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Abstract

The interaction of maintained homogeneous isotropic turbulence with lean pre-
mixed methane flames is investigated using direct numerical simulation with
detailed chemistry. The conditions are chosen to be close to those found in at-
mospheric laboratory experiments. As the Karlovitz number is increased from
1 to 36, the preheat zone becomes thickened, while the reaction zone remains
largely unaffected. A negative correlation of fuel consumption with mean flame
surface curvature is observed. With increasing turbulence intensity, the chem-
ical composition in the preheat zone tends towards that of an idealised unity
Lewis number flame, which we argue is the onset of the transition to distributed
burning, and the response of the various chemical species is shown to fall into
broad classes. Smaller-scale simulations are used to isolate the specific role of
species diffusion at high turbulent intensities. Diffusion of atomic hydrogen is
shown to be related to the observed curvature correlations, but does not have
significant consequential impact on the thickening of the preheat zone. It is also
shown that susceptibility of the preheat zone to thickening by turbulence is re-
lated to the ‘global’ Lewis number (the Lewis number of the deficient reactant);
higher global Lewis number flames tend to be more prone to thickening.

Keywords: Turbulent premixed flames, direct numerical simulation, detailed
chemistry, low Mach number flow, adaptive mesh refinement

1. Introduction

Direct numerical simulation with detailed kinetics provides a powerful tool
for studying the fundamentals of turbulent combustion, and for the development
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and validation of turbulent flame models for engineering applications. As part
of the effort to develop clean-burning efficient systems to meet growing global
energy demands, there is significant interest in lean premixed methane combus-
tion. Burning under lean conditions reduces the exhaust gas temperatures, and
consequently, thermal NO, emissions. In this paper, three-dimensional direct
numerical simulations of lean premixed methane combustion with detailed ki-
netics are presented over a range of turbulent intensities representative of the
conditions found in typical experimental studies. The focus of the study is on
the interactions between turbulence and combustion, and how the flame is af-
fected as turbulent intensity increases. The goal is to provide a set of benchmark
DNS data that can be used both to study basic flame physics and to provide a
baseline for evaluation of turbulent combustion models.

There is a growing body of work in the literature that deals with turbulent
premixed methane flames with detailed kinetics. The earliest work in this area
investigated two-dimensional configurations using a detailed C1 mechanism [T,
2, 3L 4]. Bell et al. [5] produced the first simulation of a turbulent methane
flame in three dimensions with moderate-fidelity kinetics using DRM-19, which
is a simplified mechanism derived from GRIMech 1.2. Simulations using DRM-
19 for a variety of experimental configuration have been presented in [6l [7].
Sankaran et al. [§] performed a DNS of the lean premixed preheated methane
flame stabilised on a slot burner using a skeletal mechanism with 13 species
derived from GRIMech 1.2. More recently, Aspden et al. [9] and Carlsson et
al. [10, 11] presented DNS of lean premixed methane flames at high turbulence
levels near to the transition to distributed burning. The simulations presented
in the present paper were conducted using GRIMech 3.0 without the emissions
chemistry [12] [13].

Here lean premixed methane flames are considered at an equivalence ratio
of ¢ = 0.7, for which the Lewis number of the fuel is close to unity; the Lewis
number of the fuel (i.e. the deficient reactant) will be referred to as the global
Lewis number. The characterisation of the turbulence in terms of the unstrained
laminar flame properties is given by the Karlovitz and Damkohler numbers,
which are defined by
2_T3_U3ZF A_SFl
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where u and [ are the turbulent rms velocity fluctuation and integral length
scale, respectively, and sy and [ are the unstrained flat laminar flame speed and
width, respectively, A = I/lp and T = u/sp. The Damkdhler number represents
the ratio of chemical and integral length time scales. The Karlovitz number
represents the ratio of Kolmogorov and chemical time scales, and can be thought
of as a measure of the strength of the turbulence relative to the flame. From the
point of view of turbulence-flame interactions, the more relevant parameter is the
Karlovitz number; fixing Ka effectively fixes the energy dissipation rate e = u3/l
and the Kolmogorov length scale 7 = (v2/¢)'/4, and therefore the turbulence
that interacts with the flame. In the present paper, Karlovitz numbers between
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1 and 36 are presented. Turbulence is generated by incorporating a forcing term
into the momentum equations that can be adjusted to match desired turbulence
properties using our well-established approach [I4], 15, [I6]. The same domain
size is used for all simulations, which results in a fixed integral length scale,
approximately one-tenth the width of the domain, and four times the thermal
thickness of the unstrained laminar flame (i.e. A = 4). The conditions that are
considered are typical of those encountered in a range of atmospheric laboratory
scale experiments; i.e. turbulent velocity fluctuations on the order of a few
metres per second and an integral length scale on the order of a few millimetres.

The computational methodology and simulation configuration are presented
in section An overview of the simulations and flame response to increasing
Karlovitz number are then presented in section followed by joint probability
density functions of flame speed and curvature in section [3.2] Two-dimensional
slices through the three-dimensional data present changes in chemical compo-
sition in section [3.3] and thickening of the preheat zone is examined in sec-
tion 3.4l The chemical composition is explored further through conditional
means of species molar concentration in section The effect of diffusive pro-
cesses are investigated by running further small-scale simulations in section [4]
where species diffusion coefficients are artificially adjusted. In particular, several
key observations are shown to be related to the high mobility of atomic hydro-
gen. This is demonstrated using slices (section [4.1]), joint probability density
functions (section , flame thickening (sectio7 and conditional means
of molar concentrations (section . The paper closes with a summary of the
conclusions (section .

2. Computational Methodology

The simulations presented here are based on a low Mach number formulation
of the reacting flow equations. The methodology treats the fluid as a mixture of
perfect gases. A mixture-averaged model is used for differential species diffusion,
ignoring Soret and Dufour effects, as well as neglecting gravity and radiative
transport processes. With these assumptions, the low Mach number equations
for an open domain are

I(pu)

5 +V-(puu) = —-Vo+V.-7+pF,
8(2?)+V~(0Yiu) = V- (pDiVY;) — pi,
d(ph) B A A
o +V-(phu) = V. vazz +zi:v- h; pDz—Cp VY|,

where p is the density, w is the velocity, Y; is the mass fraction of species i,
h is the specific enthalpy of the gas mixture, T' is the temperature, and w;
is the net destruction rate for species i due to chemical reactions. Also, A is
the thermal conductivity, 7 is the stress tensor, ¢, is the specific heat of the
mixture, and h;(T) and D; are the specific enthalpy and mixture-averaged
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diffusion coeflicients of species i, respectively. Here, F' is a long-wavelength
forcing term designed to establish and maintain turbulence with the desired
properties. These evolution equations are supplemented by an equation of state
for a perfect gas mixture.

The basic discretisation combines a symmetric operator-split treatment of
chemistry and transport with a density-weighted approximate projection method.
The projection method incorporates the equation of state by imposing a con-
straint on the velocity divergence. The resulting integration proceeds on the
time scale of the velocity with advective transport treated explicitly. Faster
diffusion and chemistry processes are treated time-implicitly. This integration
scheme is embedded in a parallel adaptive mesh refinement algorithm frame-
work based on a hierarchical system of rectangular grid patches. The complete
integration algorithm is second-order accurate in space and time, and discretely
conserves species mass and enthalpy. The reader is referred to [I7] for de-
tails. The chemical kinetics and transport are modelled using the GRIMech
3.0 methane mechanism [12] [13] with the nitrogen chemistry removed. The
resulting mechanism consists of 35 species with 217 reactions.

The overall numerical scheme is known to converge with second-order ac-
curacy, and the ability of the scheme to perform direct numerical simulation
was examined in [I4]. An effective Kolmogorov length scale was formulated,
which measures the Kolmogorov length scale that actually results from a sim-
ulation at a given resolution. The main simulations presented here all have an
effective Kolmogorov length scale within 0.9% of the analytical value, and so
the turbulence can be considered to be sufficiently-well resolved. The narrowest
intermediate chemical species have a thickness (defined using the points at half
of the peak value) that is spanned by approximately six computational cells;
the profiles can be well reproduced with half the resolution used here, and so
the chemistry can also be considered well-resolved.

2.1. Simulation Configuration

Three-dimensional simulations were conducted for four statistically-stationary
downward-propagating flames in a high aspect ratio domain, with periodic lat-
eral boundary conditions, a free-slip base and outflow at the top. The turbulent
background velocity field was maintained through the source term in the mo-
mentum equations following [I4]. This results in a time-dependent zero-mean
turbulent velocity field. It was shown in [I4] that this approach gives approxi-
mately 10 integral length scales across the domain width. The domain width is
L = 2.64 cm, which results in an integral scale of [ ~ 2.6 mm. An inert calcu-
lation was run to establish the turbulence at reduced expense, and the reacting
flow simulation was initialised by superimposing a laminar flame solution onto
the turbulent velocity field.

The unburned fuel mixture was taken to have a temperature of 298 K and
standard atmospheric pressure, and the equivalence ratio was taken to be ¢ =
0.7, which gives a global Lewis number of approximately unity. The unstrained
laminar flame speed is approximately 18.9 cm/s, and the thermal thickness,
as determined by the maximum temperature gradient, is approximately 660
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Case [ A [ B [ C [ D
w[m/s] | 0.209 | 0.754 | 1.57 | 2.27

u/sk 1.59 4.00 8.32 17.3
Ka 1.0 4.0 12.0 36.1
Da 2.52 1.0 0.481 | 0.231

Table 1: Simulation properties.
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Figure 1: Turbulent premixed regime diagram. The four simulations at A = 4 are denoted by
red crosses.

microns. The adiabatic flame temperature is 1842 K. At the specified resolution
there are over 25 computational cells across the thermal flame thickness, which
is more than sufficient to resolve the flame structure. For these conditions,
the integral scale is four times the flame thickness for all of the cases. The
rms velocity fluctuations were varied from approximately 1.6 to 17 times the
unstrained laminar flame speed. Details of the four cases considered are given
in table |1} and the position of these flames on the premixed regime diagram
are shown in figure[I} Note that the highest turbulent intensity is less than the
value used in [I6]; however, the integral length scale is about 8 times larger,
making it comparable to typical values in laboratory experiments.

The base grid in each case had a cross section of 256 x256, with two levels
of refinement used once the flame had become established, giving an effective
resolution of 1024x1024 in cross section. The simulations at Ka = 1 and 4 had
a domain that was four times longer in the direction of propagation than each of
the lateral directions, and the simulations at Ka = 12 and 36 were eight times
longer. A significant buffer region of refinement was used ahead of the flame
to ensure that the turbulence was well-developed (i.e. the cascade had reached
the high wavenumber modes) as established in [16]. A particular advantage of
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adaptive mesh refinement is that the turbulent flame can be established on the
base grid, and the full resolution simulations run for a short period time for
data collection. The data presented for the four Karlovitz numbers were taken
after 4.5, 11, 14 and 24 turbulent eddy turnover times, respectively, measured
from the beginning of the simulation.

3. Analysis of Simulations

Before examining the turbulent flames in detail, an overall characterisation of
the behaviour is given, including turbulent flame speeds and correlations with
curvature. Slices of molar concentration show an apparent thickening of the
flame, especially in the preheat zone, which is quantified using a thickening fac-
tor. Finally, the effect of turbulence on the chemical composition is investigated
using conditional means of species molar concentrations.

3.1. Overview

In figure 2] representative slices of temperature and fuel consumption rate are
presented for the four cases; the entire width of the domain is shown, but only
1.5 domain widths are shown in the direction of flame propagation. Each panel
is normalised by the corresponding value from the unstrained laminar flame. As
expected, as Ka increases, there is an increase in both flame surface area and
flame wrinkling; there are a greater number of features with high curvature.
There appears to be only a slight increase in fine scale structure between Ka = 12
and 36, suggesting that the large-scale interactions are saturating.

Global consumption-based flame speed (defined as the volume integral of
fuel consumption over the domain divided by the cross-sectional area of the do-
main) normalised by the unstrained laminar flame speed is shown in ﬁgure as a
function of both time and Karlovitz number for the four cases. The simulations
do not cover a sufficiently long time to obtain a statistically converged mean
flame speed, but nominal averages are denoted by crosses, and the vertical lines
show the entire range of values obtained during the averaging period. Even at
Ka = 1, the turbulent flame speed is over four times that of the unstrained
laminar flame, and increases with Karlovitz number (as does the spread), and
possibly levels off around Ka = 36 at just over ten times faster than the un-
strained laminar flame. The high turbulent flame speed results from the increase
in flame surface area; the circle and square in figure b) respectively denote the
consumption-based flame speed and normalised flame surface area (based on the
flame surface area of the isotherm corresponding to the peak heat release) at
the same time point. Note that such an increase in flame surface area is partly
due to the large domain size and integral length scale (L = 40l and [ = 4ip).

3.2. JPDFs of Flame Speed and Curvature

At ¢ = 0.7, the global Lewis number is approximately unity, which is re-
flected in the fuel consumption plot in figure[2} which is essentially uniform along
the flame front for Ka = 1 and 4. At Ka = 12 and 36, the turbulent intensity
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Figure 2: Representative two-dimensional slices through the three-dimensional simulations at
A = 4. Top-to-bottom are Ka = 1, 4, 12 and 36, respectively. The panels left-to-right are
temperature, fuel consumption rate and heat release, respectively. The entire domain width
is shown, but only 1.5 domain widths in the V?rtical direction.
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Figure 3: (a) Consumption-based turbulent flame speed as a function of eddy turnover time;
crosses denote the time at which statistics were taken, and the horizontal line denotes a
nominal average taken after the flame has become established and the period over which it
was evaluated. (b) Consumption-based turbulent flame speed as a function of Ka; crosses
denote the same average as (a), the vertical line denotes the spread of values attained during
the averaging period, circles denote the time at which statistics were taken, which is compared
with the normalised flame surface area (based on the isotherm corresponding to peak heat
release) denoted by squares.
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Figure 4: Joint probability density functions of normalised turbulent flame speed s%./sp
and normalised mean curvature Mg for the four cases at A = 4. At Ka = 1, the JPDF
is essentially flat, indicating little variation along the flame surface. With increasing Ka, a
negative correlation becomes apparent; there is a decrease in the reaction rates at high positive
curvature.

becomes sufficiently strong to disrupt the preheat zone and there is variability
in both the fuel consumption rate and the heat release along the flame front.
Of particular note is a reduction of fuel consumption rate and heat release in
regions of high positive mean curvature (where the centre of curvature is in
the products). To quantify this effect, the flame surface was identified with the
1484 K isotherm, which is the temperature corresponding to peak fuel consump-
tion in the flat laminar flame. A local coordinate system is then constructed in
a neighbourhood of the flame by following integral curves of VT, following the
procedure detailed in [I§]. Given a fine triangularisation of the flame surface,
a prism (with triangular cross section) can be constructed extending from the
triangle that follows the local coordinate lines in both directions. Integration of
the fuel consumption over these prisms allows a local consumption-based flame
speed to be defined,

1
c .

T = (pYCH4)rcacArcf (9] PLICH, dQ’ (1)
where the suffix reac denotes the reactants, € is prism volume, and A, is the
area of intersection between the € and the flame surface. In figure 4, JPDF's of
s7 and mean curvature M are plotted for the four cases, where M = k1 + K2
on the flame surface for x; and ko the two principal curvatures. At Ka =
1, the JPDF is essentially flat, indicating that s% is insensitive to curvature.
As Ka increases, the JPDF broadens, reaffirming the increased occurrence of
highly curved structures. An increasingly strong negative correlation emerges
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with increasing Ka, illustrating an increasing dependence of the local flame
structure on curvature; in regions of high positive curvature, there is a decrease
in the local consumption-based burning speed, and conversely in regions of
high negative curvature, there is an increase in s%. The normalised flame speed
is approximately 5% higher than that of the unstrained laminar flame, so the
five-to-tenfold increase in overall consumption-based turbulent flame speed in
figure [3| can be attributed primarily to the increase in surface area.

3.8. Slices of molar concentrations

Slices of density and molar concentration for eight species for the same slice
as figure 2] at Ka = 36 are presented in figure [5} all of the slices have been
normalised by corresponding values from the unstrained laminar flame. The
different species have been chosen as representative of different classes of species
or because they present interesting behaviour, and the same species will be used
in considering conditional means below; all of the species have been included as
supplementary material. The species classifications used are reactants (CHy and
O3), products (COy and H,0), stable intermediate species (Ha, CoHg, CoHy,
CsHs, CoHo, CH3OH, HCCOH, CH,0, CH3CHO, CH,CO and CO), species
with low-temperature activity (HO2, HoO2, CH30, C3H7 and CH,CHO), high-
temperature radicals with non-zero concentrations above 1800K (H, O, and
OH), and the other high-temperature radicals (HCO, CoHs, CH3, CH»-S, CHo,
HCCO, CQHg, CQH, CHQOH, CH and C)

It is immediately apparent from the slices of density and fuel (figure a,b);
representative of reactants) that there is significant broadening of the preheat
zone; there is light red/orange several integral length scales from the flame sur-
face; this is suggestive that turbulence is able to mix species in the preheat zone,
and will be considered in more detail below. A similar picture is presented by
CO4 (figure c); representative of products) where pale blue regions can be
seen far from the flame surface. Again, for ethane (figure d); representative of
stable intermediates), there appears to be pale blue regions extending into the
preheat zone, but the maximum concentration exceeds that of the unstrained
laminar flame (highlighted in black); perhaps suggestive of more intense or nar-
rower burning. HO5 and CH30 (figure e,f ); representative of species that have
low-temperature activity) present strong curvature dependence (as previously
reported [5]), where concentrations drop almost to zero in regions of high pos-
itive curvature, and far exceed the peak value of the unstrained laminar flame
in regions of negative curvature (again, highlighted in black). Molecular and
atomic hydrogen (figure [5g,h)) are highly diffusive, and are considered sepa-
rately from the other species of the same type. The former is both highly mobile
and relatively stable at low temperatures, which is reflected by the diffuse image.
Atomic hydrogen is a high-temperature radical, and shows broad regions that
exceed the peak value in the unstrained laminar flame (once again, in black).
Finally, HCO (figure i); representative of the other high-temperature radicals)
naturally presents a narrow profile, but also a slight reduction in regions of high
positive curvature.

10
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Figure 5: More representative slices through the A = 4 Ka = 36 case, showing density and
molar concentrations. Species have been chosen as representative of a class of species, or
because they are particularly interesting. CHy is representative of the reactants, CO2 of the
products, CoHg of stable intermediates, HO2 and CH30O of species active at low temperature,
and HCO of high-temperature radicals, Hy and H are interesting due their high diffusivity.
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Figure 6: Thickening factor ©(T') (defined according to equation [2)) for the three higher Ka
cases at A = 4 (solid lines). Note that there is increasing thickening of the preheat zone with
increasing Ka, but the reaction zone thickness is not affected at these Karlovitz numbers. The
dashed lines denote the matching hydrogen flames from [19], which show different behaviour;
the hydrogen flames become thinner, especially in the reaction zone, as a consequence of the
thermodiffusive instability of these low Lewis number flames.

3.4. Thickening of the preheat zone

To quantify the apparent broadening of the preheat zone, a thickening factor
is defined by taking the gradient of the temperature field, evaluating the condi-
tional mean as a function of temperature (the conditioning variable is denoted
by &), and normalising by the corresponding profile from the Ka = 1 flame,

< VT(E) |§ =T >Ka=1

@n(T) = < VT(§) |£ —T >kacn . (2)

The Ka = 1 flame was used to normalise the profile (in preference to the un-
strained laminar flame) because it permits comparison with hydrogen flames
from a previous study [19]. The unstrained laminar profiles for low Lewis num-
ber flames are inappropriate because they fail to take into account the effects of
the thermodiffusive instability, effects that can accounted for by normalising by
the Ka = 1 flame. Further details of the issues characterising low Lewis number
flames can be found in [20]. Note that this will make almost no difference when
the global Lewis is close to unity or higher because the Ka = 1 will be close the
unstrained laminar profile.

The thickening factor ©,, is presented in figure [6] for Ka = 4, 12 and 36,
where the temperature has been normalised by the adiabatic flame temperature
(as a very loose reference, each step of 0.2 corresponds to just over 300K).
At Ka = 4, ©4 =~ 1 throughout the flame; there is little, if any, thickening

12
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(and by implication one would not expect substantial difference if normalising
by the unstrained laminar flame). As Ka increases, there is an increase in
the thickening factor at low temperatures; for normalised temperature below
0.3 (corresponding to approximately 760K) the flame is at least 50% thicker
at the higher Karlovitz number, increasing up to 2.5 times thicker at lower
temperature. Some thickening can also be seen up to a normalised temperature
of 0.6 (corresponding to approximately 1220 K). In all three cases, there does
not appear to be any thickening in the reaction zone.

The response of the thickening factor is dependent on the global Lewis num-
ber. To demonstrate this, the thickening factor has also been presented in fig-
ure |§| for the lean premixed hydrogen flames from a previous study, [19], which
had a global Lewis number of approximately 0.35. A very different response
is observed; rather than thickening the flame, the hydrogen flame gets thinner
with increased turbulence levels, and in stark contrast to the methane flame, the
reaction zone of the hydrogen flame is significantly thinner (the minimum value
of ©3611, is approximately 0.25). Note that this is despite taking the effects of
the thermodiffusive instability into account by normalising by the Ka = 1 flame.
Preliminary results in lean premixed dodecane flames suggest that thickening
is even more pronounced at high Lewis number, and will be presented in a fu-
ture paper. It was observed in [I9] that turbulence interacts with the hydrogen
flame to create regions of high positive curvature, in which enhanced burning
was observed as a result of the thermodiffusively unstable nature of the flame;
the observed thinning of the reaction zone is a consequence of this enhanced
burning, and not observed in the methane flame because of the globally unity
Lewis number. There is a slight suggestion that, for low temperatures in the
Ka = 36 hydrogen case, the thickening factor has increased; it may be the case
that the minimum thickness has been reached and turbulence is beginning to
have a broadening effect at low temperatures.

3.5. Conditional Means of Species Molar Concentrations

To consider the effect of turbulence on the chemical composition, conditional
means of molar concentration as a function of temperature are presented in
figures [7] and [§] for the same eight representative species shown in figure [f at
Ka =1 (left) and Ka = 36 (right), respectively (note that conditional means
for all species are provided as supplementary material). In each plot, the black
line shows the conditional mean, the grey area shows one standard deviation
either side of the mean, the red line is the unstrained laminar flame with full
transport (i.e. the normal temperature-dependent mixture-averaged transport
properties), and the blue line is a one-dimensional unstrained laminar flame with
unity Lewis number transport (i.e. the normal temperature-dependent thermal
diffusivity A was used, but species diffusion coefficients were set to D; = A/pc,).
The dashed black lines in figures [7] and [§] are intermediate profiles from one-
dimensional unstrained laminar flame calculations where species and thermal
diffusion terms have been supplemented by a simple constant turbulent diffusion

13
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Figure 7: Conditional means of molar concentration (part 1) from the A = 4 simulations at
Ka =1 (left) and Ka = 36 (right). The black line denotes the conditional mean, the grey area
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using a gradient-diffusion hypothesis following

D; = Dio+ Diurb (3)
A= )\O + pchturb (4)

where the 0 suffix denotes the usual physical value; note that this means the
turbulent Lewis number for all species is one, and the overall Lewis number
tends to one in the limit of high turbulent diffusion. The values shown for Dyy,1,
presented are {1, 3.1, 10, 31, 100, and 310} x10~%m?/s. For comparison, for the
reactant mixture at 298 K, the diffusion coefficients are Dcp, = 2.29, Dy, = 7.9,
Dy = 12.2, and \/pc, = 2.21 (all x10~%m?/s). The actual properties of turbu-
lence change across the flame due to expansion with increasing temperature, so
such a simple model is not expected to be appropriate. A comprehensive study
of turbulence models is beyond the scope of this paper, but this simple approach
can be used to gain some preliminary insight into what would be required of a
turbulent flame model to capture changes to chemical composition. Naturally,
at Diurh = 0, the normal full-transport diffusion coefficients are recovered, and
the Lewis number will tend to unity for large Diy,. It should be noted that
for this simple turbulence model the resulting flame thickness is much broader
(dimensional analysis suggests it should scale with Dtlﬁb), and as a result there
is a shift in the balance between chemical and diffusive timescales such that the
limiting chemical distribution is not the same as the unity Lewis number profile
calculated above. However, for the range of values of Dyy,1, presented here, the
general trend in chemical composition is from the full transport profile to the
unity Lewis number profile.

The methane profiles for Ka = 1 and 36 depicted in figure a,b) (representa-
tive of reactants) show almost no variation; the three-dimensional simulations,
the unstrained laminar flame, and the unity Lewis number profile all have the
same distribution. At Ka = 1, carbon dioxide, figure c), follows the unstrained
laminar flame closely with little variation. At Ka = 36, figure d), the mean
distribution has moved towards the unity Lewis number profile, and is close to
the Dyur, = 1074 profile; also, the variation has increased. This CO, profile
is representative of the HoO profile in the sense that there is shift at Ka = 36
towards the unity Lewis number profile; however, the HoO unity Lewis number
profile is lower than the full-transport profile, rather than higher. Similar be-
haviour is observed in the ethane profiles, figure e,f), which is representative
of the stable intermediates; the Ka = 1 profile is close to the unstrained laminar
flame, while at low temperatures, the Ka = 36 profile has moved towards the
unity Lewis number distribution with low variation, but at intermediate temper-
atures, the conditional mean is marginally outside the range of one-dimensional
unstrained laminar flame profiles. Note in particular that there is typically a
higher molar concentration of these intermediate species in the preheat zone
(see supplementary material) and that, because the conditional means are pre-
sented as a function of temperature, the increase is implicitly compounded by
the thermal thickening presented in figure [f} HO2 profiles are shown in figure
g,h), where, at Ka = 36, there is a much higher variation about the mean,
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but the shift from the unstrained laminar profile to the unity Lewis number
profile is observed over a broad range of temperatures; the mean is close to
the Dy = 1072 profile. The low-temperature radical CH3O is shown in fig-
ure a,b) and, Ka = 36, presents the largest variation about the mean, has a
pronounced shift from the unstrained laminar flame to the unity Lewis number
profile, and is again close to the Dy, = 107° profile. It is interesting to note
that the inconsistency between the profiles at high Dy,1, and Le = 1 is apparent
in the species with low-temperature activity. The response of molecular hydro-
gen is particularly interesting because of the significant difference between the
unstrained laminar flame and the unity Lewis number profile. Hs is highly dif-
fusive, and so with full transport, the highest molar concentration occurs at low
temperatures (T ~ 400 K). With unity Lewis number transport, the penetration
of Hs into the preheat zone is restricted, which is also observed at Ka = 36, fig-
ure d)7 where the profile is between the Db = 3.1 x 1075 and 107° profiles;
at higher temperatures, the profile appears to be little affected by turbulence.
Atomic hydrogen, while also being highly mobile, does not penetrate the pre-
heat zone due its high reactivity, and is only observed at high temperatures. It
is interesting to note that the unity Lewis number profile has a higher peak than
the unstrained laminar flame and the turbulent flame profiles; there is effectively
a drop in the Lewis number of atomic hydrogen, which means that the profile is
narrower in temperature space (note this gives no information about distribu-
tion in physical space, but figure [§] shows that the spatial distribution does not
change significantly at these high temperatures). The atomic hydrogen profile
at Ka = 36, figure f)7 is close to Dyur, = 3.1 x 1075, Finally, HCO is shown
in figure g,h) where the response is much less than other species; the effect of
turbulence is much lower in the reaction zone than at lower temperatures, but
there is still an increase in variation about the mean and a slight shift towards
the unity Lewis number profile.

In summary, the conditional means of species show that there is a shift from
the unstrained laminar flame towards a unity Lewis number profile, which occurs
at low temperatures first. This shift results in higher molar concentrations of
stable intermediates in the preheat zone, and large variations about the mean
for species involved in low-temperature chemistry. The response in the reaction
zone is slight compared to in the preheat zone. A particularly interesting profile
to consider is molecular hydrogen; it is highly mobile and so presents high
concentrations at low temperatures, which are not present in the unity Lewis
number profile. As turbulence becomes more important, packets of species are
advected together, so the effects of differential diffusion become less important.
Similar effects were shown in [I6] for fuel mass fraction and in terms of reduced
variation in local equivalence ratio. The conditional means presented here show
that with increasing Ka, the chemical compositions shift towards that of a
unity Lewis number flame, reflecting the increasing importance of turbulent
mixing. This is seen first at low temperatures, and then at higher temperatures
as the Karlovitz number is increased. Note that since the conditional means
are presented as a function of temperature, the shift to unity Lewis number
behaviour is compounded by the thickening of the preheat zone presented in
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We argue that this shift in chemical composition is actually the beginning of
the transition to distributed burning (see [I5} (16, O] and the references therein
for a detailed examination of the transition to distributed burning in supernova
flames, lean premixed hydrogen, and larger hydrocarbons, respectively; other
relevant studies include [21) 22 00, I1] 23] 24] 25]). Distributed burning is
the limiting behaviour when turbulent mixing dominates species and thermal
diffusion; all fluid parcels are advected together, and the associated turbulent
diffusion dominates the molecular diffusion (and consequentially any changes in
equivalence ratio) in this regime. This results in effectively unity Lewis number
transport. In [I6] and [9], it was shown that in high Karlovitz number flames,
turbulence leads to a reduction in variation in local equivalence ratio, and the
fuel mass fraction collapses to a unity Lewis number curve. In Savard et al. [20],
an a priori model for effective species Lewis number is proposed based on data
from [16], which tends towards unity for high Karlovitz numbers. Srinivasan et
al. [27] also observe a tendency towards unity Lewis number behaviour using
the one-dimensional LEM approach. This further demonstrates that the phe-
nomenon occurs in methane flames, in slightly different ways depending on the
type of chemical species, and that it occurs first at low temperatures, and pro-
gresses through the flame as Karlovitz number increases. The Karlovitz numbers
of the flames presented in the present paper (maximum of 36 compared with
410 in [16]) are far too low to observe distributed burning, but the onset of the
transition can be seen at low temperatures where the influence of turbulence is
strongest. Thermal expansion through the flame reduces the influence of tur-
bulent mixing on the flame, which is compounded by the effect of increasing
diffusivities of species and heat with increasing temperature.

4. Diffusion Study

The slices of fuel consumption rate and heat release in figure [2] along with
the curvature JPDFs in figure[d showed that there is a decrease in reaction rates
in regions of high positive curvature. A possible consequence of this is that the
flame surface is ‘leaking’ intermediate species, i.e. where there is a reduction in
reaction rates, there is a corresponding increase in chemical timescale (local drop
in Da and increase in Ka) that may allow turbulent mixing to draw partially
reacted parcels of fluid into the preheat zone. Natural candidates to consider
here, because of their high diffusivities, are atomic and molecular hydrogen.

To investigate these possibilities, a diffusion study has been undertaken
whereby additional three-dimensional simulations have been run at Ka = 36
where the diffusion coefficients of selected species have been artificially changed.
Specifically, three different variants have been considered: two by setting the
diffusion of atomic and molecular hydrogen independently to unity Lewis num-
ber, and finally setting all species to unity Lewis number. The three variant
cases will be denoted by Leg = 1, Leyy, = 1, and Le; = 1, respectively. To save
computational expense, the simulations were conducted at a smaller length scale
(A =1 instead of 4), aspect ratio (4 instead of 8) and computational resolution
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(a base grid of 192 x 192 x 768 with no AMR); since the focus of the study is
small-scale interaction in the reaction zone, this will not affect the conclusions.
A control simulation with full transport was run at this reduced resolution to
match the larger simulations presented in the previous section. An advantage
of running at reduced expense with no AMR means that temporal averaging
can be performed to obtain better converged statistics.

4.1. Overview

To allow for slices to be compared at the same time, a simulation with full
transport was run first up to a restart time point. Then the four different
configurations were restarted from this time point and run for the same period
of time (about 2.6 ms, which corresponds to about 75% of a flame time scale).
Slices of fuel consumption rate along with molecular and atomic hydrogen mass
fraction are shown in figures [9] and [I0] for the four cases; note that periodicity
has been exploited to stitch together slices at x = 0 and y = 0 to show more
flame surface, so the slices are two domain widths across and four high. The
slice for each field has been normalised by the peak value from the corresponding
unstrained laminar flame.

Figure |§| compares the full transport case (top) with the Ley, = 1 case
(bottom). This comparison shows that the fuel consumption and molar concen-
tration of atomic hydrogen appear to be very similar in the two different cases.
Importantly, the decrease in reaction rates in regions of high positive curvature
can be seen in both cases (as indicated by the white arrows). The profile of
molecular hydrogen for the Ley, = 1 case is slightly narrower, presents much
less variability along the flame surface, and appears less diffuse in the preheat
zone; these are natural consequences of reduced molecular hydrogen diffusion.
Other than the profile of Hy, setting Ley, = 1 has little effect on the flame
response to turbulence. Figure compares the Ley = 1 (top) and Le; = 1
(bottom) cases. These two cases again appear to be very similar to each other,
the main difference being the broader profile and higher values of Hy molar
concentration in the Ley = 1 due to the higher diffusivity in that case.

The key point to note is that the two cases in figure [0] are similar to each
other, and the two cases in figure [I0] are similar to each other, but figures [J]
and [10] are quite different. Specifically, the reduced fuel consumption in regions
of high positive curvature (as highlighted by the white arrows) can be seen in
figure [9 but not in figure This suggests that the decrease in reaction rates
in regions of high positive curvature can be attributed primarily to the diffusion
of atomic hydrogen.

4.2. JPDFs of Flame Speed and Curvature

Figure[IT]shows joint probability density functions of normalised consumption-
based turbulent flame speed and curvature for the four diffusion study cases,
similar to the A = 4 cases presented in figure [} note the flame speeds have been
normalised by the unstrained laminar flame corresponding to each case. It is
interesting to note that the flame speed of the Ley, = 1 case is about 10% faster
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full transport

fuel consumption

Le(H2)=1

fuel consumption

Figure 9: Two-dimensional slices through the three-dimensional data from the diffusion study
cases at A =1 (part 1). Note that periodicity has been exploited to stitch together the z =0
and y = O slices to show more flame surface. The panels left-to-right are fuel consumption
rate, molecular hydrogen mass fraction, and atomic hydrogen mass fraction. Each field has
been normalised by the corresponding unstrained laminar flame value. The top panels are
for the full transport simulation, and the bottom panels are from the Ley, = 1 case. Note
how these two cases are similar to each other (apart from the narrower Ho profile in the
bottom panel as a consequence of reduced diffusion), but different from those of figure in
particular, the reduced reaction rates in regions of high positive curvature are present in both
cases (as highlighted by the white arrows).

Case [ control [ Len, =1 [ Leg =1 [ Le; =1
sr [m/s] 0.188 0.206 0.181 0.186
lp [pm] 662 610 644 616

Table 2: Diffusion study flame properties.
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Le(H)=1

fuel consumption

fuel consumption

Figure 10: Two-dimensional slices through the three-dimensional data from the diffusion study
cases at A = 1 (part 2); see the caption of figure @] for details. The top panels are from the
Leg = 1 case, and the bottom panels are from the Le; = 1 case. Again, note how these two
cases are similar to each other (apart from the narrower Hy profile in the bottom panel as
a consequence of reduced diffusion), but different from those of figure @ in particular, the
reduced reaction rates in regions of high positive curvature are no longer present in either
case.
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Figure 11: JPDFs of consumption based flame speed and mean curvature for the diffusion
study cases. Note in particular how setting just atomic hydrogen to unity Lewis number results
in a flame response similar to a flame with unity Lewis number transport for all species.

than the other three cases, and the Ley, = 1 and Le; = 1 cases are about 7%
thinner (see table . The full transport case presents the same negative corre-
lation observed at A = 4, but with less variation. When Lep, = 1, the peak has
a normalised flame speed that is close to one, but slightly negative curvature,
and there is an increased variation. For Ley = 1, the JPDF is flatter, has a
peak with a normalised flame speed about 5% faster than the corresponding
unstrained laminar flame, and has moved to higher values of curvature; there is
a greater variation at negative curvature than at positive curvature. The unity
Le case also presents a flatter JPDF, with a peak close to a normalised flame
speed of one and a curvature of zero; there is less variation at negative curva-
ture than in the Leg = 1 case. Again, just by setting the diffusion of atomic
hydrogen to unity Lewis number, the flame response to turbulence is very close
to that of a flame where every species has unity Lewis number.

4.3. Thickening Factor

To consider whether these reduced reaction rates are related to the thickening
of the preheat zone, figure [12| presents the thickening factor for the four different
configurations used in the diffusion study, along with the A = 4 flames from the
previous sections. Note that these simulations were run from scratch (without
restarting from a common time point) so that the evolution of the preheat zone
in each case develops independently. The first point to note is that there is
little, if any difference, between the full transport simulations at A = 4 and 1,
supporting the use of smaller scale simulations. The second point to note is
that with unity Lewis number atomic hydrogen diffusion (in both the Ley =1
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Figure 12: Thickening factor ©(T") for the diffusion study cases at A = 1, compared with the
A = 4 cases. Note how cases with full transport at A = 1 and A = 4 have similar profiles.
The cases with reduced atomic hydrogen diffusion are actually thinner in the reaction zone.
All of the cases at Ka = 36 show significant thickening at low temperatures.

and Le; = 1 cases), the reaction zone is actually thinner than the full transport
simulations (and the Ley, = 1 case). There is a slight decrease in the thickening
at low temperatures in the Leg = 1 case. We argue that this is not sufficient to
be able to conclude that the reduced reaction rates in regions of high positive
curvature are related to the thickening of the preheat zone, especially since the
Le; = 1 appears to be thickened as much as the full transport case.

4.4. Conditional Means of Species Molar Concentrations

Figures[13]and [14] present conditional means of molar concentration for four
of the species considered previously for all four cases in the diffusion study;
specifically, COy, HO, CH30 and Hs, the rest can be found in the supple-
mentary material. The conditional means of COs for the full transport and
Len, = 1 cases are almost indistinguishable; for the Ley = 1 case, there is a
slight shift towards the one-dimensional unity Lewis number profile, but in the
Le; = 1 case, the conditional mean overlies the unity Lewis number profile. This
response is reflected in the other stable intermediates (see supplementary mate-
rial). A similar response is also observed in HO2 and CH30, but the shift in the
Ley = 1 case is much more significant, and the Le; = 1 case doesn’t quite line up
with the unity Lewis number unstrained laminar profile. This response can also
be found in the other species that display low-temperature activity (again, see
supplementary material). Interestingly, the response of the conditional mean
for Hy is different, in that the Leg = 1 case is similar to the full transport
case. Naturally, the response in the Ley, = 1 case is a shift towards the unity
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Figure 13: Conditional means of molar concentration (part 1) from the diffusion study cases
for CO2 (left) and HO2 (right); top-to-bottom are with full transport, Len, = 1, Leg = 1,
and Le; = 1, respectively. The black line denotes the conditional mean, the grey area shows
one standard deviation about the mean, the red line is the corresponding unstrained laminar
flame, and the blue line is the profile from a one-dimensional unstrained laminar flame at

unity Lewis number.
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for CH3O (left) and Ha (right); see figure 3] for details.
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Lewis number profile, and the Le; = 1 cases lines up closely. The response in
the high-temperature species is similar to the stable intermediates in as much
as the full transport case and Lep, = 1 case are similar, there is a slight shift
towards unity Lewis number in the Ley = 1 case, and the Le; = 1 case matches
the unity Lewis number profile closely (see supplementary material).

5. Conclusions

Three-dimensional direct numerical simulations using the GRIMech 3.0 de-
tailed chemical mechanism have been presented for lean premixed methane
flames in the thin reaction zone, with Karlovitz numbers ranging from 1 to
36, and an integral length approximately four times the thermal thickness of
the unstrained laminar flame. An increase in flame surface area was observed
with increasing Karlovitz number, and a decrease in the size of local structures.
The global flame speed increased with Ka up to a factor of ten, which can be
attributed to the increased flame surface area, because only small (around 5%)
increases in local consumption-based speeds were observed. Despite a global
Lewis number (i.e. the Lewis number of the deficient reactant) close to unity,
variation along the flame surface was observed at high Ka. A slight negative
correlation of local flame speed to mean flame curvature was found at high Ka.

With increasing Ka, thickening of the flame was observed at low tempera-
tures, with parts of the preheat zone found to be over twice as thick at Ka = 36
than at Ka = 1 ; the thickness of the reaction zone was found to be unaffected at
these Karlovitz numbers. With increasing Ka, a transition was observed in the
preheat zone towards the composition found in an unstrained steady flame with
unity Lewis number transport. While the reactants were largely unaffected,
products and stable intermediate species typically had higher molar concen-
tration in the preheat zone. High-temperature radicals (including H) tended
towards the unity Lewis number profiles, and the species with low-temperature
activity showed a large variability in conditional mean and a strong sensitivity
to curvature.

A simple model for turbulent species diffusion was shown to reproduce the
observed shifts toward unity Lewis number behavior in many species. While
this simple construct is not intended for modelling turbulent premixed flames,
it does illustrate that turbulence produces a similar response in chemical com-
position to enhanced diffusion, and suggests a possible approach that can be
incorporated into flamelet-based models. Much more work will be required to
consolidate this observation into a predictive model.

Finally, the role of molecular and atomic hydrogen diffusion was examined
using additional three-dimensional simulations with artificial diffusion models.
It was shown that the variability along the flame surface for the high Ka cases
can be attributed predominately to the diffusion of atomic hydrogen.

In summary, we argue that the leading-order response of the flame can be
attributed to the global Lewis number, while second-order effects observed at
the flame surface are attributed to diffusion of atomic hydrogen. Specifically, for
unity global Lewis number methane flames, there is thickening of the preheat
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zone at low temperatures, unlike the low global Lewis number hydrogen flames,
which are found to be thinner for all temperatures. Preliminary results in
high global Lewis number dodecane flames suggest that the thickening is more
pronounced, and will be explored in a future paper. In the case of the present
lean methane flames, a slight decrease in reaction reaction rates was observed
in regions of high positive curvature, which was attributed to atomic hydrogen
diffusion. Diffusion of atomic hydrogen has also been found to be responsible for
the decorrelation between fuel consumption and heat release reported in [19] for
lean premixed hydrogen flames, and will also be the subject of a future paper.
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