemical reactions to the unsteady
flow. Therefore, the objective of the current work is to explore the
effect of unsteady stretch on the local and global flame dynamics,
which could be incorporated into general combustion modeling con-
cepts. For that purpose, detailed numerical simulations have been con-
ducted for a variety of premixed Bunsen-type, hydrogen/air flames,
being excited with harmonically fluctuating inflow velocities at pre-
scribed frequencies. The oscillating inflow is employed to emulate the
unsteady nature of turbulent flow. Compared to the previous 1D stud-
ies conducted for 1D purely strained counter-flow flames,” this work
assesses quantitatively the local and global flame dynamics by means
of the time-mean Markstein number and the global consumption
speed. Moreover, the study is conducted for a more general 2D
Bunsen-type flame setup, which covers both the tangential straining
and curvature effects. In this way, correlations of the local and global
flame speed with unsteadiness of the flow can be quantitatively
assessed. The results can be used to derive first-order estimations for
modeling the time history effect of the flow on premixed flame
propagation.

The work is organized as follows: Sec. II presents basic parame-
ters used in this work for characterizing flame dynamics in terms of
flame speed and stretch. The numerical setups used for the simulations
are shown in Sec. III. The simulation results are discussed in Sec. I'V
with respect to the local and global flame dynamics. Finally, the main
conclusions are summarized in Sec. V.

Il. THEORETICAL BASICS

Flame dynamics describes the correlation between flame speed
and flame surface area, which is controlled by the underlying
reaction—diffusion processes during combustion. The flame surface
can be stretched tangentially through gradients of the flow velocity
and/or by the movement of a curved flame surface. By definition, the
flame stretch K is calculated by means of the material derivative of a
flame surface element, which can be rewritten by identifying one part
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due to the aerodynamic strain K and another part due to flame propa-
gation in its normal direction K(;,l !

K = Ks+ K¢ = ar + Sk, (1)

where S, is the displacement speed, k = V - 7 is the flame surface cur-
vature, and ar = (I — ##) : Vi is the tangential strain rate with the
unit tensor I. 7 is the unit surface normal vector pointing toward
the fresh gas, and i is the velocity vector. As a first-order estimate, the
laminar flame speed S; can be correlated linearly with the flame
stretch,'!

— = 1 — MaKa; (2)

50
Ka = S—(’)K; (3)
I
and the Markstein number Ma
981/
Ma=— 210 4
. OKa @

In this way, Ma represents a measure of the sensitivity of S; with
respect to Ka or K. For Ma > 0, S; decreases with Ka, and for Ma <0,
S, increases with Ka.

In this work, the laminar flame speed is calculated from integra-
tion of the reaction rate of fuel 75 locally along the flame-normal
direction,

Sl = — ! )Jipdn, (5)

p u(Yu -Y
where p,, is the density of the unburnt mixture, Y, and Y}, are the
mass fractions of the fuel in the unburnt and burnt gas, respectively. In
the same way, the global consumption speed S;, corresponding to the
overall burning rate or the bulk flow rate of fuel, has been evaluated
from integration of 7'r over the entire computational domain,

1
pu(Yu — Yu)Ao
where A, is a reference surface area, defined as the inlet area of the
domain in the current work. In Egs. (5) and (6), both S; and S; are eval-

uated in terms of the consumption rate of fuel 7 and indicate flame
consumption speed in this work.

lll. SIMULATION SETUP
A. Computational grid

S = JipdV, (6)

Premixed hydrogen-air flames at the equivalence ratios of
¢ = 0.5 and ¢ = 4 are used in this work. The initial temperature and
pressure are 300 K and 1 bar, respectively. Table I lists flame parame-
ters calculated from solutions of 1D unstretched, freely propagating
flames, which are used for setting up the simulations;

o _ max(T) — min(T) B cit)h
"7 max(grad(T)) and 7 = N @

are the thermal thickness of the flame and the flame transit time,
respectively. f. = 1/7. represents the intrinsic frequency of the flame.
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TABLE I. Flame parameters from solutions of 1D H./air flames.

¢ ¢ (m/s) 89, (mm) 7. (ms) f. (Hz) Yieo
0.5 0.54 0.42 0.78 1287 0.0018
4 1.72 0.44 0.26 3912 0.081

The flame front is identified by the iso-surface of the mass fraction of
fuel Y15, shown in the last column of Table I, which corresponds to the
largest reaction rate of fuel from the 1D laminar flame solutions.

As illustrated in Fig. 1, the numerical simulations have been
conducted for a Bunsen-type flame. The computational domain is
built from a wedge with an opening angle of 3°, assuming axial sym-
metry for a laminar round-jet flame. Only one computational cell is
used in the circumferential direction, so that the simulation domain
is essentially two dimensional. Since the simulations are performed
in the framework of OpenFOAM, a wedge-shaped domain is
required for OpenFOAM to treat the governing equations in cylin-
drical coordinates. y and x indicate the streamwise and radial coordi-
nates. The dimensions of the boundaries have been set as multiples
of 8%, as indicated in Fig. 1. The domain length is set to be three
times the flame height estimated from S? and upyik, assuming a per-
fect conical flame. An equidistant grid is used for the simulations,
which resolves the flame thickness with 20 cells with a grid resolu-
tion of A ~ 20 um.
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FIG. 1. Computational domain used for the simulation."”
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B. Boundary conditions

At the domain boundaries, premixed H,/air enters the domain
from the fresh gas inlet (bottom left) with a half-parabolic velocity
profile,

uyinlet = umax(l - xz/R2)7 (8)

where the maximum flow velocity at the centerline axis is set to
Umax = 687 and the radius of the nozzle is R. This results in a bulk
flow velocity of upyk = 35?. The Reynolds numbers based on the
bulk velocity and the inlet diameter are Re=577 for ¢ = 0.5 and
Re=1032 for ¢) = 4. An annular coflow with fully burnt gas of the
same mixture is used in order to stabilize the main flame. At the outlet
boundary, gradients of all variables in the surface-normal direction are
set to zero. The right boundary is set as a slip wall, along with vanish-
ing gradients for the other quantities.

In order to study the effect of unsteady stretch on flame dynam-
ics, the velocity profiles of the fresh and annular flow gases are excited
to fluctuate harmonically in time with pre-defined frequencies f and a
fixed amplitude a = 0.5,

u(t) = tyinter(1 + asin (27f t)). 9)

The Damkohler number that is defined in the following equation:

P VA A (10)
© Ufe f
is used for characterization of the unsteady flame-flow interaction. f is
selected for both lean and rich flames to span a wide range of Da from
Da < 1to Da > 1. The oscillation amplitude of the bulk inflow velocity
and the diameter of the nozzle can be regarded as measures for the tur-
bulence intensity and length scale of a general turbulent flow.

C. Numerical setups

The simulations have been carried out with an in-house solver
developed in the framework of the open-source program
OpenFOAM,'*'® which employs detailed calculations of the chemical
reaction rates. The reaction mechanism developed by Li et al.'” is used
for hydrogen/air combustion. The chemical source terms are treated
via an operator splitting approach, where the governing equations for
batch reactors are integrated in each computational cell over the com-
putational fluid dynamics (CFD) simulation time step. Using the spe-
cies concentrations in each cell at the beginning and at the end of the
integration, a chemical source term that is averaged over the CFD time
step can be computed and used as a source term in the governing
equations. A more detailed description of this procedure can be found
in Refs. 14-16 and 18.

The mixture-averaged transport model is used to consider differ-
ential diffusion, with transport coefficients of each species computed
from the Chapman-Enskog solution of the kinetic gas theory. Soret
and Dufour effects are not considered in this work. The latter one can
generally be neglected as the contribution to the energy transport is
negligible, even for hydrogen flames. As this paper focuses on very
lean and rich hydrogen flames, the contribution of the Soret effect is
less pronounced than at near-stoichiometric conditions. For example,
the difference in the laminar flame speed with and without the Soret
effect at ¢ = 1 is about 11%, while the difference at ¢ = 4 is 3% and
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at ¢ =0.5 is 6%. The solver has been validated in previous
works.'”'®"* The time steps are 0.5 s for the ¢ = 0.5 flame and 0.25
us for the ¢ =4 flame, leading to a maximum convective CFL
(Courant-Friedrichs-Lewy) number of 0.2 and a maximum Fourier
number of 0.35.

A fully implicit scheme of second order accuracy for the time
integration and a fourth order, unbounded interpolation scheme for
discretization of the convective and diffusive terms have been used.
The numerical solver employed in this work uses a pressure-velocity
coupling via the PIMPLE (SIMPLE-PISO) algorithm. While this
scheme is fully compressible in the sense of fully coupling density and
pressure, it behaves more like a low Mach-number approach with
regard to acoustics. Due to the implicit treatment and PIMPLE
approach, the simulation time step is based on the convective CFL
number, not the acoustic CFL number. Therefore, acoustic waves are
generally not resolved since they are not the focus of this work.
Instead, the non-reflective boundary at the outlet is used to prevent
reflection in the case of nonphysical numerical oscillations.
Additionally, a sponge region near the outlet avoids reflection of pres-
sure waves back into the domain.

As the simulation is fully compressible, the oscillating mass flow
at the inlet results in a fluctuation of the pressure inside the domain
due to momentum conservation. The pressure fluctuation is particu-
larly large in the case of high excitation frequencies. However, as the
amplitude of the oscillating mass flow and the length of the computa-
tional domain are small in this work, the maximum pressure varia-
tions observed in the computational domain are on the order of
100 Pa. Therefore, the effect of pressure on chemical reaction rates is
negligible.

IV. RESULTS AND DISCUSSION
A. Overall flame structure

Figure 2 presents contours of the calculated heat release rate
q and temperature T from the steady-state solutions (f=0Hz) for
¢ = 0.5 at the top and ¢ = 4 at the bottom. The solid lines in the
temperature fields on the right denote the flame fronts given by the
iso-surfaces of Y, (see Table I). For the rich flame with ¢ = 4, ¢ has
a maximum at the flame tip and a minimum at the flame base. The
behavior is, however, reversed for the lean flame with ¢ = 0.5, where
the flame is extinguished at the tip, and ¢ is largest at the flame base
due to the high diffusivity of hydrogen. The flame is negatively curved
at the flame tip, which results in a defocused diffusion of hydrogen
from the fresh to the burnt side. Therefore, the local equivalence ratio
1o is smallest at the flame tip, which leads to the highest g for the
rich flame and the smallest g for the lean flame, as shown in Fig. 3 by
the contour-plots of ¢;,., on the left for the ¢» = 0.5 and on the right
for the ¢ = 4 flame. Due to the high diffusivity of hydrogen, ¢;,. is
even smaller than that at the lower ignition limit for ¢ = 0.5, so that,
the flame extinguishes at the flame tip. On the contrary, the flame yields
the highest positive curvature at the flame base, which results in the larg-
est .. The correlation of heat release or burning rate with regard to
flame curvature results in a negative Markstein number for the current
lean flame (S; increases with stretch) and a positive Markstein number
for the considered rich flames (S; decreases with stretch).

Figure 4 provides an overview of instantaneous contours of g cal-
culated for the unsteady lean-premixed hydrogen-air flame at differ-
ent f, where the flame shape deviates from that of the stationary flame
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FIG. 2. Contours of heat release rate (left) and temperature (right) of steady-state
Ho/air flames for ¢ = 0.5 (top) and ¢» = 4 (bottom).

shown in Fig. 2. From left to right, four snapshots of § are used to rep-
resent one whole oscillation period for each Da, having a time interval
of T/4 with T = 1/f. For the low frequency case with f= 125 Hz (see
the first row with Da ~ 10 in Fig. 4), the flame is able to adapt
promptly to the oscillating inflow and moves periodically as a whole
with a large displacement from its time-mean position. As f
approaches the natural frequency of the flame (see the second and
third rows with Da=2.5 and 1 in Fig. 4), the flame enters a pulsating
mode and becomes wrinkled. With further increased f (see the lowest
row with Da = 0.25 in Fig. 4), the flame turns into its steady-state solu-
tion without discernible motion. The same behavior with respect to
flame response to unsteady flow has been found for the case with
¢ = 4. Therefore, the overall flame response to an unsteady flow, in
terms of changing its flame surface area through stretch, is attenuated
with the increased fluctuation frequency of the flow (see also Fig. 7).
This effect will be further elucidated in Sec. IV C.
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FIG. 3. Contours of calculated local equivalence ratio of steady-state Hy/air flames
for ¢ = 0.5 (left) and ¢ = 4 (right).

B. Local flame dynamics and Markstein number

The flame particle (FP) method proposed in Refs. 13, 30, and 31
has been applied in this work to assess the effect of unsteady flow on
the local flame dynamics. The method introduces a number of virtual,
massless particles along the flame surface and tracks them during
flame propagation. In this way, the time evolution of each individual
flame surface element along with variations of flow stretch conditions
and burning rates can be recorded, allowing a detailed evaluation
of the time history effect of the flow on the flame’s local dynamics.
Figure 5 plots S;/S) against Ka for the ¢ = 0.5 (top) and ¢ = 4 (bot-
tom) hydrogen/air flames, which are calculated from the FPs using
Egs. (1) and (5). For the “on-the-fly” computation of S; with Eq. (5),
the line integration along the flame normal direction is performed
locally over a distance of 1.56%, on both sides of the flame surface. The
black points indicate the data obtained from the steady-state solu-
tions, where S;/ S? increases with Ka for ¢ = 0.5 and vice versa for
¢ = 4. Therefore, the Markstein number for the stationary flames is
negative for the lean flame and positive for the rich flame considered
in this work. The flame is stabilized at the burner orifice and yields a
radius of approximately 3 mm (8 5fh). Therefore, cellular structures
attributed to thermodiffusive instabilities cannot grow for the
steady-state lean flame case with ¢ = 0.5. For the oscillating lean
flames, the corrugations on the flame surface are enhanced due to
the thermodiffusive effect.

For the unsteady solutions plotted in Fig. 5, the FPs are seeded at
the base of the flame at a time distance of T/8 with T = 1/f. These
FPs, therefore, follow different spatial trajectories in time and experi-
ence different stretch conditions. This leads to a scattering for the
distributions of §;/SY vs Ka for the oscillating compared with the
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FIG. 4. Snapshots of calculated heat release rate of lean hydrogen/air flames at dif-
ferent excitation frequencies for ¢p = 0.5.

steady-state flames, as shown in Fig. 5. The diffusion-reaction balance
prevailing the flame’s local dynamics is disturbed by the unsteady
velocity fluctuations. In this case, the flame requires a certain relaxa-
tion time for adjusting its internal structure and dynamics according
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Steady-state
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Da=4
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Da=1
Da=0.4
Steady-state

FIG. 5. Correlations of local consumption speed with normalized stretch rate
calculated from detailed numerical simulations of oscillating hydrogen-air flames at
@ = 0.5 (top) and ® =4 (bottom).

to the transiently changing stretch, so that a previous state of §;/S) is
recorded by the FPs for the current Ka.

As shown in Fig. 5, the scattering of §;/S (Ka) is particularly large
when Da approaches unity (Da & 1). In contrast, 5;/S (Ka) resembles
the steady-state solutions for Da <1 and Da >> 1. The results indicate
that the largest deviations of the local flame dynamics compared with
that of the steady-state solution are due to the unsteady flow condition
with f &~ 1/t, (Da ~ 1) or when the turnaround frequency of the flow
approaches the flame’s natural frequency. The internal structure of the
flame sustained by the intrinsic reaction-diffusion balance yields the
smallest resistance against external flow disturbances in this case, so that
the flame is excited and falls into resonance with the unsteady flow fluc-
tuations. Accordingly, the internal flame structure and the flame
dynamics are altered considerably at Da ~ 1, which leads to enhanced
wrinkling of the flame (see also Fig. 4 for the case with Da=1) and
strong scattering of §;/S? with respect to Ka.

Figure 6 plots the Markstein number Ma calculated from linear
fitting of all data pairs of $;/S? vs Ka assigned to each excitation fre-
quency shown in Fig. 5. As the linear Markstein correlation is gener-
ally valid only for small stretch values with Ka close to 0, the fitting
procedure has been performed for the range of —1 < Ka < 1. In this
way, Ma corresponds to an unsteady or “turbulent” Ma averaged over
different states of the flame during one oscillation period. The steady-
state Markstein numbers Ma” used in the ordinate axis of Fig. 6 for
normalizing Ma are Ma® = —0.78 for ¢ = 0.5 and Ma® = 0.10 for
¢ = 4. Ma/Ma® is less than unity in general under unsteady flow
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FIG. 6. Time-averaged Markstein numbers calculated from linear-fitting of data
pairs of S,/S‘,) vs Ka shown in Fig. 5.

conditions, which indicates a decreased sensitivity of the local flame
dynamics to stretch. The smallest values of Ma /Ma® are found for Da
close to unity, where the oscillation frequency matches with the intrin-
sic frequency of the flame. The flame is excited and wrinkled in this
case, as shown in the third row of Fig. 4. Consequently, $;/S) vs Ka
reveals a scattering in Fig. 5. The correlation between §;/S? and Ka is
partly positive in the range of —1 < Ka < —0.7 for ¢ = 4 due to for-
mation of the enclosed envelope structures for S;/S} and Ka, so that a
significant decrease in Ma/Ma® at Da =1 can be detected in Fig. 6 for
this case.

C. Global flame response to unsteady stretch

Figure 7 depicts the temporal evolution of the global consump-
tion speed S, calculated from integration of the fuel reaction rate over
the whole domain, see Eq. (6). In this way, S, corresponds to the bulk
flow rate of fuel prescribed at the inflow, assuming a balance of incom-
ing and consumed fuel mass. The time axis is normalized with the
oscillation period T = 1/f in order to compare S, calculated from dif-
ferent excitation frequencies or Da. The dashed lines with a sinusoidal
function in Fig. 7 show the oscillation curve of the bulk inflow velocity
Upuk. Sy exhibits a phase delay Ao with respect to the inflow, as indi-
cated in the lower part of Fig. 7, which strictly increases with the
increasing f or decreasing Da. In addition, S, yields a damped oscilla-
tion amplitude AS; compared with that of the inflow. In the cases with
Da < 1, the flame cannot respond to the highly unsteady flow and
approaches its stationary solution, so that AS; is decreased significantly
and approaches 0. Figure 7 reveals that the ability of the flame to fol-
low the flow fluctuation is strongly attenuated under the conditions of
Da < 1. In this case, the oscillation amplitude of S, is significantly
weakened, but the time periods remain as given by T' = 1/f.

The same behavior is illustrated in the phase diagram in Fig. 8,
where §; (solid curves in Fig. 7) is plotted against upyx (dashed curves
in Fig. 7). The delayed response of global flame dynamics in terms of
S; to the unsteady inflow results in a hysteresis loop with a tilted ellipti-
cal shape. At the same time, the oscillation amplitude of S; is reduced
with the decreasing Da or increasing f, which is close to 0 for Da < 1
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In summary, the flame wrinkling or enlargement of flame surface

1.6 T Y T
$=0.5 ’ caused by turbulent flow is mainly attributed to unsteady fluctuations
T13} ,' " o with Da >1. The flame regime “ideally stirred reactor” proposed in the
— 7 7 pg———— classic Borghi-Peters regime diagram for Da <1 and Re; > 1, which is
“: 1 < - Da =50 characterized by a considerably thickened flame brush and homoge-
L %V W _— ga = fg neously mixed chemical state, is not visible.
- 8=
w07 /‘ \ Da=5
wat v g: :)25 D. Correlation of global consumption speed with total
04 * : : flame surface area
16 I $=4 I 1 Figure 9 depicts S; /S as a function of the total flame surface area
A¢/Ag, where A is the area of the inlet boundary and the black dots
T137F p AS y | represent the steady-state solutions. The solid line indicates the flame-
. A\ [\ t = = =Inflow let relation with S; /S = A;/Ay, assuming that the local consumption
;‘; 1y r Wy - g: fgg speed §; is equal to the unstretched laminar flame speed S. Although
Ll '// \ Da=16 not shown here, A, oscillates in a similar way as S, in time (as shown
w07 ) \ Da=8 in Fig. 7) and no distinct phase delay between A, and S; has been
Aa N\ Da=1 observed. Therefore, S;/S) and A;/A, yield a quasi-linear correlation
0.4 Daz02 in Fig. 9 but deviate from equality. The result reveals that the increase
0 0.5 1.5 2 in S; is due to the increase in A, and almost not affected by the

1
t-f (-]

FIG. 7. Time developments of global consumption speeds calculated from simula-
tions of oscillating hydrogen/air flames at different forcing frequencies.

(quasi-horizontal curves in Fig. 8). The results reveal that the overall
flame dynamics are sensitive to flow stretch only at low excitation fre-
quencies, whereas its response to the flow is strongly attenuated in the
case of high frequencies.

1.6
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FIG. 8. Global consumption speed S; plotted against the inflow bulk velocity at dif-
ferent Da.

unsteady nature of the flow.
S:/S] is larger for ¢ = 0.5 than that for ¢) =4 at constant
A,/ Ay; therefore, the stretch factor I,

0
:St/—slgl—MwKat7 (11)
At/ Ao

which represents a measure for the normalized flame speed averaged
over the whole flame surface, is larger for the lean flame. The reason is
that Ma is negative for the ¢ = 0.5 and positive for the ¢ = 4 pre-
mixed hydrogen flame (see Fig. 5), so that the local flame speed

increases with Ka for the lean flame and vice versa for the rich flame.

¢ =0.5 (Ma’<0) & B ﬂ
Da = 50 9 40\
5 Da=25 .
w Da =10
= Da =5
Da=1
— 4 Da=0.25 1
o~ e  Stationary
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“© 3t —— Da=80
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2t —— D3 = 8
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1 2 3 4 5 6
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FIG. 9. Global consumption speed plotted against the total flame surface area of
oscillatory Hy/air premixed flames at different Da.
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The current round-jet flame experiences an overall high negative
stretch due to curvature in the circumferential direction, which is com-
pensated by the positive stretch component due to tangential straining,
see Eq. (1). For the ¢ = 0.5 flame, S,/SY over A;/Aq in Fig. 9 lies
closely together with the reference curve (solid line) with I ~ 1, indi-
cating that the global stretch Ka, considering both curvature and
straining of the whole flame surface is close to 0. In the case with
¢ = 4, the bulk flow velocity at the inlet (upx = 382, see Sec. 111 and
Table T) is much higher than that of the ¢ = 0.5 flame. Therefore, the
rich flame yields overall a positive Ka, due to the higher positive tan-
gential strain compared with the negative stretch caused by flame cur-
vature. This leads to I <1 according to Ma >0 for the case with ® = 4.
As a result, the correlation curves of §;/S} vs A; /A, in Fig. 9 lie below
the reference line indicated with S;/S) = A;/A,. Note that as the lean
flame with ¢ = 0.5 is locally extinguished at its tip (see Figs. 2 and 4),
the flame surface area evaluated from the iso-surface of Yi,, is overesti-
mated. As a consequence, the distributions of S;/ S? vs A;/Ap in Fig. 9
for the lean flame should be shifted toward smaller A;/Ag, which
results in an increased I. As a conclusion, the averaged flame speed
over the flame surface area is larger than S in the case of Ma <0 and
smaller than S? for flames with Ma >0, which is valid for both station-
ary and transient flames.

E. Efficiency of flame response to unsteady stretch

In order to assess the damping effect on the fluctuation ampli-
tudes of S, or A, caused by flow unsteadiness (see Figs. 7 and 8), an
efficiency factor E is introduced as the ratio of the standard deviations
of the time evolution of S; and 1, as shown in Fig. 7,

std(S,) S
== 12
std(ubulk) u’ ( )

which is used to quantify the effectiveness of flow stretch in altering
global flame dynamics in an unsteady way. Assuming that the compu-
tational domain is represented by one control volume, E reflects the
ability of the flame to increase its flame surface area or the mean reac-
tion rate within the corresponding finite volume caused by unsteady
flow fluctuations. E is plotted in Fig. 10 against Da. The correlations of
E with Da show a similar course for both lean and rich flames: E is
close to 0 at Da — 0, where the flame cannot respond to the high fre-
quency fluctuations of the flow; with further increase in Da or decrease
in f, E increases continuously until the asymptotic limit with E — 1 or
S; = 1/, characterizing the flamelet regime, is reached at Da >> 1.

In the literature, most of the available correlations for turbulent
flame speed have been solely based on the turbulence intensity or #//,
which assumes the fast chemistry limit with Da > 1. The turbulent
flame speed closure (TFC) model proposed by Schmid et al.” has
been derived analytically based on a weighted time scale concerning
the chemical and turbulence time scales, which reproduces the asymp-
totic limits with S} — 0 at Da — 0 and S, — u’ at Da — oo. As the
same behavior has been confirmed in the current simulations, the
Schmid model has been used as a reference model to discuss the influ-
ence of Da on the overall burning rate. It expresses the turbulent flame
speed S, explicitly as a function of the turbulent Da or Da,,

~ -1 T
S =8 +u/(14Daj2) ", Da,:%—t, (13)

c
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FIG. 10. Efficiency factor considering the effect of flame response to unsteady

stretch in dependence of Da.

where the chemical time scale 7, is calculated with the thermal diffu-

sivity of the fresh gas mixture ay and Y,

. Cﬁ, ap
G S

%, C, =24, C,=0.09. (14)
Assuming 31 =38, — S, which indicates the contribution of flame
speed fluctuations due to the turbulent flow, Eq. (13) can be reformu-
lated to

S -0 s o\ —1/4
’:j:(1+Dat2) , (15)

E="
which renders the effect of flow unsteadiness or Da; on S, and is shown
in Fig. 10 by the dashed curves. The asymptotic limits with E — 0 at
Da — 0 and E — 1 at Da — oo have been reproduced by the Schmid
model. However, E in the intermediate range with 0 < Da < 10 is
largely overestimated by the Schmid model compared with the results
from this work. Despite these differences, the TFC model according to
Eq. (13) has been applied successfully to simulate a number of turbulent
premixed flames.” " The reason is that the considered flame setups in
these works are subjected to a large Da, so that the flame response to the
turbulent flow in terms of E = 1 was correctly reproduced.

According to the results shown in Fig. 10, the flame can follow
the flow fluctuations and change its flame surface area only under the
conditions of Da>10 with E > 80%; the ability of the flame to
respond to velocity fluctuations is strongly weakened for Da <1 with
E < 5%. This behavior for the effectiveness of global flame response to
unsteady flow is illustrated in Fig. 11. The result suggests an extension
of the regime diagram for flame-turbulence interaction with the
asymptotic transition from a strongly responsive flame at Da >10 to a
weakly responsive flame at Da <1 by a given turbulent Reynolds num-
ber. Its influence is particularly important in highly unsteady turbulent
flows, where the energy cascade covers a wide range of time scales or
Da. In this case, the flamelet correlation assuming a proportional
increase in S; with o/’ (S; = u/') is strongly violated due to Da <1. In
addition, even an excessively large stretch rate will not lead to flame
quenching at Da <1 because the flame is not able to sense the highly
unsteady flow stretch.
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FIG. 11. Effectiveness of flame—turbulence interactions considering the influence of
flow unsteadiness in terms of Da.

F. Discussion

The current work has reproduced the existing findings from the
previous studies by Im and Chen” applied to 1D oscillating counter-
flow flames, where the flame speed has been shown to be less sensitive
to stretch under unsteady flow conditions. In the current work, a
round-jet flame setup is used, which leads to a substantially extended
stretch range, considering both effects caused by tangential strain and
curvature, and covering both negative and positive stretch.
Furthermore, the global flame response in terms of the overall flame
surface area is used here to evaluate the global flame dynamics,
whereas the concept of flame surface is less meaningful for the planar
flame setup. Therefore, the current work extends considerably the
available knowledge based on 1D studies.

The obtained results can be incorporated into combustion
modeling concepts in order to account for the time history effect on
the response of global flame dynamics. For that purpose, a fitting func-
tion may be derived to model the correlation of E with Da shown in
Fig. 10, which can be used to evaluate a cell-averaged burning rate
based on S, for instance, in the framework of a RANS (Reynolds-
Averaged Navier-Stokes) or LES (Large Eddy Simulation) concept.

Note that Da yields a non-uniform distribution along the flame
surface in a general turbulent flame: on one hand, the broadband fluc-
tuations of the flow cause variation of the local turbulent time scale,
and on the other hand, the flame thickness and the flame speed can be
changed locally by the turbulent flow, which results in a different
chemical time scale. Furthermore, the flame-turbulence interactions
take place over a wide range of time scales in a real turbulent flame,
whereas a fixed forcing frequency is applied to interact with the flame
in the current study.

V. CONCLUSIONS

Detailed numerical simulations have been performed for a series
of oscillating premixed H,/air flames with pre-defined frequencies f.
The objective is to assess systematically the impact of flow

scitation.org/journal/phf

unsteadiness on the local and global flame dynamics. The flame
requires a relaxation time to respond to the oscillating flow so that
flame speed §; is less responsive to stretch under unsteady conditions.
The statement is valid for both lean and rich premixed flames with
oblique flow and strained and curved flame structure. As a result, the
magnitude of the Markstein number [Ma| decreases in an unsteady
flow. The flame is excited with an enhanced wrinkling, and |Mal is
smallest when f approaches the natural frequency of the flame, ie.,
Da ~ 1.

The global consumption speed S, which correlates almost line-
arly with the total flame surface area, exhibits a phase delay of A« and
a reduced amplitude of AS; with respect to the oscillating inflow. Ao
increases with f, whereas the reversed trend is found for AS;. The
damped oscillation of S; due to flow unsteadiness has been modeled
with an efficiency factor E in dependence of Da, which reveals the
asymptotic limits with E — 0 for Da — 0 and E — 1 for Da — oc.

In conclusion, the time history effect or unsteadiness of the flow
plays an essential role for the correct description of local and global
flame dynamics regarding flame—-flow interaction. The generally used
flamelet assumption is valid only for large Da, having E>0.8 for
Da>10 in the current work. This work has focused on premixed
hydrogen/air flames excited at fixed single frequencies. Further studies
for additional fuel/air mixtures and considering the interactions
between different flow time scales are required to justify the general
validity of the obtained results.
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