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Abstract

In premixed flame propagation of lean hydrogen or hydrogen-enriched blends, both hydrodynamic and
thermo-diffusive instabilities are governing the flame front shape and affect its propagation velocity. As a
result, different types of cellular patterns can occur along the flame front in a laminar scenario. In this con-
text, an interesting phenomenon is the formation of polyhedral flames which can be observed in a Bunsen
burner. It is the objective of this work to systematically characterize the polyhedral structures of premixed
methane/hydrogen Bunsen flames in a combined experimental and numerical study. A series of lean flames
with hydrogen content varying between 20 and 85% at two equivalence ratios is investigated. The experiments
encompass chemiluminescence imaging together with Planar Laser-induced Fluorescence (PLIF) measure-
ments of the OH radical. Characteristic cell sizes are quantified from the experiments and related to the
characteristic length scales obtained from a linear stability analysis. In the experiments, it is observed that
the cell sizes at the base of the polyhedral Bunsen flames decrease almost linearly with hydrogen addition and
only a weak dependence on the equivalence ratio is noted. These trends are well reflected in the numerical
results and the length scale comparison further shows that the wavelength with the maximum growth rate
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predicted by the linear stability analysis is comparable to the cell size obtained from the experiment. The
correlation between the experimental findings and the linear stability analysis is discussed from multiple per-
spectives considering the governing time and length scales, furthermore drawing relations to previous studies

on cellular flames.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Cellular structures; Intrinsic instabilities; Linear stability analysis; Hydrogen enriched fuel blends; Polyhedral

flames,

1. Introduction

In premixed flame propagation, often intrinsic
instabilities are governing the flame front shape and
its propagation velocity, even in the case without
surrounding elements interacting with the flame [1].
Intrinsic flame front instabilities can generally be
described in terms of two main mechanisms: hydro-
dynamic or Darrieus-Landau (DL) and thermo-
diffusive (TD) instabilities [2]. Hydrodynamic in-
stabilities are caused by thermal expansion of the
fluid approaching the flame front and have a desta-
bilizing effect for any perturbation, assuming an
infinitely thin flame, while thermo-diffusive effects
can be stabilizing or destabilizing depending on the
effective Lewis number of the mixture [3], when
analysing a curved flame front in general. Both,
DL and TD instabilities, are expected to be present
in case of lean hydrogen or hydrogen-enriched fuel
blends.

The combined effect of these intrinsic instabil-
ities can manifest itself in different ways and it
highly depends on the flame configuration, since
also type and size of the confinement of the flame
[2,4] and the interaction of the flame with the
burner play a role. In practical scenarios, the onset
of instabilities is related to an initial perturbation
that causes the destabilization of the flame front.
Such perturbations are characterized by their wave-
length, a characteristic length scale of the perturba-
tion. As discussed by Creta et al. [2] there exists a
critical wavelength A, a mixture-dependent length
scale larger than the flame thickness [4], regardless
of the stabilizing or destabilizing effect of the TD
instabilities. If the initial perturbation wavelength
exceeds this critical value, the flame is destabilized.
Flame instabilities develop if the characteristic hy-
drodynamic length scale L constraining the flame
(e.g. the characteristic dimension of the burner noz-
zle or the domain width for a flame propagating in
a channel) is higher than the critical wavelength [2].
In this case, the formation of cellular structures
along the flame front can be observed. Even in the
case of weakly turbulent induced instabilities, large
scale effects due to intrinsic instabilities are impor-
tant in the flames constrained by a domain size
L > A.and they can in general be classified as large
scale flames [4]. Comprehensive studies on stability

and structure of cellular flames with a wide range
of experimental data can be found in [5].

Polyhedral flames, a variant of cellular
flames [5], can be observed in the Bunsen flame
configuration in case the deficient reactant is
also the lighter one [6]. Polyhedral flames were
firstly observed by Smithells and Ingle [7] and
studied in detail for the first time by Smith and
Pickering [8]. The authors found that the number
of corrugations of polyhedral Bunsen flames is
a function of the size of the burner tube and the
fresh gas mixture composition [8]. Later, Sohrab
and Law [9] studied the characteristics of propane
and butane polyhedral flames. They found that
the number of corrugations varies with the flow
velocity and the mixture composition. Stable and
rotating polyhedral flames were categorized by
means of a stability diagram and a varying number
of cusps was identified for a range of compositions
and velocities. Two peculiar characteristics of
polyhedral flames are the rotation of the unstable
structures [8] and the appearance of secondary
cellular structures [10]. Rotation can originate
from a change of composition and it is related
to the tendency of the flame to shift between two
stable conditions with a different number of cor-
rugations [8]. In these first studies, attempts have
been made to characterize the cell sizes. Mark-
stein [5] discussed the importance of a critical
wavelength and proposed to relate the minimum
rather than the average cell size to the critical
wavelength. Jacobi and Sohrab [10] underlined the
importance of thermo-diffusive length scales and
related them to the cell size.

The earliest indications of the relation of the
most unstable wavelength and the cell size in pla-
nar/spherical flames are found in the theoretical
work of Sivashinsky [11]. Recently, efforts have
been made to characterize the cell size (the range of
instability wavelengths) of unstable flame fronts in
planar [12-15] and circular expanding [16] flames.
Kadowaki and Hasegawa [13] studied intrinsic in-
stabilities by means of 2D and 3D linear stability
analysis (LSA). The resulting dispersion relations
from the 2D and the 3D cases were found compa-
rable. Numerical simulations of unconfined planar
flames with large computational domains have also
been performed. In such cases, the observed aver-
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Fig. 1. Top view OH — PLIF at 2mm axial height (top) as well as chemiluminescence images of the top view (middle)
and side view (bottom) of the polyhedral Bunsen flames. Flames are ordered according to the increasing number of cells
and H, content. The volumetric hydrogen content of the CH4/H; mixtures is given by Hy Vol.-%, equivalence ratio by ¢
and flame cone angle by «. upy is the bulk flow velocity. OH-PLIF images show the flame realizations with the number
of cells that were most likely to occur. Values in brackets denote the number of cells observed in the experiment by OH

PLIF with lower likelihood.

age cell size has been shown to be slightly larger
than the most unstable wavelength [12]. Altantzis
et al. [15] investigated the development of insta-
bilities in two-dimensional lean hydrogen planar
flames. The authors studied the linear growth and
nonlinear evolution of the instabilities for different
domain heights. For larger domain heights (20-80
thermal flame thicknesses), dominant single cusp
structures have been observed with the wavelengths
comparable to the domain height. Cells that are
formed after the initial perturbation and cells that
are later continuously formed along the low curva-
ture sides of the cusp had sizes corresponding to
the wavelength with the highest growth rate [15].
Berger et al. [14] performed detailed numerical sim-
ulations of unconfined, large scale, lean hydrogen
planar flames and statistically characterized the cell
size. The existence of the smallest and the largest in-
trinsic length scales was shown and the authors sug-
gested that the smallest length scale corresponds
to the most unstable wavelength predicted by their
linear stability analysis. A relation of the most un-
stable wavelength from the dispersion relation and
flame propagation velocity can also be made in tur-
bulent flows [17].

Similar analyses, which focus on the cell sizes of
polyhedral Bunsen flames, are rarely found in the
literature. It is the objective of this paper to sys-
tematically characterise the polyhedral structures
of lean premixed methane/hydrogen Bunsen flames
in a combined experimental and numerical study.
Characteristic cell sizes observed in the experiments
are quantified and related to characteristic length
scales obtained from a linear stability analysis. The
study is performed for hydrogen contents varying
from 20 to 85 Vol.-% (= % H; in the following)
considering two equivalence ratios (0.8 and 0.65).
An overview of the flames analyzed in this study
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Fig. 2. Schematic of the laminar jet burner including the
diagnostics.

with their peculiar polyhedral structure can be seen
in Fig. 1.

2. Experimental measurements
2.1. Experimental setup

The flames were stabilized on a laminar jet
burner consisting of a central jet (exit diameter
16 mm) and a surrounding co-flow (exit diameter
67 mm). Figure 2 shows the burner schematically,
including the contoured contractions used to cre-
ate block-shaped flow profiles at the exit of the cen-
tral jet and the co-flow. The jet nozzle ended in a
straight tube with a length of 31.5mm. A tube wall
thickness of 0.5 mm ensured that bluff body effects
were minimized. Within the burner, several stages
of screens and honeycombs were arranged to ho-
mogenize the main and co-flow before entering the
contoured nozzle geometries, where the central jet
contour had a contraction ratio of 20.25. An en-
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closure with a width of 15 jet diameters was used
to protect the flames from environmental influences
while windows on the sides and top allowed access
for optical measurement systems. Screens over the
entire area of the inlet and outlet section ensured
that atmospheric pressure prevailed in the enclo-
sure.

Mass flow controllers (Bronkhorst, EL-FLOW,
maximum deviation of 0.85%) were used to me-
ter the flow rates of the CH4/H,/air flow compo-
sition in the central jet. N, was used as gas in the
co-flow. To obtain a constant flame cone angle (30°
or 40°), the bulk velocity of the central jet was in-
creased accordingly with increasing hydrogen con-
tent. The lower flanks of the flame have been used
as the reference for determining the angle due to oc-
casional flame flickering close to the flame tip (see
Fig. 1).

To quantify the number of cells and the corru-
gated flame front shape Planar Laser-induced Flu-
orescence (PLIF) measurements of the OH radical
was used to capture horizontal cross-sections of the
flame cone at an axial height of 2 mm. A frequency-
doubled Nd:YAG laser (Spitlight 1000.2, Innolas,
10 Hz repetition rate) pumped a dye laser (Cobra-
Stretch, Sirah) with Rodamine 6G and another fre-
quency doubler to form a light sheet at 283 nm
(0.15cm™! spectral width, 1.4 mJ). The light sheet
of 25mm width was focused into a thickness of
110 pm within the probe volume. The fluores-
cence of OH radical was imaged by a bandpass
filter (315nm, £15) and a 105mm UV objective
onto an image intensifier (IRO X, LaVision) and a
CMOS camera (Imager M-Lite, LaVision) result-
ing in a resolution of 125 pm. Chemiluminescence
images of the flames were taken to capture the
overall structure of the flame from a side and top
view.

The main focus of this study is put on the
primary cellular structures at the flame base. The
cells are initially formed along the circumference,
and once formed, are convected upwards along the
flame cone. Additionally, non-linear effects, such
as cell merging, can play a role. Therefore, the cir-
cumference of the burner is selected as a hydrody-
namic length which is independent from the inlet
velocity and common to all studied flames. Accord-
ingly, the average cell size was determined at the
burner rim. It is noted, that the cell size is smaller
at higher heights for a fixed number of cells, but the
selection of some other height, e.g. 2mm, would
be arbitrary and would introduce inconsistencies
in terms of different additional convective time be-
tween the cases and different local mixture compo-
sition, which can occur due to preferential diffu-
sion along the Bunsen cone [18,19]. Figure 1 shows
that the cells are regularly distributed around the
circumference. Hence, the cell size can be con-
sistently determined dividing the circumference
of the burner by the number of cells (1, in
Fig. 1).

2.2. Phenomenological observations

Figure 1 depicts the OH-PLIF and chemilumi-
nescence images of the flames, with information
about the number of cells observed, hydrogen con-
tent, equivalence ratio, and cone angle. Some cases,
mainly the leaner ones at ¢ = 0.65, stabilized with
varying numbers of cells. Flames with a number of
cells, which were less likely to occur in the experi-
ment, are shown with the chemiluminescence im-
ages, and the number is indicated in brackets on
Fig. 1. The OH-PLIF images show the number of
cells that were most likely to occur.

For mixtures with lower hydrogen content (20-
50% H,), with ¢ = 0.8 and cone angle « = 40°, a
weaker cellular structure was found that is strength-
ened with increasing hydrogen content (see Fig. 1).
It was enhanced mainly in the middle cone region
for lower hydrogen contents. When these flames
were stabilised with o = 30°, the cellular structures
were suppressed by the increased inlet velocity, and
only for 40 and 50% H, weak cellular patterns were
observed near the flame tip (not shown). In these
two cases, the same number of cells was present as
for the 40° cone angle. For mixtures with 50 to 85%
H,, at ¢ = 0.65, distinct cellular structures starting
from the flame leading edge were observed. Flames
were stabilized with « = 30°, except for the 85% H,
case, where o = 40°. This regular structure is main-
tained to the flame tip, where secondary cellular
structures became prevalent. The size of the sec-
ondary structure tends to moderately increase with
hydrogen addition, as can be seen from the top view
images. The cases with 60, 65, and 70% H, were also
measured with ¢ = 0.8 and o = 30° and the num-
ber of cells showed almost no change. For the 60%
H, — ¢0.8 case, the primary structure is the weak-
est and located mainly in the upper cone region.

For both equivalence ratios investigated, a clear
dependence of the cell size (number of cells) on the
hydrogen content is found. The cell size decreases
almost linearly with the hydrogen addition. On the
other hand, a weak dependence of the cell size to
the equivalence ratio is noted, while the onset of in-
stabilities is moderately shifted up in the axial direc-
tion with the higher equivalence ratio. Moreover, it
is observed that the depth of the cell ridges is af-
fected by the equivalence ratio. Specifically, the in-
stability amplitude appears larger for lower equiv-
alence ratio (see Fig. 1).

3. Linear stability analysis

A numerical linear stability analysis (LSA) has
proven to be a powerful technique for studying
flame instabilities [12,15,20,21]. Although in the
non-linear regime of propagation, the characteris-
tic dimensions of the corrugations will differ from
those obtained from LSA, the latter remains a rig-
orous measure of the flame tendency to develop
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a) S are illustrated in Fig. 3b for one mixture with dif-
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~| = Ao > a skeletal reaction mechanism [28] developed for at-
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== Sd —> average transport model [29]. The transport prop-
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b) * the initial perturbation (Fig. 3a). A uniform veloc-
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N 20 slightly lower than the unstretched laminar burning

0 5 10 velocity in order to enable a slow flame propaga-

z* . tion. The domain size in the longitudinal direction

& x is kept constant and is large enough to allow for

10 10 an unconstrained flame propagation and instability

& . g evolution. In the lateral direction periodic bound-

° ary conditions are used. The thermal flame thick-

. 0 ness is resolved with 40 points in a uniform compu-

5 10 5 10 tational grid in both directions. Based on previous

z* z* works, e.g., [14,31,32], it can be concluded that this

Fig. 3. Schematic of the computational domain with
a perturbed planar flame (a) and exemplary evolutions
of the inner layer temperature isolines shown for the
case 70% H, — ¢0.80 and different domain heights (A =
5.6, 11.75 and 22.50¢7) (b). The isolines extracted every
At = 0.5ms are shifted for visual inspection using the fol-
lowing transformation x'+47 = x’ — Az - 103 leading to a
modified spatial coordinate x*.

corrugations. In this work, a LSA of planar flames,
whose initial conditions are comparable to the ex-
periments, is performed using direct numerical sim-
ulations to obtain the range of unstable wave-
lengths and the corresponding growth rates in the
form of dispersion relations. The resulting length
and time scales are subsequently analyzed in terms
of their relationship to the character and range
of instabilities found in the experiments. For de-
tails on the dispersion relation readers are referred
to[1,2,15] and comparisons of LSA to experiments
can be found in [5,22.23]. The canonical planar
flame configuration has been chosen for LSA in
several previous works and it has been shown that
it can provide insights into the instability character-
istics of more complex experimental or numerical
flame configurations (see, e.g. [4,24-26]).

Planar flames (Fig. 3a) are initialized with
a small sinusoidal perturbation (4y = 0.044¢r,
with the thermal flame thickness €7 = (7, —
T.)/max(dT /dx)) of wavelength A which corre-
sponds to the domain size in the lateral direc-
tion y. The growth rate of the perturbation w =
d(In A(t)/Ap)/dt is calculated tracking the ampli-
tude of the inner layer temperature isoline versus
time. Three exemplary evolutions of the flame front

resolution is suitable to resolve the unstable flame
front. A grid independence study further showed
for the 40% H, blend with ¢ = 0.8 that a flame
front resolution between 30 and 40 grid points re-
sults in less than 3% deviation for all growth rates.
The discretization schemes are 2" order in space
and 1* order in time with the Courant number set
to 0.1.

The dispersion relation is then obtained in the
form w = w(k), where k is the wavenumber of
the perturbation k = 27 /1. The dispersion relation
yields the range of unstable (and stable) wavenum-
bers, the critical (neutral) wavelength A, = 2x /k,
at which the transition from negative to positive
growth rate occurs, and the most unstable wave-
length A(wmax) = 27 /k(wmax ) corresponding to the
maximum growth rate wp.x. k. is the critical (neu-
tral) wavenumber. In this form, the dispersion re-
lation accounts for both DL and TD instabilities
for a given initial thermochemical state of the fresh
gas mixture defined by temperature 7', pressure p,
and equivalence ratio ¢ as well as hydrogen con-
tent. The dispersion relations are fitted with a poly-
nomial considering 1%, 24, and 4th order terms.
The appropriateness and necessity of using such a
fitting function for mixtures with low Le.y are dis-
cussed in further detail in [2,15].

4. Correlation between experiments and linear
stability analysis

The LSA is performed for a subset of the exper-
imental cases listed in Table 1, along with the im-
portant unstretched flame characteristics. The nu-
merical dataset reflects the wide range of hydrogen
content and the range of equivalence ratios consid-
ered in the experiments. First, the effect of hydro-
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Table 1

Fresh gas mixtures and conditions considered in the LSA, with characteristics of the unstretched premixed flames.
sz and Tp are the laminar burning velocity and the maximum flame temperature, respectively. For each mixture, the
effective Lewis number Le, the expansion ratio o and the Zeldovich number 8 are given.

Y%Hy —¢ — T sz[m/s] T;[K] {7 [mm] Leegr o B

50 — 0.80 — 300 K 0.426 2039.2 0.4026 0.859 6.60 8.54
70 — 0.80 — 300 K 0.619 2067.8 0.3441 0.814 6.54 8.06
70 — 0.65 — 300 K 0.387 1823.9 0.4320 0.714 5.82 8.78
85 — 0.65 — 300 K 0.609 1860.3 0.3717 0.664 5.79 7.98

A 50H2-¢0.80

1.00 ~ v 7OH2-$0.80
| e 70H2-¢0.65
0.75 85H2-$0.65
o | exp

WTE

0.00

T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

er /X

Fig. 4. Dispersion relations for methane/hydrogen mix-
tures calculated for 7y = 300 K. Each point corresponds
to one numerical simulation with a different domain size
y = . The continuous lines are 4th order polynomials.

gen addition is analyzed, then the variation of the
equivalence ratio is investigated considering both
numerical and experimental results.

4.1. Variation of hydrogen content

The dispersion relations obtained for mixtures
with different hydrogen content and an initial tem-
perature Ty = 300 K (see Table 1) are depicted in
Fig. 4. The wavelength is normalised by the ¢,
while the flame time 77 = £7/s; is used to nor-
malise the growth rate. The cell sizes estimated from
experiments are marked on Fig. 4 for each mixture
along with the corresponding dispersion relation.
They are normalised accordingly with £7 and indi-
cated by black vertical lines. For every mixture, the
wavelength (cell size - A;) of the observed instabil-
ities in the experiment agrees reasonably well with
the most unstable wavelength A(wpax ), which is de-
termined from the dispersion relation. This is also
shown quantitatively in Table 2 where several rele-
vant parameters from the experiment and the LSA
are listed. This correlation implies that the disper-
sion relation of planar flames and the correspond-
ing location of the highest growth rate can be used
to approximate the number of cells in the polyhe-
dral Bunsen flames. However, it is observed that A,
is slightly shifted towards A < A(wpmay) in all cases
(see Table 2), and 1-3 less cells would be predicted
LlSiIlg )‘(wmax)~

The dispersion relations shown in Fig. 4 include
two hydrogen blending levels for each equivalence
ratio considered. The average cell size (1, in Table 2)
decreases with hydrogen addition in both cases.
From the dispersion relations in Fig. 4, it is ob-
served that an increasing hydrogen content leads to
a wider range of instability modes, a decrease of
the wavelength with maximum growth rate A(wmax)
and an increase in the normalised growth rate. The
wider range of instability modes (lower value of the
critical wavelength A.) implies the possibility of for-
mation of smaller cells, while the shift in A(wpax)
implies a decreasing size of the fastest growing
cells. Different A(wmax) result in a different average
cell size in fully developed unstable flames [14] and
a higher normalised growth rate would cause en-
hanced cellular structures and deeper cusps of the
cells.

If the most unstable wavelengths extracted from
the dispersion relation (see Table 2) are directly
compared to the cell size, differences of 11-17%
are found. This represents a reasonable agreement,
considering the complexity of the configuration
and that the compressed nature of the Bunsen
burner could modify the stability properties com-
pared to the planar flame configuration. Further-
more, the trend of change of the peak position
AMwmax ) 1n the dispersion relation is similar, ~29%
and ~23% decrease, as for the measured cell size,
~25 and ~24% decrease, for lower and higher
equivalence ratio, respectively.

The increase of the maximum growth rate with
H, addition is also in agreement with the strength-
ening of the cellular structure observed in experi-
ments.

4.2. Variation of equivalence ratio

Mixtures with 50, 60, 65 and 70% H, are mea-
sured at two equivalence ratios, ¢ = 0.65 and 0.8
(see Fig. 1). An interesting observation from the
experiments is that the number of cells is weakly
affected by the equivalence ratio. It remains un-
changed or increases/decreases by one. Further, the
main differences between higher and lower equiv-
alence ratio cases are the deeper negatively curved
parts in the main cone zone for the latter case. The
LSA is performed for the 70% H, case for both
equivalence ratios in Fig. 4. 16 cells are observed
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Table 2

Comparison of relevant parameters from the experiment and from the LSA. The estimated cell size at the flame base
is given by A, while the residence time, tres = H/upyk, 1S computed based on the flame height A determined from
the burner diameter D and the cone angle «. A(@max ) is the most unstable wavelength determined from the dispersion
relation, and the time scale corresponding to the maximum growth rate is computed as tjns = 1/@max-

experiment LSA
%Hy —¢ —Tp Ap[mm] Ires[ms] M(@max)[mm] tinst (1/@max)[ms]
50 — 0.80 — 300 K 4.19 (~ 10.40¢7) 14.65 4.92 2.56
70 — 0.80 — 300 K 3.14 (~9.13¢7) 12.70 3.50 0.96
70 — 0.65 — 300 K 3.14 (~7.27¢7) 17.56 3.55 1.50
85 — 0.65 — 300 K 2.39 (~ 6.44¢7) 11.48 2.72 0.71
1.00 - — 70H2-60.80 g
—— 70H2-¢0.65 1.50 4 7TOH2-$0.65
- 70H2-¢0.50 4 85H2-¢0.65 S == ]
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Fig. 5. Dispersion relations for 70% H; mixture with
equivalence ratio variation shown on modified abscissa
where the wavelength is normalised with the characteris-
tic dimension of the burner Dr. The abscissa represents
the number of cells.

in both cases (Fig. 1), and while the absolute cell
size is not changed, the relative cell size (A;/¢7) in
Fig. 4 is different. This is caused by the change in
the £7, which is ~25% larger for lower equivalence
ratio.

From Fig. 4, it can be seen that the trend of
change of peak position and experimental points
are in agreement. This consistency is shown more
intuitively, if the A is normalised with the charac-
teristic burner length. Thus, Fig. 5 shows the dis-
persion relations where A is normalised with the
burner circumference Dz and the abscissa directly
represents the number of cells. By visual inspec-
tion of Fig. 5, the following conclusions can be
drawn: the position of the peak of the dispersion
relation related to A(wmay) is not influenced signifi-
cantly by the change of the equivalence ratio from
the experiment (also visible in Tab. 2), while the
critical wavelength A, changes. This weak depen-
dency of the most unstable wavelength to the equiv-
alence ratio explains why the number of cells ob-
served in the experiments is not very sensitive to
equivalence ratio changes. The difference in the un-
stretched flame thickness compensates for the shift
of the two corresponding dispersion relations on
Fig. 4. Illustrating the sensitivity with respect to ¢,
an additional dispersion relation closer to the lean

Fig. 6. Comparison of the numerical (grey) dispersion re-
lations with the theoretical 2"¢ order (MCB) expression
(blue). The theoretical DL instability is shown in red. (For
interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this arti-
cle.)

limit (¢ = 0.5) is calculated. Based on the numer-
ical results, a non-linear increase of 1, is expected
as the lean limit is approached (Fig. 5). This can be
attributed to a non-linear increase of £7 (~70% for
@0.65-0.50 (c.f. supplementary material). In addition
to the shift in critical wavelength A., the normalised
growth rate (the ordinate on Fig. 5) is increased by
15% with the decrease in the equivalence ratio con-
sidered in the experiment, while the increase for the
additional leaner case is 37%. Since this represents
the ratio of the flame time to the instability time
scale, its increase promotes the instability and ex-
plains deeper negatively curved parts of cells for the
lower equivalence ratio (see Fig. 1).

4.3. Comparison to theory

Next, the dispersion relations are compared to
a theoretical relation by Matalon et al. [3] (MCB),
which accounts for the diffusive transport in addi-
tion to the DL mechanism [1] (the mathematical ex-
pression is given in the supplementary material).

Theoretical dispersion relations are depicted in
Fig. 6, along with the theoretical DL instability and
the numerically determined relations shown in the
background. There is a very good agreement for the
50% H, — ¢0.8 case, while the numerical and the-
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oretical results start to deviate in the case of hydro-
gen addition (70% H, — ¢0.8) with more signifi-
cant deviations for the lower equivalence ratio, ¢ =
0.65. In general, trends of the maximum growth
rates and critical wavelengths are qualitatively in
agreement, but they are overestimated quantita-
tively for the considered parameter variation. DL
growth rates distinguish between two equivalence
ratios only, since they are negligibly affected by the
H, content. It can therefore be argued that the H,
addition is mainly causing a shift in the TD mech-
anism. On the other hand, the equivalence ratio
reduction is lowering the growth rates of the DL
mechanism, while the trend of increased growth
rates is governed by the TD mechanism. In general,
the magnitudes of the DL growth rates indicate a
significant contribution of the DL mechanism to
the overall dispersion relation.

Further theoretical results based on the work of
Sivashinsky [33] are presented in the supplemen-
tary material. The dispersion relations calculated
with the Sivashinsky implicit relation can only be
interpreted in terms of stabilising/destabilising con-
tributions for the thermo-diffusive effect since the
thermal expansion is not accounted for. The trend
of change of the growth rates is qualitatively in
agreement with the numerical results and the MCB
expression.

4.4. Discussion

As previously shown, the instability modes ob-
tained from the dispersion relation correlate well
with the cellular structures observed in the exper-
iments. Considering that the transient evolution of
an instability, as obtained from the LSA, can be
used to approximate characteristics of the stable
condition of the polyhedral flame structure is some-
what surprising. Why do the instability modes from
the LSA correlate well with the experimentally ob-
served cellular patterns which are stable and not
constantly evolving? The following discussion ad-
dresses this aspect from multiple perspectives.

An important characteristic of the Bunsen
flame is its confinement, caused by the flame an-
choring at the burner rim. The cells are distributed
along the circumference of the Bunsen flame, the
number of cells is limited to integer values, and the
cells arising in stable conditions are likely to be con-
tracted or stretched to a small extent adjusting to
the available space. If the burner circumference D
is considered a characteristic hydrodynamic length
scale confining the flame, an analogy can also be
made with earlier studies on planar and circular
flames.

Altantzis et al. [15] analyzed the instability de-
velopments of thermo-diffusively unstable planar
H, flames and found that the number of cells,
which form initially in the perturbed flame, can
be roughly estimated based on the mode with the
highest growth rate and the lateral domain size.

This observation was independent of domain size,
as shown in [15] for lateral sizes from 20 to 80¢r.
A similar study by Berger et al. [14] revealed that
the fully developed lean H, flames tend to corru-
gate at a preferential wavelength, which coincides
with the most unstable wavelength. This was also
observed in domains with large lateral sizes. In
contrast, for lateral sizes in the order of A(@may),
which can be determined from the dispersion re-
lation, the cell sizes appearing initially [15] and in
the fully developed flames [14] are more dependent
on domain size and are of the order of the criti-
cal wavelength A., and can even be smaller than A,
in the nonlinear regime [15]. In another work by
Altantzis et al. [16] it was found that the range of
rapidly growing wavelengths for perturbed circular
expanding flames is comparable to the most unsta-
ble wavelength determined from the dispersion re-
lation for planar flames.

The circumference of the burner used in this
work is in the order of 110-150¢ for the cases con-
sidered. Therefore, the development of the range
of instability modes, including the most unstable
ones, is not limited by this characteristic length
scale of the flame. However, the important differ-
ence between planar and circular expanding flames
compared to the Bunsen flame is the unconstrained
development of large cell structures (higher wave-
length modes) in the former. In the case of the Bun-
sen burner, the anchoring of the flame to the burner
wall is one of the limiting factors for these higher
wavelength modes. The development of larger cells
would require a displacement of the flame from the
anchoring location, i.e. the burner rim.

Further, an important limiting factor for cell
formation are the associated time scales. Since the
inverse of the growth rate 1/w corresponds to a
time scale of the respective instability mode, the
modes corresponding to (or close to) the highest
growth rate have the shortest time scales. They will
therefore develop the fastest and persist until other
instability modes are formed. Thus, moving away
from the most prominent mode of the dispersion
relation to either side results in larger timescales
for other modes. As observed in planar flames, cell
structures larger than A(wp,.x ) take more time to de-
velop and last longer, until they are split again into
the smaller cells [12,15].

In Bunsen flame configurations, additional as-
sociated limiting time scales related to the burner
geometry and inlet flow (convective time scales)
can be analysed in relation to the instability time
scales. Therefore, the time scales corresponding to
the maximum growth rates from the dispersion re-
lation are calculated and compared with the resi-
dence time, i.e. the time a fluid element needs to
reach the flame tip (see Table 2). By multiplying
the maximum growth rate and the introduced resi-
dence time, wmay - tes, ONE Obtains a dimensionless
parameter representing the ratio of the convective
and the instability time scale #j,q = 1/@max. Both
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these time scales are given in Table 2. Note that the
corresponding ratio is determined only for the most
unstable mode (wn,x), and the value corresponding
to all other modes is lower.

For parameter values much higher than unity,
there is enough time for the corresponding insta-
bility to grow remarkably, while the opposite is
true for values much lower than unity. The esti-
mated values here range from 5.7-16, with the low-
est and highest values for the 50% H, — ¢0.80
and 85% H, — ¢0.65 cases, respectively. The time
scales ratio can qualitatively describe the onset of
instabilities observed in the experiment. The fact
that they are of a similar order of magnitude can
explain why the instabilities are sensitive to the in-
let velocity, which can change the residence time,
and the onset of instabilities can be shifted.

The similarity in time scales can further be in-
dicative for the secondary cellular structures ob-
served at the flame tip (see Fig. 1, right), where both
intrinsic instability, differential diffusion and con-
vection mechanisms play a role. Further investiga-
tions are required to characterise the secondary cel-
lular structure in detail. In this case, local equiv-
alence ratio and local mixture composition, which
may differ from the initial mixture, play an essential
role and different intrinsic length and time scales
are to be expected for the local conditions close to
the corrugated flame tip.

A relation of the presented results can also
be drawn to the work of Sivashinsky [11] who
performed linear stability analyses of planar and
spherical/cylindrical flames using asymptotic the-
ory for sub-critical Le.s number mixtures. The
theoretical dispersion relation for planar flames
and the family of dispersion relations for spheri-
cal/cylindrical flames stabilised on a point source
were compared, for different radii R. Different
states from smooth, through regular stable cellular
structure, to absolutely unstable flame propagation
were found with increasing radii R and described
accordingly with the shift of the dispersion rela-
tions in y (w) direction as a function of R[11]. This
shift implies narrowed range of the unstable modes
around the A(wmax ), for lower values of radii R, and
helps explain the possibility of the existence of a
regular stable cellular structure also in case of Bun-
sen flames for a certain range of burner radii, where
the most unstable modes are dominant.

5. Summary

In this work, characteristics of premixed CHy
/H,-air polyhedral Bunsen flames are systemati-
cally analyzed by means of a combined experimen-
tal and numerical study. The investigation includes
mixtures with hydrogen contents varying from 20
to 85 Vol.-% and two equivalence ratios (0.8 and
0.65). The experiments are carried out with a lam-
inar jet burner and encompass chemiluminescence

imaging together with Planar Laser-induced Fluo-
rescence measurements of the OH radical. The ex-
periments are complemented by a linear stability
analysis (LSA) of planar flames, whose initial con-
ditions are comparable to the experiments.

The burner circumference D7 is the character-
istic hydrodynamic length scale along which the
cellular structures are distributed. It is found that
the cell sizes at the base of the polyhedral Bun-
sen flames, which are determined from the exper-
iments, decrease almost linearly with hydrogen ad-
dition and a weak dependence on the equivalence
ratio is noted. It is further observed that the on-
set of instabilities is slightly affected by the equiv-
alence ratio. The comparison of the length scales
between experimental and numerical results reveals
that the wavelength with the maximum growth rate
predicted by the LSA is well correlated with the
cell size obtained from the experiment. Notably, the
overall decrease of the cell size and the strength-
ening of the cellular structure with hydrogen addi-
tion observed in the experiment is well captured by
the numerical results. Furthermore, the cell size is
only weakly affected by the equivalence ratio in the
range from the experiment (¢ = 0.8 — 0.65) which
is in agreement with the weak effect of the equiv-
alence ratio on the maximum growth rate wave-
length in the dispersion relations, while non-linear
increase in the cell size is expected as lean limit is
approached.

Overall, the systematic analysis shows that the
intrinsic instabilities in planar flames can unravel
the characteristics of the flame structure and quan-
tify the instability length scales in polyhedral Bun-
sen flames reasonably well. Future work should ad-
dress in more detail the time scales associated with
the characteristic cellular patterns and the transi-
tion to secondary cellular structures observed at the
flame tip for higher hydrogen contents.
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