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1 Introduction

Velocity and topology of the rection front are two key characteristics both the slow and fast flames,
which can freely propagate in the hydrogen-air gas mixtures either in 3dim or in 2dim environment.
Despite of the extensive studies (for example - theoretical [1-3], experimental [4-11] and computational
[12-19]), focused on reaction front structure and its stability for the slow, laminar flames in hydrogen-
air mixtures, the clear answers on the following questions are still absent: 1) How many distinct (from
topological viewpoint) types of the slow flames can be discriminated in the hydrogen-air mixtures within
their flammability concentration range (4 — 75 vol.% H»)? 2) What are the archetypical microstructural
elements (basic constituents), which inherent to specific flame front macroscopic morphology (at given
mixture stoichiometry) ? 3) What are the quantitative (measurable or computed) metrics — macroscopic
and microscopic - for a topology-based classification of the slow flames ? Goals of this report are — 1)
to answer on the posed questions for the specific case — quasi 2-dim cylindrical expansion of the slow
flames in closed axisymmetric horizontal Hele-Shaw cell and 2) to provide the direct experimental
evidences on the basic morphotypes and to propose a preliminary set of the metrics for classification
and quantitative characterisation of the distinct, freely propagating, slow hydrogen-air flames.

2 Experimental

For systematic exploration of the topologically different hydrogen-air flames morphotypes we used
Hele-Shaw cell, described in [20]. Additional video camera was used — Evercam 2000-8-C - with
resolution 1280%860 pixels and frame speed at max resolution 2000 fps. A whole flammability
concentration range (from 4 to 75 vol.% H,), have been studied to extend and complement of the
previous experiments [20] in ultra-lean mixtures (< 12 vol.% H»). We used just horizontal, cylindrical
cell with axisymmetric ignition for two reasons — 1) to minimize impact of gravity and buoyance, 2) to
provide opportunity for cylindrical expansion of flame for explicit and easy-to-comprehend (in
comparison to 3dim cases [4,5]) demonstration of the topological features of the flames during their
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ontogenetic evolution. Observation of some of these features is hindered in the Hele-Shaw cells with
rectangular geometry and side ignition.

3 Results

3.1 Flame front morphotypes (macroscopic)

With a sequential increase of the initial hydrogen concentration (from 4 to 75 vol.% H,) in hydrogen-
air gas mixtures under normal conditions (300 K, 1 atm), only six distinct (from topological and dynamic
viewpoint) macroscopic morphotypes of the cylindrically expanding, laminar flames have been recorded
(see Figure 1). The first three morphotypes (self-quenching flame balls, ray-like and dendritic) form a
first family of the discrete (non-coherent) flames, which are characterized by a system of the multiple
discrete reaction fronts, separated by the unreacted zones. Last three morphotypes (cellular, petal- and
ring-like) constitute a second family of the flames with the continuous single reaction fronts, which
differ by macroscopic wrinkling and microscopic structure of flame brush.

ultra-lean lean near-stoichiometric  rich mixtures
A A

N7 N A Y
18,0 29,0 65,0 vol.% H,

.
discrete/non-coherent flames continuous’integral flames

Figure 1: Six topologically and dynamically distinct macroscopic morphotypes of the hydrogen-air
flames in horizontal Hele-Shaw cell (4.5 mm thickness): 1) self-quenching flame balls, 2) ray-like, 3)
dendritic, 4) cellular, 5) petal-like, 6) ring-like.

The observed quasi-2dim flame morphotypes have their 3dim analogues listed in Table 1.

Table 1: Basic topologically different slow, laminar, quasi-2dim flames and their 3dim counterparts.

Ne| families | quasi-2dim experiments 3dim experiments stoichiom.
cylindrical | rectangular 2=9,8 m/sec’ ug
geometry geometry
non- ray-like [20] [10]? raspberry- [21] isolated flame | [5] i
1l coherent/ D like balls ultra-lean
discrete dendritic [20] [10]? vortex-like [21] cellular [5] | ultra-lean
2 | flames 1
flamelets
3 contin./ | cellular [20, [9,10] cellular [6,8, cellular [5] lean
integral 17] deflagration 21,22] deflagration
flames petal-like [9] unwrinkled | [6, 8, 22] n/a near-
4 (this work) deflagration stoich.
[17]
5 ring-like (this n/a pulsating [13] n/a rich
work) deflagration

Notes: Computational studies: "in [18]; ¥ in [14,16]; * in [14,15]
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3.2 Meso- and micro-scopic reaction front patterns (elementary building blocks)

3.2.1 Isolated Drifting Flame Balls (one- and two-headed)

The first four macroscopic morphotypes (self-quenching, ray-like, dendritic and cellular) are defined by
interaction and dynamics of a system of the isolated Drifting Flame Balls. Their two basic microscopic
structures (one- or two-headed), studied computationally in [18, 20]. In the weakest near-limit ultra-lean
mixtures (see Figure 2-1 and 2-2), flames were formed by a set of practically non-interacting self-
quenched or self-sustaining DFBs. Each DFB propagates in a separate angular sector (shown by orange
lines). Number of the angular sectors is equivalent to the number of the first-generation DFBs, formed
due to primary bifurcation [24] of the pre-flame kernel, caused by the diffusional-thermal instability.
The higher hydrogen concentration the higher number of sectors. Despite stochastic nature of the DFBs
formation, the 1- and 2-headed DFBs propagate alternately in the adjacent sectors (see Figure 2-2 and
2-3). Isolated one-headed DFBs are either self-quenched in near-limit mixtures (see Figure 2-1) or self-
sustained (Figure 2-2). In stronger mixtures both 1- and 2-headed DFBs have self-branching [24] nature.
They can propagate as a stable [ 18] entities or can transform (bifurcate and merge) into each other during
higher order bifurcations (see Figure 2-3) of the DFB themselves. At Figure 2-3 the specific features for
ultra-lean stoichiometry are shown: 1) bifurcation of one 1H-DFB into two 1H-DFB and subsequent
synchronic propagation, 2) formation of a strongly interacting DFBs, whose evolution results in
formation of a topologically stable macroscopic pattern - Flame Branch (propagating in a single angular
sector, marked by ABC). It consists of - 1) one leading (“edge”) first generation (“parent”) central 2H-
DFB and 2) the a few “child” (secondary, tertiary and quaternary...) collateral | H-DFBs, branched from
the left and right components of the two “parent” 1-headed DFB. The higher hydrogen concentration
the higher number of the one-headed “child” 1H-DFBs in a single Flame Branch.

<

Figure 2: (1 and 2) One-headed Drifting Flame Balls as elementary constituents of the non-coherent
flames with ray-like and dendritic morphotypes. (3) Transitions from one 1H-DFB into two 1H-DFBs.

3.2.2 Systems of Strongly Interacting Drifting Flame Balls (Flame Branches with Triangle
Leading Edge)

In the stronger (ultra-lean and lean) mixtures three effects take place. Total number of the sectors and
the self-branching DFBs is increased (Figure 2-3 and 3-1). DFBs start to interact with each other via
higher order bifurcations of the DFBs themselves. First generation (shown by 1 at Figure 2-3) of the
DFB, formed due to primary bifurcation of the pre-flame kernel, undergone the secondary, tertiary and
quaternary bifurcations. Each subsequent bifurcations occurs at finite distance along the first-generation
DFB pathway. A set of the mutually interacting DFBs, which propagate within a single angular sector,
form a Flame Branch. Usually, macroscopic leading edge (shown by yellow continuous line at Figures
2-3,3-1 and 3-2) of the Flame Branch is a 2-headed DFB. Reaction occurs also at a few separated DFBs,
allocated along the mesoscopic envelops, shown by orange curves at Figure 2-3, 3-1 and 3-2. Distance
from edge to rearmost reaction front (shown by dashed yellow lines) can be thought of as a first
(macroscopic) geometrical characteristic - "thickness" (dashed yellow bidirectional arrows) of the flame
brushes in the dendritic, cellular, petal- and ring-like flame morphotypes. Second (macroscopic) intrinsic
characteristics both for the non-coherent and continuous flames is a distance (dotted yellow bidirectional
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arrows) from cusp location (dotted yellow curve) to the leading-edge front — flame trench depth. Third
(mesoscopic) characteristic is an angle between two tangents (blue lines) to mesoscopic envelops, which
can be regarded as a metrics of overall curvature of the flame branches. Fourth and fifth (microscopic)
metrics are — local curvatures of the leading (“parent”) 2-headed DFB and the “child” 1H-DFBs, which
belong to selected flame branch. Sixth macroscopic metric — tortuosity (wrinkling for continuous and
lacunarity for discrete flames) of the leading-edge front. For wrinkled flames it’s reasonable to use a
fractal dimension. The increase of initial hydrogen concentration results in the following changes -
thicknesses of flame brush become smaller, the flame trench depth become higher, the angle is become
higher (mesoscopic curvature of flame branch is lowering) and the local curvatures of the DFBs become
higher.

156 branches

» //flame
4 branch

10.0 vol.% H, ‘ 18.1vol.% H, 21.9 vol.% H,

Figure 3: Branches of the interacting Drifting Flame Balls as elementary constituents of the flames with
cellular morphotype (triangular leading-edge front).

3.2.3 Systems of interconnected segments of the nearly-plane intact deflagration fronts (flame
branches with trapezoidal leading edge)

In the continuous/intact flames, the flame branches for the petal-like (in near-stoichiometric mixtures)
and ring-like (in rich mixtures) morphotypes are consist of the connected segments (see Figure 4) of the
deflagration reaction fronts, appropriately, with trapezoid and ring-like morphologies and divided by a
trench with finite width.

A

leading edge front PLYA
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Figure 4: Segments of the deflagration fronts, divided by trenches with finite thickness, as elementary
constituents of the flames with petal- and ring-like morphotype.

Both morphotypes are characterized by a with nearly-plane local curvature. Difference between them is
the following. In the near-stoichiometric mixtures the combustion completeness (Figure 5) and velocity
of reaction front are high, so water steam is condensing uniformly throughout (Figure 4-1 and 4-2) all
space between leading edge front and central point of ignition. In the rich mixtures (Figure 4-3) the
combustion completeness and front velocity are small and water steam is visible only for a thin ring-
like reaction front. In both morphotypes two adjacent segments are divide by trench of finite width and
depth, comparable with radius of the Hele-Shaw cell. Additional studies (in IR and UF ranges) are
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necessary for detailed description the microstructure of the cusps (in cellular) and the trenches (petal-
and ring-like) in the continuous flames with different morphotypes.
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Figure 5: Combustion completeness vs initial stoichiometry (vol.% H2).

4 Conclusions

Experimental data on slow hydrogen-air flames topology were compiled from the previously published
works from three viewpoints — 1) flame propagation symmetry (spherical, cylindrical, plane), 2)
gravity/buoyancy impact (the Earth and microgravity conditions), 3) mixture stoichiometry. Systematic
experiments in horizontal cylindrical Hele-Shaw cell were performed to close the existing gaps in
understanding of the slow flame topologies within a 4 - 75 vol.% H; concentration range. It was observed
that at macroscopic level only two basic families of slow hydrogen-air flames exist within flammability
range of the hydrogen-air premixed mixtures, namely, non-coherent (discrete) flames and continuous
(intact) flames. Flames mesoscopic constituents (flame branches) from both families cylindrically
expand in the appropriate angle sectors. Number of these sectors is defined by diffusional-thermal or
Darrieus-Landau instabilities of the pre-flame kernel, which is dominant for a given mixture
stoichiometry. Within each sector a single flame branch is evolving. First flame family consists of two
morphotypes - ray-like and dendritic. Each flame branch in non-coherent flames consist of a system of
the elementary constituents (stable microscopic patterns), namely, multiple, discrete, locally spherical
reaction fronts (Drifting Flame Balls), which interact (bifurcate, merge) with each other with different
mode and intensity. Second flame family includes three morphotypes — cellular, petal- and ring-like.
Flame branch in continuous cellular morphotype is also composed of the system of Drifting Flame Balls.
In contrast with dendritic morphotype the leading-edge reaction front in cellular morphotype is
continuous and have triangular shape. Flame branches in petal- and ring-like morphotype are composed
of the segments of the locally planar Deflagration Flames with different tortuosity of the leading-edge
front. Two adjacent branches are separated by either a pin-point cusp (in cellular morphotype) or by
trench with finite width (in petal- and ring-like morphotypes). Six quantitative characteristics are
proposed as a preliminary set of the metrics for comprehensive, evidence-based classification and
quantitative characterisation of the topologically distinct, freely propagating, slow hydrogen-air flames.
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