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HIGHLIGHTS

e Crucial role played by the leading edge of a premixed turbulent flame brush is evidenced.

o Preferential diffusion of H, significantly accelerates even highly turbulent lean H,-air flames.
e This effect is significantly more pronounced in leaner flames.

o Preferential diffusion of H weakly affects burning velocity of such flames.
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Unsteady three-dimensional Direct Numerical Simulation (DNS) data obtained from 16
statistically planar and one-dimensional, complex-chemistry, lean (equivalence ratio is
equal to 0.50 or 0.35) hydrogen-air flames propagating in forced, intense, small-scale tur-
bulence (Karlovitz number up to 565) are reported. The data are analyzed to compare roles
played by leading and trailing edges of a premixed turbulent flame brush in its propagation.
The comparison is based on the following considerations: (i) positively (negatively) curved
reaction zones predominate at the leading (trailing, respectively) edge of a premixed tur-
bulent flame brush and (ii) preferential diffusion of molecular or atomic hydrogen results
in increasing the local fuel consumption and heat release rates in positively or negatively,
respectively, curved reaction zones. Therefore, turbulent burning velocities computed by
deactivating differential diffusion effects for all species with the exception of either H, or H
are compared for assessing roles played by leading and trailing edges of a premixed tur-
bulent flame brush in its propagation. By analyzing the DNS data, a significant increase in
the local fuel consumption and heat release rates due to preferential diffusion of H, or H is
documented close to the leading or trailing, respectively, edges of the studied flame
brushes. Nevertheless, turbulent burning velocities computed by activating preferential
diffusion solely for H, are significantly higher than turbulent burning velocities computed
by activating preferential diffusion solely for H. This result indicates an important role
played by the leading edge in the propagation of the explored turbulent flame brushes.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Energy demand has shown no sign of slowing down and is
expected to increase further in the near foreseeable future due
to an increase in the world population and the rapid rise in
living standards outside developed countries [1]. Hence, there
is an urgent need to decrease or rather eliminate our heavy
reliance on fossil fuels for most of our energy demands,
especially, because the usage of fossil fuels is often considered
to substantially contribute to climate changes [2] that our
Earth could no longer withstand without inducing irreversible
consequences for future generations to come. From this
perspective, hydrogen is widely recognized to be a promising
renewable and carbon-free energy source capable for replac-
ing fossil fuels in future engines and power plants [2—5].

The possibility of using hydrogen as a sustainable fuel in
combustion engines was reviewed by many experts, e.g., see
Refs. [2,4,6—10]. These authors highlighted the need to sub-
stantially improve our understanding of physics of hydrogen
combustion in order to significantly accelerate adoption of H,
as a renewable, carbon-free fuel. Since experimental investi-
gation of hydrogen flames is expensive and challenging
[11-14], Computational Fluid Dynamics (CFD) tools could
significantly facilitate R&D of future ultra-clean and highly
efficient hydrogen combustion technologies. Accordingly,
there is a growing body of studies aiming at modeling com-
bustion of hydrogen [15—24].

However, the utility of CFD tools for research into burning
of H, in engines and power plants is strongly limited by
inability of the vast majority of contemporary models of tur-
bulent combustion, implemented into commonly used CFD
software, to predict abnormally high ratios S;/S;. of turbulent
and laminar flames speeds, which are well documented by
various research groups in a number of experiments with lean
hydrogen-air mixtures, e.g., see Refs. [25—33], as well as a re-
view article [34] or a book [35]. The present authors are aware
of a single successful attempt [36,37] to compute appropriately
high values of S;/S; for lean H,-air flames, with this result
being obtained by adapting a leading point concept of turbu-
lent burning.

In the combustion science, the concept was pioneered by
the Russian school, as reviewed elsewhere [38,39]. The
concept is based not only on physical reasoning, but alsoon a
general theory of convection-diffusion-reaction (CDR) equa-
tions, which are widely used in various fields of science.
Mathematical research into such a class of partial differential
equations was pioneered by Fisher [40] and Kolmogorov et al.
[41] who studied biological problems. In particular, Kolmo-
gorov et al. [41] rigorously proved the seminal KPP (Kolmo-
gorov, Petrovsky and Piskounov) theorem, which yielded an
analytical expression for the speed of the physically realizable
traveling-wave solution to a CDR equation whose source (re-
action) term satisfied certain constraints. The key conse-
quence of the KPP theorem consists in predicting the crucial
role played by the leading edge of a traveling wave in its
propagation. More specifically, the aforementioned physically
realizable traveling-wave speed is controlled by the behavior
of the reaction (source) term at the leading edge [41] but is not
affected by variations of this term within the wave. Such

traveling waves are called pulled waves [42,43]. Subsequent
applications and development of the KPP theory in mathe-
matical biology and other fields of science were reviewed, e.g.,
by Murray [44,45], Ebert and van Saarloos [42], and van Saar-
loos [43].

The KPP theory was also invoked for modeling premixed
turbulent burning [46—54]. Moreover, the theory laid mathe-
matical foundations for the leading point concept of premixed
turbulent flames. As already noted, an important peculiarity
of the concept consists of its capability for predicting [36,37]
the abnormally high ratios S;/S;, which are well documented
in lean hydrogen-air and lean syngas-air mixtures [25—35].
This advantage of the concept appears to be of great impor-
tance due to rapidly growing interest in developing combus-
tion engines fueled with hydrogen [4—10]. Over the recent
years, the concept was supported in experimental [31,32,55],
theoretical [56—58], and numerical, both Direct Numerical
Simulation (DNS) [59—61] and Reynolds-Averaged Navier-
Stokes (RANS) simulation [62], studies.

Nevertheless, neither the cited papers nor the KPP theory
prove that propagation of a premixed turbulent flame is
controlled by processes localized to its leading edge. The point
is that the KPP theory addresses a wide, but bounded class of
source term shapes in CDR equations, whereas the source
term shape, e.g., dependence of mean heat release rate on
mean species concentrations and temperature, is not known a
priori for a premixed turbulent flame. There are alternative
model expressions, e.g., see Refs. [49,63], but none of them is
rigorous. For the same reasons, results of studies of CDR
equations with source terms that do not satisfy the KPP con-
straints, e.g., see Refs. [57,64,65], do not allow us to rigorously
prove validity of the leading point concept either.

Moreover, in various fields of science, there are known
traveling waves whose speeds are controlled by processes
localized to their trailing edges [64,66]. Such waves are called
pushed waves [42,43]. In the combustion science, a laminar
premixed flame described by the ZFK (Zel'dovich and Frank-
Kamenetskii) theory [38,67] is a well-known example of a
pushed traveling wave. Transition from pushed to pulled
flames was also demonstrated by changing the shapes of
source terms in CDR equations [57,66,68—71]. Furthermore,
significant influence of processes localized to the trailing edge
of a turbulent flame brush on its speed was revealed in recent
DNS studies of burning of highly preheated mixtures [72,73].
Under conditions of these simulations, molecular diffusion of
atoms H into negatively curved cusps promoted local auto-
ignitions in the trailing zones of the studied turbulent flames,
thus, significantly accelerating their propagation [73] in line
with Zel'dovich's prediction [69] of spontaneous propagation
of chemical reactions due to a spatial gradient of ignition time,
caused by local mixture non-uniformities.

Thus, despite a growing body of indirect evidence in favor
of the leading point concept [31,32,55—62], at least in lean
flames of H, or H,-containing fuel blends, the hypothesis on
the crucial role played by the leading edge of such flames in
their propagation still requires further study. In particular, not
only this crucial role should be confirmed, but also conditions
under that premixed turbulent flames are pulled waves
should be explored. The present work aims at partially
bridging this knowledge gap by developing a simple numerical
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method for comparing roles played by the leading and trailing
edges of a lean hydrogen-air turbulent flame brush in its
propagation.

The method and DNS data that the method is applied to are
discussed in the next section. Numerical results are presented
and analyzed in the third section followed by conclusions. It is
worth stressing that while the reported DNS data show
several interesting effects, the present communication is
solely restricted to the major goal stated above (comparing
roles played by the leading and trailing edges of a lean
hydrogen-air turbulent flame brush in its propagation),
whereas other observed effects will be analyzed in subsequent
papers.

Methodology
Key points

First, from the theory of perturbed single-step-chemistry
laminar flames [38,74,75], it is well-known that the fuel con-
centration and temperature are locally increased (decreased)
in positively (negatively) curved reaction zones if the Lewis
number Le = a/Dy is less than unity. Here, a is the molecular
heat diffusivity of the considered fuel-air mixture; Dy is the
molecular diffusivity of the deficient reactant in the mixture,
e.g., the molecular diffusivity of H, in a lean hydrogen-air
flame, where Le < 1; and the curvature is positive if its cen-
ter is in products, e.g., in expanding cylindrical or spherical
laminar flames. Both an increase in the local temperature in
positively curved reaction zones and an increase in the local
equivalence ratio (or/and temperature) in such zones were
documented in DNS studies of single-step chemistry low Le
premixed turbulent flames [76,77] and lean complex chemis-
try hydrogen-air [78—84] or H,/NHs/-air [73] turbulent flames.

Second, in a lean complex-chemistry hydrogen-air flame,
not only molecular, but also atomic hydrogen is characterized
by high molecular diffusivity. Accordingly, via an analogy with
H,, the local concentration of H is also expected to vary
significantly in curved reaction zones due to differential
diffusion effects. However, there is an important difference
between spatial variations of H, and H in premixed flames.
While the concentration of molecular hydrogen peaks up-
stream of a reaction zone, the concentration of atomic
hydrogen peaks downstream of the zone, i.e., in a radical
recombination zone [85]. Therefore, the differential diffusion
effects are expected to increase (decrease) the local concen-
tration of H in negatively (positively, respectively) curved re-
action zones. This phenomenon was indeed documented in
recent DNS studies [73,81,82,84]. In particular, Rieth et al. [73]
analyzed DNS data obtained from (i) highly preheated statis-
tically planar lean Hj-air turbulent flames and (ii) preheated
lean NH3/H,/air flames propagating in turbulent shear layers.
The reported results do show that molecular diffusion of H
into negatively curved heat release zones can cause a signifi-
cant increase in the local concentration of atomic hydrogen
and heat release rate [73].

Thus, on the one hand, differential diffusion effects are
expected to increase the local concentration of molecular

(atomic) hydrogen in positively (negatively) curved reaction
zones, thus, increasing the local fuel consumption (heat
release) rate. On the other hand, for purely topological
reasoning, the probability of finding positively (negatively)
curved reaction zones is expected to be higher at the leading
(trailing, respectively) edge of a premixed turbulent flame
brush. Such a trend was earlier documented in experimental
[86—88] and DNS [87,89,90] studies, see also fig. 8b in Ref. [91]
as a recent example. Therefore, preferential diffusion of
molecular (atomic) hydrogen is expected to increase the local
fuel consumption and/or heat release rate at the leading
(trailing, respectively) edge of a lean hydrogen-air turbulent
flame brush. Consequently, if molecular diffusivities D, are
set equal to the heat diffusivity a for all species k with the
exception of molecular (atomic) hydrogen, preferential
diffusion of H, (H, respectively) should increase turbulent
burning velocity U; provided that processes localized to the
leading (trailing, respectively) edge of the flame brush sub-
stantially affect U;. Thus, comparison of turbulent burning
velocities computed in the cases of (i) D, = a for all species
with the exception of Dy > a and (ii) D, = a for all species with
the exception of Dy, >a offers an opportunity to compare
roles played by the trailing and leading edges of a lean
hydrogen-air turbulent flame brush in its propagation. This
simple idea is implemented in the present study. In the
following, cases (i) and (ii) will be labeled using symbols 1H
and 1H2, respectively.

Direct numerical simulations

Since the DNS setup and numerical methods were already
described elsewhere [84,92,93], we will restrict ourselves to a
brief summary of the adopted numerical approach. Uncon-
fined statistically planar and one-dimensional lean
hydrogen-air flames propagating in a forced turbulence
under the room conditions were simulated by invoking a
detailed chemical mechanism (22 reactions and 9 species) by
Kéromnes et al. [94] and adopting the solver DINO [95] to
numerically integrate unsteady three-dimensional transport
and Navier-Stokes equations in the low-Mach-number
formulation. Turbulent inflow and outflow boundary condi-
tions were set along the streamwise y-direction. Along the
spanwise and transverse x and z-directions, respectively, the
boundary conditions were periodic. The computational
domain A x 16A x A was discretized using a uniform Carte-
sian grid of Ny x 16Ny x Ny cells.

Unburned reactants were injected into the computational
domain through the left boundary y = 0. To ensure a positive
inlet velocity, the inlet flow was laminar. Inside the compu-
tational domain, turbulence was generated by adopting the
linear forcing method [96,97] in a layer of 0.5A <y < 8A. As
discussed in detail earlier [84, fig. 2a], the transverse-averaged
turbulent kinetic energy (k)(y,t) was almost independent of
time t or axial distance y both before and after embedding a
laminar flame into the flow, i.e., (k)(y, t)=ko. Similarly, the
transverse-averaged dissipation rate (e)(y, t)=eo, but only
before embedding the flame into the flow. During combustion
phase, (e)(y,t) decreased with y [84, fig. 2b] due to an increase
in the flow length scales, caused by thermal expansion. In a
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single case, simulations were also performed by switching off
turbulence generation and allowing the turbulence to decay in
time, with all other things being equal. As discussed in detail
elsewhere [84], such a change of turbulence evolution weakly
affected major trends highlighted in Refs. [84,92].

The simulation conditions are summarized in Table 1,
where v’ and L = u”®/eo[ 84 | are the rms turbulent velocity and
an integral length scale, respectively; Re; = u'L/y, is the tur-
bulent Reynolds number; n = LRe; 3/% is the Kolmogorov length
scale; v, is the kinematic viscosity of unburned mixture; ¢ is
the equivalence ratio; 67 = (T, — Ty)/max{|dT /dx|}, S, and
TP = 5{/SL are the laminar flame thickness, speed, and time

scale, respectively; Ka = (u’/SL)3/2(6{/L)1/2 and Da = 71/ 75 are
the Karlovitz and Damkohler numbers, respectively; 4x is the
grid size; T is the temperature; subscripts u and b designate
unburnt reactants and equilibrium combustion products,
respectively. The sole difference between cases ¥ and #1,
where ¢ designates a capital letter (C, D, E, or F), consists of
substitution of mixture-averaged molecular diffusivities Dy #
a, calculated using code Cantera [98] (cases %), with Dy, = a for
all species k (cases #1). In case #1H or #1H2, the same
mixture averaged Dy >a or Dy, >a was adopted, respectively,
with Dy = a for all other species. In line with the theory of
laminar premixed flames [38], cases #1 are characterized by a
higher laminar flame speed S, when compared to cases £.
Results obtained in C-set of four cases were analyzed in our
earlier paper [93]. Twelve new cases were designed to explore
effects due to variations in the equivalence ratio, u’/ S;, and L/
L. More specifically, flames C and D propagate in the statis-
tically same turbulence, but are characterized by different ¢
and, hence, by different Sy, 67, or 7. Accordingly, the values of

W /Sy, L/6F, Da, or Ka are also different for each pair of coun-
terpart cases from C and D families. Flames D and E are
characterized by different rms turbulent velocities, with all
other things being equal. More specifically, the rms velocity is

decreased in case E in order for the ratios of u'/S, to be
approximately equal in cases C and E, characterized by
different equivalence ratios and still different L/é7, Da, or Ka.
Finally, in F-set of cases, the computational domain width A
and turbulence length scale L are increased in order for the
values of u//S;, L/6%, Da, or Ka to be approximately equal in
flames C and F. Therefore, the value of ¢ is the major differ-
ence between these two flames. Among 16 simulated cases,
flame D is characterized by the highest Karlovitz number and
the lowest Damkohler number, see Table 1.

While this DNS database was created to explore several
issues, the following discussion will solely be restricted to the
major goal of the present work, i.e., comparison of contribu-
tions from leading and trailing edges of turbulent flame
brushes to burning velocities. Accordingly, the focus of dis-
cussion will be placed on cases #1H and #1H2. Other cases
and other effects found by analyzing the entire DNS database
will be addressed in subsequent papers.

When processing the DNS data, the combustion progress
variable ¢; = (Yy,u —Yn,)/Yn,u Was defined using the fuel mass
fraction Yp,; the local equivalence ratio was calculated as
follows

12Xy, + 2Xu,0 + Xu + Xon + Xno, + 2Xu,0,

- = : 1
2 2Xo2 + XH;O + Xo + Xou + 2XHOZ + 2XH202' ( )

time-dependent turbulent burning velocities were equal to

UL(t) = ( v, ) B //[(qu x,t)d: 2
)= G o ax ®

and averaging (conventional or conditioned) was performed
across transverse planes y = const, with (q)(y,t) designating
instantaneous transverse-averaged value of the quantity q.

Here, X5 is the mole fraction of species S; Wr = Zlehkwk is the

Table 1 — Studied cases

Cases ¢ Si, m/s 6f, mm u'/Sy L/oF Da Ka Re; Ax/6F Ax/n Ny A, mm
@ 0.5 0.58 0.41 11.8 1.1 0.10 33.0 158 0.045 1.85 128 24
C1 0.5 0.78 0.29 8.3 1.6 0.19 19.0 158 0.066 1.85 128 2.4
C1H 0.5 0.91 0.34 7.1 1.4 0.19 16.6 158 0.057 1.85 128 24
C1H2 0.5 0.51 0.34 12.7 1.4 0.10 39.4 158 0.057 1.85 128 2.4
D 0.35 0.12 0.92 54 0.5 0.009 565 160 0.021 1.85 128 2.4
D1 0.35 0.30 0.43 22 1.1 0.05 97 160 0.045 1.85 128 24
D1H 0.35 0.27 0.54 24 0.8 0.04 126 160 0.033 1.85 128 2.4
D1H2 0.35 0.175 0.64 37 0.7 0.02 268 160 0.029 1.85 128 24
E 0.35 0.12 0.92 11.2 0.5 0.04 53 33 0.021 1.13 64 24
El 0.35 0.30 0.43 4.5 1.1 0.24 9.1 33 0.045 1.13 64 2.4
E1H 0.35 0.27 0.54 4.9 0.8 0.17 12 33 0.033 1.13 64 2.4
E1H2 0.35 0.175 0.64 7.7 0.7 0.09 25 33 0.029 1.13 64 24
F 0.35 0.12 0.92 11.2 1.15 0.10 35 77 0.047 1.07 128 5.6
F1 0.35 0.30 0.43 4.5 2.5 0.56 6.0 77 0.103 1.07 128 5.6
F1H 0.35 0.27 0.54 4.9 2.0 0.40 7.8 77 0.082 1.07 128 5.6
F1H2 0.35 0.175 0.64 7.7 1.7 0.22 16.5 77 0.070 1.07 128 5.6
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heatrelease rate; ¢, is the specific heat capacity of the mixture;
p is the mixture density; hy is the enthalpy of species k; wy is
the rate of production of species k (note that wy, < 0); inte-
gration is performed over the 3D computational domain Q.
Finally, the local mean curvature k = V-n/2, where the unit
vector n = —Vc¢/|Vc| is normal to the iso-surface of c(x,t) =

const and points to unburnt mixture.

Unperturbed laminar premixed flames associated with
family C and three other families of the DNS cases were
simulated (i) using the same chemical mechanism [94] and
mixture-averaged molecular diffusivities for all species and
(i) running code Cantera [98]. Shown in Fig. 1 are the
normalized fuel consumption rates orp(cr) (left column) and
heat release rates Wr(cr) (right column) obtained from lean
(¢ = 0.5, top row) and very lean (¢ = 0.35, bottom row) un-
perturbed laminar flames under the room conditions. The
rates are normalized using their peak values wpimax and
Wumx in flames C or D. The laminar flame speeds and
thicknesses, reported in Table 1, have been obtained in such
simulations.
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Results and discussion

Before comparing turbulent burning velocities computed in
cases #1H and #1H2, let's first explore the key points
emphasized earlier. Fig. 2 confirms that the probability
P(6Tx >1) of finding highly and positively curved reactions
zones peaks at low values of temporally and transverse-
averaged combustion progress variable ¢ and decreases
with increasing ¢, see black lines, whereas the probability
P(6Tx < —1) of inding highly and negatively curved reactions
zones is increased by Cr, see red lines, and peaks close to the
trailing edge. These results are consistent with earlier studies
[86—91]. The increase in P(6[k < —1) by ¢ is less pronounced
than the decrease in P(6] x > 1) with Cr. At G = 0.95, the former
probability is significantly larger than the latter one in cases C,
D, and E, whereas the two probabilities are close to one
another in case F, see dotted lines.

Shown in Fig. 3 are time averaged conditioned profiles of
equivalence ratio (top row), temperature (middle row), and
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Fig. 1 — Profiles of normalized (a, c) fuel consumption and (b, d) heat release rates in the unperturbed laminar flames
characterized by (a, b) ¢ = 0.5 and (c, d) ¢ = 0.35. The rates are normalized using their peak values computed in the laminar
counterparts of case C or D. Results obtained from the laminar counterparts of cases C or D, C1 or D1, C1H or D1H, and C1H2
or D1H2 are plotted in black dotted, blue dotted-dashed, yellow dashed, and red solid lines, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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mass fraction of atomic hydrogen (bottom row), re-
normalized using the peak value of Yy in the laminar coun-
terpart of flame C characterized by ¢ = 0.5. Results reported
in the left and right columns have been sampled from the
leading and trailing zones of flame brushes in C-set of cases.
These zones are defined with (cg)(y, t) = 0.1+0.05 and cg(y,t) =
0.9+0.05, respectively. As expected in the case of Dy, = Do,,
variations in the conditioned equivalence ratio are weakly
pronounced in flames C1 and C1H, see blue dotted-dashed
and yellow dashed lines, respectively, in Fig. 3a and b. On
the contrary, the local equivalence ratio is significantly
increased (decreased) in reaction zones close to the leading
(trailing, respectively) edges of flame brushes in cases C and
C1H2. These effects are associated with an increased
(decreased) molecular flux of H, from unburned reactants to
positively (negatively, respectively) curved reaction zones
localized predominantly to the leading (trailing, respectively)
edges. Note that profiles of (¢|cg)(cr) obtained from flames C
and C1H?2 are very close to one another, thus, indicating that
the local variations in the equivalence ratio are mainly
controlled by the molecular diffusivity of H,.

Profiles of (T|cp)(cr), reported in Fig. 3c and d, are basically
similar to the profiles of (¢|cg)(cF), discussed earlier. In posi-
tively (negatively) curved fuel consumption zones (cg> 0.4)
concentrated to the leading (trailing, respectively) edge, the
local temperature is increased (decreased, respectively) in
cases C and C1H2 when compared to cases C1 and C1H. These
effects are associated not only with the local increase
(decrease, respectively) in the equivalence ratio, see Fig. 3a

-
-7
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0.6
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probability

0.2

II!II]!IIIII!IIIIII

0 0.2 0.4 0.6 0.8 1
mean combustion progress variable

Fig. 2 — Probabilities of finding 6] « > 1 (black lines) and 6] <
—1 (red lines) vs. transverse and time-averaged
combustion progress variable c¢(y). The probabilities have
been sampled from flame zones characterized by a
sufficiently high local fuel consumption rate (larger than
5% of its peak value in the studied turbulent flames).
Results obtained from flames C, D, E, and F are plotted in
solid, dashed, dotted-dashed, and dotted lines,
respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version
of this article.)

and b, but also (and mainly) with the local increase (decrease,
respectively) in the total enthalpy, because molecular flux of
chemical energy to positively (negatively, respectively) curved
reaction zones overwhelms (is overwhelmed by, respectively)
heat losses from these zones if Le < 1 [38]. Moreover, compar-
ison of curves plotted in blue dotted-dashed (C1) and yellow
dashed (C1H) lines in Fig. 3d indicates that preferential diffu-
sion of H into negatively curved heat release zones concen-
trated to the trailing edge results in increasing the local
temperature. This phenomenon is associated with a sub-
stantial increase in the local heat release rate in the low-
temperature region of negatively curved heat release zones,
explored earlier [73,81,82,84,93] and in Fig. 4d.

Fig. 3e shows that the concentration of atomic hydrogen in
reaction zones close to the leading edge is increased due to
preferential diffusion of H, to the zones, but is decreased due
to preferential diffusion of H. Indeed, (Yu|cF) is highest in case
C1H2 (large Dy, and reduced Dy, red solid line) and lowest in
case C1H (reduced Dy, and large Dy, yellow dashed line). If
both Dy, and Dy are large (case C, black dotted line), (Yy|cr) is
higher than in case C1 (blue dotted-dashed line) characterized
by reduced Dy, and Dy. The opposite trends are observed close
to the trailing edge provided that cr <0.6, see Fig. 3f. An in-
crease in (Yylc) due to preferential diffusion of atomic
hydrogen is most pronounced in the low-temperature region
(cr <0.6), cf. yellow dashed (case C1H) and blue dotted-dashed
(case C1) lines.

The trends discussed above explain variations in condi-
tioned fuel consumption and heat release rates close to the
leading or trailing edge. Fig. 4a and c shows that preferential
diffusion of molecular (atomic) hydrogen results in increasing
(decreasing, respectively) the local fuel consumption and heat
release rates close to the leading edges, cf. curves plotted in
red solid (yellow dashed, respectively) and blue dotted-dashed
lines. For instance, the peak conditioned fuel consumption or
heat release rate in the turbulent flame C1H2 or C is signifi-
cantly higher than the peak fuel consumption or heat release
rate in the counterpart laminar flame, cf. peaks of curves
plotted in red solid or black dotted lines in Figs. 4a and 1a or in
Figs. 4c and 1b, respectively. The opposite trend is observed
for these rates in the turbulent flame C1H and the counterpart
laminar flame, cf. peaks of curves plotted in yellow dashed
lines in Figs. 4a and la or in Figs. 4c and 1b. In addition,
preferential diffusion of atomic hydrogen from products to
unburned reactants can increase the local heat release rate in
the low-temperature regions [73,81,82], cf. curves plotted in
red solid (C1H2, Dy is reduced) and black dotted (C, large Dy)
lines in Fig. 4c.

Close to the trailing edge, the local fuel consumption or
heatrelease rates are also increased in the turbulent flames C,
C1H, and C1H2 when compared to the counterpart laminar
flames, cf. Figs. 4b and 1la or Figs. 4d and 1b, respectively.
Fig. 4b shows that the conditioned fuel consumption rate is
significantly higher in case C1H (large Dy, yellow dashed line)
when compared to case C1H2 (large Dy,, red solid line). A
similar effect is observed for the conditioned heat release
rates in Fig. 4d, but only if ¢ <0.7. The peak conditioned fuel
consumption or heat release rate near the trailing edge of the
turbulent flame C1H is higher than the peak fuel consumption
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flame brushes in case C (black dotted lines), C1 (blue dotted-dashed lines), C1H (yellow dashed lines), and C1H2 (red solid
lines). Shaded regions show + rms values. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

or heat release, respectively, rate in the counterpart laminar
flame, cf. peaks of curves plotted in yellow dashed lines in
Figs. 4b and 1a or 4d and 1b, respectively, but the effect
magnitude is relatively low (about 10%).

For the goals of the present study, the most important re-
sults are plotted in red solid and yellow dashed lines in Fig. 4.
Comparison of these results shows a significant increase in

the local fuel consumption and heat release rates due to (i)
preferential diffusion of molecular hydrogen close to the
leading edges and (ii) preferential diffusion of atomic
hydrogen close to the trailing edges. The same trends are
documented for three sets of leaner flames, cf. curves plotted
in red solid and black dashed lines in Fig. 5 or 6, respectively.
Thus, Figs. 4—6 support the key points stated in the second
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section and suggest comparing turbulent burning velocities
computed in cases #1H or #1H2 in order to assess a role
played by the trailing or leading edge of a premixed turbulent
flame brush in its propagation.

Evolutions of turbulent burning velocities evaluated using
Egs. (2) and (3) are shown in Figs. 7 and 8, respectively. The
time-averaged turbulent burning velocities are reported in
Table 2. These values were averaged when the normalized
time t* = t/7; was larger than 15, 6, 10, and 4 in sets C, D, E, and
F, respectively. All these results clearly show that preferential
diffusion of atomic hydrogen weakly affects turbulent burning
velocity, cf. cases #1H and 21, whereas preferential diffusion
of molecular hydrogen results in significantly increasing UL or
UT, cf. cases #1H2 and #1. For all four families of cases, the
turbulent burning velocities are significantly higher in flame
21H2 when compared to #1H, cf. curves plotted in red solid
and yellow dashed lines in Figs. 7 or 8. The computed increase
in UF or U] in cases # when compared to #1, cf. curves plotted
in black dotted and blue dotted-dashed lines, is mainly

controlled by the preferential diffusion of molecular
hydrogen.

Thus, on the one hand, Figs. 4—8 show that the high
diffusivity of H, results in significantly increasing both (i) fuel
consumption and heat release rates at the flame-brush lead-
ing edges and (ii) turbulent burning velocity (cf. cases #1 and
#21H2). On the other hand, Figs. 4—8 show that the high
diffusivity of H results in (i) significantly increasing fuel con-
sumption and heat release rates at the trailing edge (cf. cases
21H and 21 or #1H2), but (ii) weakly affects turbulent burning
velocity (cf. cases #1 and #1H). These findings considered
together evidence that the leading (trailing) edge plays an
important (minor, respectively) role in turbulent flame prop-
agation. While these findings are fully consistent with the
leading point concept [34—39], they do not prove it rigorously.

Accordingly, to further support the concept, Fig. 9 reports
time-averaged conditioned profiles of normalized fuel con-
sumption rate, sampled from (a) entire flame brushes or (b)
their middle zones characterized by cg(y,t) = 0.5+0.05. In both
cases, differences between the profiles obtained from flames C,
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C1, C1H, and C1H2 are quite moderate. These differences are
significantly smaller than differences between counterpart
conditioned profiles sampled from the flame-brush leading
edges, see Fig. 4a. Accordingly, the former differences, see
Fig. 9, do not seem to be sufficient to explain the strong influ-
ence of molecular transport properties on turbulent burning
velocity, as shown in Fig. 7a. Therefore, Figs. 4a, b, 7a, and 9

considered altogether imply that, in line with the leading
point concept, significant sensitivity of normalized turbulent
burning velocity to the high molecular diffusivity of H, is
mainly controlled by processes localized to the flame-brush
leading edge.

It is worth stressing that magnitude of effects caused by
the high molecular diffusivity of H, can be extremely high at
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flame-brush leading edge. For instance, Fig. 10 reports time-
averaged profiles of the conditioned normalized fuel con-

sumption rate (or(X,t)/wrLlce(X,t)]|or(X,t) >0.10F L max). Here,
normalization is performed (i) using dependencies of @y (ck),
calculated for the unperturbed laminar flames 2, and (ii)
substituting c¢r = cp(X, t) into these dependencies wry (cr). Here,
cr(x,t) is the local value of the combustion progress variable in

a turbulent flame. The profiles have been sampled from local
reaction zones characterized by wp(x, t)>0.1wp; max- At the
flame-brush leading edges characterized by a low (cf)(y,t), the
rate ratio wr(x,t)/wrL[cr(X,t)] can reach ten orders of magni-
tude, see Fig. 10b. While these extremely high ratios are
controlled by extremely low @rp[cr(%,t)], whereas
oF(X,t)>0.10r L max due to differential diffusion effects, the
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Fig. 7 — Normalized turbulent burning velocities Uf(t") /S, obtained from (a) C, (b) D, (c) E, and (d) F sets of flames vs.

normalized time t* = t/7.. Cases are specified in figure legends.

documented high magnitude of the rate ratio may appear to
be surprising at first glance.

To further support the leading point concept, Fig. 11 re-
ports dependencies of mean normalized fuel consumption
rates on mean combustion progress variable, with the
normalization being performed using the same wr 1 max for all
four flames %, #1, #1H, and #1H2. Comparison of curves
plotted in red solid (cases #1H2) or black dotted (cases %) lines
with curves plotted in blue dotted-dashed (cases #1) or yellow
dashed (cases #1H) lines shows that high diffusivity of H,
results in significantly increasing mean fuel consumption
rates in the largest parts of the flame brushes, with the effect
being most pronounced at their leading edges. For instance, in
flame D characterized by the highest Ka, the mean fuel con-
sumption rate orp(Cr) is much higher than opp;(Cr) in flame
D1 if G <c; = 0.2 (cf. curves plotted in black dotted and blue
dotted-dashed lines in Fig. 11b), with a ratio of the two rates
being significantly decreased with increasing c;. The effect is
even more pronounced when results obtained from flames
D1H2 (red solid line) and D1H (yellow dashed line) are
compared. The same trends are observed for other sets of
flames, but the boundary c; of the leading zone characterized
by very high ratios of &r ¢ /0F 41 OF F y112/wF #1u is decreased

with increasing ¢ (cf. Fig. 11a and d) or decreasing Ka (cf.
Fig. 11b—d).

Note that (i) the peak normalized mean fuel consumption
rate is larger than unity in flames D1 and E1, because the peak
fuel consumption rate in the laminar flame D-F, used for the
normalization, is significantly (by a factor of about 5.5, see
Fig. 1c) smaller than the peak fuel consumption rate in the
laminar flame D1-F1; and (ii) an increase in the molecular
diffusivity of H results in decreasing the mean fuel con-
sumption rate in the largest part of the mean flame brushes,
with the exception of their trailing edges (cf. curves plotted in
blue dotted-dashed and yellow dashed lines).

Fig. 12 shows that, contrary to the mean fuel consumption

rate, mean flame surface density |Vcg| is weakly affected by
differences in molecular transport coefficients in all four sets
of flames. The same trend is observed in Table 3, where time-
averaged values of the integral

1) = 13 [ Vsl (. e @

are reported. Therefore, the documented significant increase
in UF due to high molecular diffusivity of H,, see Fig. 7 and
Table 2, is mainly controlled by an increase in fuel
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Fig. 8 — Normalized turbulent burning velocities U] (t")/S, obtained from (a) C, (b) D, (c) E, and (d) F sets of flames vs.

normalized time t* = t/7;. Cases are specified in figure legends.

Table 2 — Time-averaged mean turbulent burning
velocities.

Cases C Cl CilH CiH2 D D1 D1H D1H2

Ub(t*)/S. 82 43 29 12.6 149 34 38 15.0
uf(t)/s. 80 41 28 11.9 149 34 36 14.1

Cases E El E1H E1H2 F F1 F1H F1H2

UF(f)/S. 126 22 17 117 224 45 38 185
Ur(t)/s. 126 22 16 109 224 45 36 173

consumption rate. A similar result was earlier reported by
Chakraborty and Cant [76] who performed DNS of single-step-
chemistry turbulent flames characterized by various Lewis
numbers. Moreover, since thermo-diffusive instability of a
premixed flame results in increasing flame surface area
[38,74,75]; in turbulent flames, the instability is often associ-
ated with an increase in flame surface density. Accordingly,
Fig. 12 does not seem to evidence that the instability plays an
important role in the studied turbulent flames. In this regard,
it is worth recalling a DNS study of two weakly turbulent (u'/
S, =0.72 and 2.8) V-shaped flames, performed by Day et al.

[99]. These authors have noted that “with increasing turbu-
lence levels ... fluctuations, at even the lowest intensity levels,
appear to suppress to some extent the growth and propagation
of the spherical burning cells characteristic of the thermo-
diffusive instability” [99, p. 1043]. Moreover, other DNS data
[100, fig. 6] show that both length scales and magnitudes of
fuel consumption rate perturbations are very different in un-
stable laminar and turbulent lean Hy/air flames. These sig-
nificant differences appear also to put into question a
hypothesis that thermo-diffusive instability controls the
strong influence of differences in molecular transport co-
efficients on turbulent burning velocity in lean H,-air
mixtures.

In addition to the results discussed above, Figs. 5-8 and
Table 2 show other trends that deserve consideration:

e Anincrease (when compared to the laminar flames) in the
fuel consumption or heat release rate due to preferential
diffusion of molecular hydrogen is much more pronounced
at the leading edges of the leaner turbulent flame brushes
D1H2, E1H2, and F1H2 when compared to the richer tur-
bulent flame C1H2, cf. curves plotted in red solid lines in
Fig. 1 and in the left columns of Figs. 4—6. In particular,
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Fig. 10 — Time-averaged conditioned profiles of the fuel consumption rate or(x,t), which is normalized using the
unperturbed-laminar-flame fuel consumption rate or 1 [cr(X,t)] evaluated at the local value of the combustion progress
variable in the turbulent flame. The profiles have been sampled from local reaction zones characterized by wp(x,t) >
0.1wF L max- Profiles sampled from flames %, #1, #1H, and #1H2 are plotted in black dotted, blue dotted-dashed, yellow
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https://doi.org/10.1016/j.ijhydene.2022.05.140
https://doi.org/10.1016/j.ijhydene.2022.05.140

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 23444—23461

23457

0.4

Aoy o Lo b b b\
0 0.2 0.4 0.6 0.8 1

mean combustion progress variable

(a)

normalized fuel consumption rate

o
%

T

[rroT

o
o
|

I\[\\
Ly
<

1

\ 1 1 ‘ 1 1 ‘ 1 1 1
0 0.2 0.4 0.6 0.8 1

mean combustion progress variable

(c)

normalized fuel consumption rate

[T

[\
Ty

—
TT 7T

normalized fuel consumption rate

0 ..--f‘.f:--{"'lx \‘ TR T T I N
0 0.2 0.4 0.6 0.8 1

mean combustion progress variable

(b)

-‘E 2 T ‘ T T
£1.5

E L 1
s 1 -

f— F " _,.,_.\:\'*'\f\" o, =
5] e .

= e’ X

: k _-/"'\‘ R ]
205 ~

= 0.0 j ",‘ \i
3 Ll [ Ll L
- 0.2 0.4 0.6 0.8 1

mean combustion progress variable

(d)

Fig. 11 — Variations of mean normalized fuel consumption rates across flame brushes in (a) G, (b) D, (c) E, and (d) F sets of
flames. Results obtained from flames 7, 71, #1H, and #1H2 are plotted in black dotted, blue dotted-dashed, yellow dashed,
and red solid lines, respectively. In all four cases 7, 1, #1H, and #1H2, the normalization is performed using the peak fuel
consumption rate or 1 max in the unperturbed laminar flame (a) C or (b—d) D. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

ratios of the peak conditioned fuel consumption rates
sampled from the turbulent flames at (c¢)(y,t) = 0.1+ 0.05,
see Figs. 43, 53, ¢, and e, to the peak fuel consumption rates
in the counterpart laminar flames, see Fig. 1a and c, are
equal to 4.3, 16.4, 11.8, and 7.7 in cases C1H2, D1H2, E1H2,
and F1H2, respectively. For the heat release rates, similar
ratios are equal to 3.4, 11.1, 8.7, and 6.4, respectively. These
numbers show that the effect magnitude (i) is larger for the
fuel consumption rate when compared to the heat release
rate and (ii) is decreased with decreasing Ka, see Table 1, for
the leanest flames D1H2, E1H2, and F1H2.

An increase (when compared to the counterpart laminar
flames) in the fuel consumption or heat release rate due to
preferential diffusion of atomic hydrogen is observed at the
trailing edges of the studied turbulent flame brushes, see
right columns in Figs. 4 and 5, but the effect magnitude is
relatively low (for the peak conditioned rates, it is about
20% in case D1H characterized by the highest Ka and 10% or
less in other #1H cases).

Influence of differential diffusion on turbulent burning
velocity is more pronounced in the leaner mixture. For

instance, ratios of Ry=(Uf/S.),/(UE/S.),, are equal to 1.9,

4.4,5.7,5.0 for pairs C and C1, D and D1, E and E1, F and F1,
respectively. While the major non-dimensional charac-
teristics of premixed turbulent flames are approximately
the same in cases C and F, the ratio Ry is significantly larger
in the leaner flame F.

e The magnitude of such differential diffusion effects de-

pends weakly on Karlovitz number, cf. Ry for D and F sets of
cases and note that Kap /Kar =17. The computed effect of Ka
on Ry is significantly less than the effect of the equivalence
ratio, cf. cases C and F. For the leaner flames D, E, and F, the
ratio Ry depends non-monotonously on Karlovitz number.
The peak value of Ry = 5.7 is reached at Ka = 53.

e Under conditions of the present study (intense small-scale

turbulence), the normalized turbulent burning velocity UE/
S, is significantly increased by the integral length scale L,
cf. cases E and F in Table 2. The effect magnitude is almost
the same for low Le and equidiffusive flames, i.e., (i) UF/S;
in flame F is larger by a factor about 1.8 than this ratio in
flame E and (ii) UF /S, in flame F1 is larger by a factor about
2.2 than UF/S; in flame E1. Note that a significant decrease
in burning velocity with decreasing an integral length scale
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Fig. 12 — Variations of mean flame surface densities across flame brushes in (a) G, (b) D, (c) E, and (d) F sets of flames. Results
obtained from flames ¢, 71, #1H, and #1H2 are plotted in black dotted, blue dotted-dashed, yellow dashed, and red solid
lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Table 3 — Time-averaged integrals >f(t) of mean flame surface density.

C C1 C1H C1H2 D D1 D1H D1H2

E El E1H E1H2 F F1 F1H F1H2

34 4.3 3.3 4.2 2.6 BES 87/ 29

2.3 23 1.9 2.8 4.4 4.4 2.7 5.1

of intense small-scale turbulence was also observed
[101,102] by analyzing other DNS databases obtained from
lean complex-chemistry hydrogen-air flames propagating
in spatially decaying turbulence.

Further discussion of the trends listed above is beyond the
scope of the present contribution, which aims solely at illu-
minating an important role played by the leading edge of a
premixed turbulent flame brush in its propagation. These
trends will be explored in subsequent papers.

Conclusions

Unsteady three-dimensional Direct Numerical Simulation data
obtained from 16 statistically planar and one-dimensional,
complex-chemistry, lean hydrogen-air flames propagating in

forced, intense, small-scale turbulence were analyzed in order
to develop a simple numerical method for comparing roles
played by leading and trailing edges of a premixed turbulent
flame brush in its propagation. The method is based on con-
siderations that (i) positively (negatively) curved reaction zones
predominate at the leading (trailing, respectively) edge of a
premixed turbulent flame brush and (ii) preferential diffusion
of molecular or atomic hydrogen results in increasing the local
burning rate in positively or negatively curved reaction zones,
respectively. Accordingly, turbulent burning velocities
computed by deactivating differential diffusion effects for all
species with the exception of either molecular or atomic
hydrogen are proposed to be compared for assessing roles
played by the leading and trailing edges of a premixed turbulent
flame brush in its propagation.

By analyzing the DNS data, the two aforementioned hy-
potheses are confirmed and a significant increase in the local
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burning rate due to preferential diffusion of H, or H is docu-
mented close to the leading or trailing edges, respectively, of
the studied flame brushes.

For all simulated sets of flames, the bulk turbulent burning
velocities computed by activating preferential diffusion solely
for H, are significantly higher than the bulk turbulent burning
velocities computed by activating preferential diffusion solely
for H.

Moreover, fuel consumption rate is significantly increased
due to high molecular diffusivity of H,, with the effect
magnitude being much more pronounced in the vicinity of the
flame-brush leading edges. On the contrary, mean flame
surface density is weakly affected by variations of molecular
diffusivities of H, or H.

All these results are fully consistent with leading point
concept of premixed turbulent combustion. We are not aware
of an alternative approach capable of qualitatively predicting
the reported results altogether.
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