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Intrinsic flamefront cellular instabilities wrinkle, otherwise smooth, laminar flamefronts leading to excess
surface area and, thus, burning rate. Since such instabilities increase flame propagation speed and burn-
ing rate without any external influence, such as turbulence, they are of both fundamental and practical
interest. While extensively studied for freely propagating expanding or planar flames, cellular instabilities
can also occur in burner-stabilized premixed flames. In this study, we present an experimental investi-
gation of flamefront polyhedral instability occurring in premixed Bunsen flames for practically relevant
lean hydrogen mixtures. Through systematic experiments, we delineate the effect of flame temperature,
Lewis number, and flow rate on the stability and morphology of such flames. The results are presented as
regime maps to clearly identify the conditions for which the flame manifests the instabilities and further
illustrate how the transitional boundaries shift due to changes in experimental conditions. Moreover, the
morphology of the flames was also investigated by identifying changes in the polyhedral structure as a
function of operating conditions. Finally, we explain the observed dynamics of the polyhedral flames with
the aid of analyzes of dispersion relation and residence time.

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

With the growing concern about the environmental impacts
of traditional combustion processes, in recent years, close atten-
tion has been paid to reducing carbon emissions from energy-
producing devices. Besides initiating programs on the development
of renewable energies, strict regulations and restrictions are being
placed on the combustion of fossil fuels. Although the usage of
renewable energy, including wind and solar, has gained momen-
tum in the last few years, it is generally believed that combustion
will still occupy the largest share of the energy supply for the next
few decades. Thus, the development of new strategies for produc-
ing cleaner energy from combustion becomes critical in meeting
the world’s energy demand with limited negative impacts on the
environment. With its capability to produce zero carbon emission,
hydrogen has gained global attention as a future energy-friendly
fuel [1-4]. In particular, lean premixed hydrogen combustors are
becoming increasingly popular for gas turbines and other industrial
applications [5]. However, using hydrogen poses certain challenges
for its usage as a sustainable energy source, including its lower ex-
plosion limits and, thus, difficulty in storage. Moreover, because
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hydrogen is significantly lighter than the air, hydrogen/air mix-
tures are susceptible to combustion instabilities, including flame-
front instability. Once the flamefront instability is triggered, cel-
lular patterns appear on the flamefront and modify the smooth
morphology of the premixed laminar flame. This wrinkling of the
smooth flamefront, even in the absence of any external influences,
increases the flame surface area and significantly alters the burn-
ing rate.

Flamefront cellular instabilities can be of two modes [6,7]. The
Darrieus-Landau (hydrodynamic) instability occurs due to a sharp
temperature gradient across the flamefront and is particularly criti-
cal at high-pressure conditions [8,9]. The diffusional-thermal cellu-
lar instability, on the other hand, occurs as a result of weaker ther-
mal diffusion than mass diffusion, as noted by the sub-unity Lewis
number, Le <1 [10-12]. Here, Le is defined as the ratio between
thermal to mass diffusivities of the mixture. Modern combustors
operate at high-pressure, and crucially, combustion occurs at off-
stoichiometric conditions (and hence non-unity Le), both of which
increase the likelihood of cellular instabilities. Further, in these sys-
tems, these instabilities compete with turbulence to become the
dominating mechanism that controls the dynamics of flame prop-
agation [13-16]. Thus, cellular instabilities are practically relevant
from the perspective of the performance and operation of these
devices. To that end, a large volume of theoretical, modeling, and
experimental research has been devoted to various aspects of cel-
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lular instabilities, particularly in the context of idealized planar
flames and unbounded propagating expanding flames. These stud-
ies have identified critical parameters to describe the onset of in-
stabilities [17-19], their growth [20-25], stages of propagation [26],
degree of acceleration [23,26-28] as well as flame-induced turbu-
lence [29-31].

The previous discussion and review illustrate the popularity
of spherically expanding premixed flames to study cellular in-
stabilities. These instabilities, however, also manifest in burner-
stabilized flames, for example, Bunsen flames. A typical laminar
Bunsen flame is usually axisymmetric and constitutes a smooth
cone-shaped flamefront. However, under certain conditions, a poly-
hedral structure may appear, where the otherwise smooth cone-
shaped flame becomes wrinkled. Several straight ridges appear
from the bottom and extend all the way to the tip of the coni-
cal flame and conform to a polyhedral geometry. Unlike the well-
studied positively stretched expanding flame, the Bunsen flame has
a dominant axial flow close to the nozzle [32], and the flame sur-
face is negatively stretched. The cellular instabilities are promoted
by negative stretch [33], and thus, they predominantly appear
along radial lines in a Bunsen flame, which results in the struc-
ture of a polyhedral flame. Such polyhedral structure in a Bunsen
flame was first observed by Smithells and Ingle [34] in rich ben-
zene, pentane, and hexane mixture, which was subsequently con-
firmed to be caused due to a diffusive-thermal cellular instability.

Although relatively less-explored compared to its counterpart,
the expanding flame, there have been a few foundational stud-
ies that paved the way for our current understanding of polyhe-
dral Bunsen flames. For example, Guenoche and Markstein [35] re-
ported that the transition between smooth and polyhedral flames
can occur due to changes in flow rate, while Buckmaster [36] re-
ported that the number of sides can vary greatly under various
conditions. It was also shown that regions of polyhedral flames
can have augmented or weakened burning, manifested by bright
and dark edges, respectively, on flame chemiluminescence images
[37,38]. It was also reported that the location of ridges in a poly-
hedral flame may not be stable, as evidenced by unidirectional,
bi-directional, or chaotic rotation of the edges with rapid changes
in fuel concentration [37]. The stability of polyhedral flames, in
general, was shown to be strongly dependent on the amount of
heat loss to the burner and hence influenced by burner (nozzle)
geometry. Buckmaster [36] used linear stability analysis to deter-
mine several key parameters to identify the critical condition for
the manifestation of polyhedral flames. Furthermore, the rotational
instability of the polyhedral structures was analyzed by consider-
ing the interaction of two harmonic unstable modes. Subsequently,
the rotation instability was further investigated by Gorman et al.
[39].

While the above discussion highlights the detailed work that
investigated polyhedral flames, there is a lack of systematic study
to delineate the effects of various operating parameters on the sta-
bility and morphology of these flames. For example, in most stud-
ies, the experiments were conducted while changing two or more
operating parameters, and hence, identification of their individ-
ual effects becomes challenging. Thus, we present a detailed ex-
perimental investigation of the dynamics and morphology of poly-
hedral flames and the effects of the adiabatic flame temperature
(Tp), equivalence ratio (¢), and flow rate (Q) on them. We conduct
the study with practically relevant lean hydrogen and methane
flames.

The rest of the manuscript is put forward in several sections.
First, we discuss the experimental setup, diagnostic methods, and
the mixture conditions studied. Subsequently, we present our pri-
mary findings and discuss the results in the context of flame the-
ories. Finally, we conclude the manuscript with a summary of our
investigation of polyhedral flames.
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2. Experimental setup

Our experiments were conducted using a Bunsen burner de-
signed with a cooling jacket to ensure constant temperature and
prevent overheating of the burner tip. The detailed schematic of
the experimental setup, along with the primary optical setup, is
shown in Fig. 1. The central nozzle has an outer diameter of
15.2mm, while the inner diameter D = 12.4mm. We used a flat
burner tip, which is made of brass. The geometry of the tip is crit-
ical since the flow field near the burner exit influences the flame
configuration and stability.

The gaseous fuel (Hydrogen, H, or Methane, CH,), Oxygen (O,),
and inert gases (Nitrogen, N, or Argon, Ar) were supplied in appro-
priate proportion from separate gas cylinders and were mixed in
a small mixing chamber located upstream, before passing through
the burner nozzle. The individual flow rates of these gases and the
total volume flow rates were controlled by a number of digitally
controlled mass flow controllers (Alicat MCR: +£0.2% full scale).
Since we intend to study the dynamics of laminar flames, the to-
tal flow rate (Q) was maintained to be smaller than 30SLPM, be-
yond which the flame loses its steady shape and shows turbulent-
like behavior. Note that the transition to turbulent flame can be
identified from high-speed side view images as the conical steady
Bunsen flame geometry transforms into a highly unsteady wrin-
kled structure with a large brush thickness and short flame length.
One can define a Reynolds number as Re = pUD/u, where p and
o are the density and dynamic viscosity of the premixed gas. The
mean velocity (U) is related to the total volumetric flow rate by
U = 4Q/(nD?).

Most of the experiments were conducted using Hydrogen (Hj)-
Oxygen (0, )-Nitrogen (N,) mixtures, which have practical impor-
tance in carbon-less combustion. We varied the H, to O, ratio or
equivalence ratio (¢) to modulate Le, defined as the thermal to
mass diffusivity of the mixture. For hydrogen flames, it is well-
known that Le of the mixture decreases (or increases) with a de-
crease (or increase) in equivalence ratio (¢). The lean (¢ < 1) and
rich (¢ > 1) hydrogen flames possess Le <1 and Le > 1 mixtures,
respectively [38]. Apart from H,, a small set of experiments were
conducted using Methane(CH4)-Oxygen(0,)-Argon(Ar) mixtures to
confirm that the observed dynamics are fuel independent. Since
the Le for CH4 — O, — N, mixtures are close to unity, we used a
heavier inert gas (Ar) to reduce the thermal diffusivity of the mix-
ture and obtain the Le < 1 condition. Irrespective of the fuel, the
adiabatic flame temperature T}, of the mixture was modulated by
changing the ratio of oxygen and inert gas in the mixture. The
fundamental flame properties, such as unstretched planar lami-
nar flame speed, flame thickness, and adiabatic flame tempera-
ture, were evaluated through the PREMIXED module in Chemkin-
Pro software, using GRI-3.0 [40] chemistry model. The conditions
used in this study and their corresponding parameters are listed in
Table 1.

In literature, there are several theoretical methods that can be
used to obtain the mixture Lewis number [41]. Some of the com-
mon methods that have been proposed by various groups include
Le based on deficient species [42], heat release-based weighted av-
erage [43], volume-based weighted average [44], the diffusivity of
the fuel [45] etc. Here, we used the definition based on the global
reaction scheme proposed by Addabbo et al. [46]. The effective
Lewis number of the mixture is given by

(Leg — 1)+ (Lep —1)A
+ 1+A4 '
where Lep and Lep are Lewis numbers of the deficient and excess
species, respectively. A4 =1+Ze(® —1) is the mixture strength.
Ze =E(T, — Ty) /RTb2 is the Zel’dovich number, R is the gas constant,
T, is the adiabatic flame temperature, Ty is the unburned gas tem-

le=1 (1)
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Fig. 1. (a.) Schematic of the experimental setup with primary components and flow controllers. (inset: a typical Mie scattering image of a polyhedral flame). (b.) The top
view chemiluminescence of a polyhedral flame (lean CH4 — O, — Ar mixture). The flame is split into 5 cells, whose ridges are marked by arrows. (c.) Side view of the same
flame displaying planar Mie-scattering of horizontal cross-section as illuminated by the laser sheet. (d.) Schematic showing the coordinate system for the laminar Bunsen

flame.

Table 1
List of experimental conditions, where ¢ is the equivalence ratio and T, is the adi-
abatic temperature, s, o is the unstretched planar laminar flame speed.

Mixture Ty(K) ) 0% Le Suo(cm/s)
0.5 14.5 0.406 6.15
H, - 0; — N, 1300 + 10 0.6 12.1 0.432 6.31
0.7 10.3 0.466 6.03
0.85 8.5 0.562 6.04
0.5 15.4 0.412 9.11
H, - 0 — N, 1350 + 10 0.6 12.8 0.437 8.97
0.7 11 0.474 9.02
0.85 9 0.571 8.51
0.5 16.3 0.417 124
H, - 0; — N, 1400 + 10 0.6 13.6 0.443 12.38
0.7 11.6 0.48 11.95
0.85 9.5 0.579 11.42
0.5 17.2 0.421 16.3
H, —0; — N, 1450+ 10 0.6 14.3 0.448 15.94
0.7 12.3 0.487 15.96
0.85 10 0.588 15.43
0.5 18.2 0.426 21.17
H, - 0 — N, 1500 + 10 0.6 15.1 0.454 20.43
0.7 12.9 0.493 19.86
0.85 10.6 0.598 20.17
0.5 19.2 0.431 26.56
H, — 0; — N, 1550 + 10 0.6 15.9 0.459 25.53
0.7 13.6 0.5 24.91
H, — 0; — N, 1600 + 10 0.5 20.2 0.436 32.52
CHy — 0, — Ar 1888 0.5 22 0.954 22.77

perature, and E is the activation energy. We discuss how to evalu-
ate the activation energy in the supplementary materials. ® is the
mass ratio of excess, to the deficient species, with respect to the
stoichiometric mixture and is equal to, and reciprocal of the equiv-
alence ratio for the rich (® = ¢), and lean (® = 1/¢) mixtures, re-
spectively. Further details are provided in Addabbo et al. [46]. The
calculated Lewis numbers for all the mixtures are listed in Table 1.

As expected, for all lean H, — O, — N, mixtures, Le is smaller than
unity, and as the equivalence ratio increases, the Le increases.

As mentioned before, most of the experiments were performed
with H,, for which it was difficult to capture clear (blue) chemi-
luminescence images due to lack of CH* in flames. As an alterna-
tive, we used planar Mie-scattering imaging to visualize the mor-
phology of the Bunsen flames. For the Mie-scattering imaging, an
Nd-YLF laser (wavelength 527nm) along with sheet-making op-
tics was used to create an approximately 1mm thick laser sheet.
The premixed gas mixture passing through the burner was seeded
with D.E.H.S. (di-ethyl hexyl sebacate) droplets with a mean size
of 1—2um, which scattered the laser light. The resultant Mie-
scattering images were captured using a DSLR camera in our ex-
periments. Near the flamefront, due to high temperature, these
droplets evaporate, limiting the high seeding density only to the
unburned side. Thus, when imaged, the Mie scattering from these
seeding droplets displays the contour of the flamefront [31,47].
Since we are mostly interested in observing the polyhedral geom-
etry, we visualized the cross-section of the flame by placing the
laser sheet horizontally at a distance ~ 2mm from the burner exit
and imaging the illuminated zone from the top using a 45° mir-
ror, as shown in Fig. 1. The inset of Fig. 1a shows a typical Mie-
scattering image. For CH, flames, chemiluminescence images can
also be captured to observe the global flame shape (Fig. 1b,c).

3. Results

To explore the morphology and transitional boundaries of poly-
hedral Bunsen flames, we first established the flame at a condition
with fixed ¢ and T, by igniting the premixed gas emanating from
the nozzle. Then, while keeping the mixture condition fixed, we
increased or decreased the volumetric flow rate Q in small incre-
ments using the mass flow controllers. We waited for the flame
to achieve a steady state after each incremental change and ac-
quired images of the flame morphology at each condition. Here,
it is important to note that a change in Q alters the length of a
stable Bunsen flame. Furthermore, there exist two limits of Q be-
tween which a stable Bunsen flame can be established. When the
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Q is smaller than a critical lower limit, the flame moves inside the
burner tube, and flashback is observed. We used this flow condi-
tion as the lower critical point for each case. At a very high Q,
blow-off is observed, in that the flame detaches from the burner
and extinguishes. There also exists a Q (approximately 30SLPM for
the current burner) beyond which the flow emanating from the
burner becomes turbulent. Recognizing that the presence of turbu-
lence can significantly modify the transitional boundaries of cel-
lular instabilities, in our experiments, we used this limit as the
largest operational flow rate and limited our study to Q < 30SLPM.
The general shape and strength of the flame are also sensitive to
change in ¢ or Le. This is a common behavior of stretched flames
and has been extensively discussed in the literature in the context
of smooth, stable laminar flames. Following the above-mentioned
procedure, we performed experiments at fixed ¢ (or Le) and T, for
cases detailed in Table 1, and identified the range of flow rates for
which polyhedral flames can be observed. Simultaneously, we also
monitored the changes in the morphology of the polyhedral struc-
tures by analyzing the Mie-scattering images.

3.1. Regime maps

By repeated experiments for a large range of ¢ (or Le) and T,
we identified the range of Q over which polyhedral instabilities
were observed. The observations can be presented in the form of
regime maps, which we will discuss next.

3.1.1. T, dependence

To delineate the effect of T;, on the polyhedral cellular instabil-
ity, we plotted regime maps at fixed ¢ (or Le) for lean H, — 0, —
N, flames. These maps were constructed by identifying the state
of the flame over a range of Q for various Ts. The regime maps
for four different ¢ (or Le) are shown in Fig. 2. Different symbols
were used in the regime map to identify the state of the flames,
e.g. stars: polyhedral flame, circles: smooth laminar flame, square:
flashback. We notice that at any T;, the lowest flow rate required
for polyhedral flame (Q,;;,) was limited by flashback (green circles).
This observation is, in general, true for all the conditions we have
studied. The regime map also shows that, with increase in T, the
Qpin increases (Fig. 2a-d). This can be attributed to the increased
flame speed (S, ) with T, and hence, a larger critical flow speed
(or Q) required to avoid flashback.

At a fixed T, for Q > Qi We observe the continued existence
of the polyhedral structure over a range of flow rate until we reach
another critical value Qpmax. At this critical flow rate Qmqy, the flame
becomes smooth and devoid of any polyhedral structures (Fig. 2a-
d). This transition from polyhedral to a smooth morphology due
to an increase in flow rate was also reported in previous stud-
ies [36,37,48]. However, no clear explanation was provided about
the underlying physics of this transition. Later in the manuscript
(Section 3.3), we will show that this transition can be explained
by an analysis of residence time.

In Fig. 2, we can also observe that the Qmax decreases as we
move to higher T,. The flow rate regime over which polyhedral
flames can be observed, thus, can be defined as Qpi; < Q < Qmax.
Since both the Qp,;; and Qmax increase with T, there exists a crit-
ical value (T;,,) for a fixed ¢ (or Le), beyond which polyhedral
flames can not be observed. This critical temperature, T, in-
creases as the ¢ (and Le for H,-flames Le) decreases (T, = 1600K
for ¢ =0.5 and T,,, = 1500K for ¢ = 0.85). Comparison of the
regime maps for four different ¢ (or Le) (Fig. 2a-d) confirms that,
as we decrease Le, the range of conditions favorable for a polyhe-
dral flame becomes larger. This extension is caused by the stronger
diffusional-thermal instability for smaller Le flames.
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3.1.2. Le dependence

Next, we will discuss the role of Le on the instability by potting
the state of the flames as a function of ¢ and Q at fixed T, Fig. 3
shows such regime maps for four different Tys. It is to be noted
that for lean (¢ < 1) Hy — O, — N, flames, Le is less than unity, and
it decreases with a decrease in ¢ [38]. In general, we observe a
similar trend between all ¢ (or Le conditions) in that, at any given
¢, the polyhedral flames are observed between an upper and lower
limit of flow rates Qpin < Q < Qmax. The Q. Which is bounded by
flashback, decreases with an increase in ¢ or Le. This is consistent
with the literature on flashback [49,50], which has shown that the
critical flow rate required for flashback decreases with an increase
in Le.

At the other extreme, Qmgx, at which the polyhedral flame
transforms into a smooth flame, also decreases with an increase
in ¢ or Le (Fig. 3). Furthermore, the overall range of flow rate for
which the polyhedral flames are observed becomes larger with a
decrease in T, (Fig. 3a-d). We will show that the boundary de-
pends on the residence time scale in Section 3.3.

3.2. Morphology analysis

In this section, we will discuss the changes in the morphology
of the polyhedral flames with changes in the operating conditions.
Previous experimental studies have shown that the mixture condi-
tion and flow rate can alter the number of ridges of a polyhedral
flame. However, a detailed description and a systematic investiga-
tion are lacking. In general, at the onset of instability, the other-
wise smooth conical Bunsen flame forms ridges along the length of
the flame, which presents as a polyhedral structure. At this stage,
the horizontal cross-section of the flame appears to be a polygon
as shown in Fig. 1c. As we vary the Q or Le, we observe changes
in the number of ridges or the number of sides of the polygon,
as seen in the horizontal cross-section. Within our experimental
conditions, for lean H, flames, the number of the ridges (N) varied
from 7 to 20, while for the CH4 flame, the variation in N was much
narrower, from 3 to 7.

Figure 4 shows the typical horizontal cross-sections of polyhe-
dral flames. The top row consists of images from lean H, — O, — N,
flames at five different ¢ or Le at fixed Q ~ 10 SLPM and T, =
1300K. We notice that from left to right (al to a5), the Le of
the mixture increases, and the number of ridges of the polyhedral
structure, N, decreases. In the second row of Fig. 4, the cross sec-
tions of CH4 flames are shown. These images correspond to flames
at different flow rates but at fixed Le (¢ = 0.5) and T, ~ 1888K. In
particular, from left to right (b1 to b4), Q is decreasing, which also
reduces the number of ridges (N) in the polyhedral geometry.

To explain these observed dynamics and to analyze the flame
morphologies, a dispersion relation will be used. While different
forms of dispersion relations for flamefront instability have been
developed by various research groups, including Pelce and Clavin
[51], Matalon and Matkowsky [52,53] and Frankel and Sivashinsky
[54], we will use the dispersion relation derived by Buckmaster
[36]. However, other dispersion relations will qualitatively depict
similar dynamics. Buckmaster [36] expressed the dispersion rela-
tion as

o = a1+ V) _00=Tot)) @)
272 22

Note that all the variables in this expression are in non-
dimensional forms, as shown in [55]. @ is the non-dimensional
growth rate, k is the non-dimensional wavenumber. J; is the mass
flux fraction of the mixture through the burner, expressed as

]—sz\/Z Da Le exp( g) (3)
3—0 p—Tb.
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Fig. 2. Regime map for H, — O, — N, flames at fixed Le or ¢. Flame states are shown as a function of Q Re and flame temperature (T;). (a) ¢ = 0.5, (b) ¢ = 0.6, (c) ¢ = 0.7,
(d) ¢ = 0.85. As T, increases, the range of flow rate that polyhedral flames appear evidently reduces, and ultimately, no polyhedral structure can be observed above a certain

T, for the given ¢.

Here, T; is the non-dimensional temperature of the burner surface,
T, is the non-dimensional adiabatic flame temperature, 6 is the
non-dimensional activation energy (a brief description of how the
activation energy is evaluated can be found in the supplementary
material). The temperatures, in the dispersion relation, are non-
dimensionalized by a temperature scale defined as T. =T, — Ty,
where Ty is the unburned gas temperature. Da is the Damkohler
number and [ = 0(1 — Le~') is a measure of Le. Eq. (2) provides a
range of wavenumber for which the growth rate is positive, and
hence, the instability can manifest, and polyhedral structures are
observed. The k values where @ = 0 draw the boundary of stability
as shown in Fig. 5. The figure shows the typical range of wavenum-
bers, for which the flames are unstable as a function of Le (Fig. 5a).

The second term on the right-hand side of Eq. (2) demonstrates
the Lewis number effect through the quantity, I. For Le <1 (> 1),
the [ is negative (positive) which augments (suppresses) @, and
hence the instability. This is evidenced in Fig. 5a in the form of
a critical Le(~ 1), beyond which the flame is stable for all k.

The number of ridges, N, however, is dictated by the crit-
ical (dimensional) wavenumber k. corresponding to the maxi-
mum growth rate. This can be assessed by setting d&/dk = 0 in
Eq. (2), which leads to the non-dimensional critical wavenum-

ber, k. = \/(—1/8)(1 +l]5/(2Tb2)). By using the definition of non-

dimensional wavenumber k. = kcLc [55], where Lc = Diy/U is the
characteristic length scale, and Dy, is the thermal diffusivity, we
can express

4Q 1
- ﬂDZDth
Since N ~ Dk¢, and D (the burner diameter) is a constant, we can
expect the number of ridges to be proportional to the critical
wavenumber (N ~ k). To assess the role of Le on the number of
ridges, we plotted the k. as a function of the Le for fixed Tb in
Fig. 5a (red line). The plot shows that k. decreases with an increase
in Le, hence we observe a reduction in the number of edges (N) in
Fig. 4a as ¢ (or Le) is increased for a lean H, flame. Eq. (4) also
shows that for a fixed Le and T, the k; (and N) decreases as the
flow rate Q decreases, as shown in Fig. 5b, which corroborates with
the experimental observation for CH4 flames (Fig. 4b).

ke

(4)

3.3. Scaling of Qmax

While discussing the regime maps in Section 3.1, we identified
that there exists an upper limit of flow rate (Qmax), beyond which
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Fig. 4. A few samples of Mie-scattering images of a horizontal cross-section of
polyhedral flames, the numbers of edges N are noted in the images. The first
row (from al to a5) corresponds to a lean Hy — O, — N, flame with T, = 1300K,
Q = 10SLPM. al. ¢ = 0.4, 12 ridges; a2. ¢ = 0.5, 11 ridges; a3. ¢ = 0.6, 10 ridges;
a4. ¢ = 0.7, 9 ridges; a5. ¢ = 0.85, 8 ridges. As ¢ increases, the number of edges
decreases. The second row (from b1 to b4) corresponds to lean CH4 — O, — Ar flame
with ¢ = 0.5, oxygen ratio at 22%, from left to right: Q reduces from 5 to 2SLPM.
As Q decreases, the number of edges decreases.

polyhedral instability disappears. This observation was reported in
previous studies [36], although no quantitative reasoning was pro-

vided. In this study, we also notice that, with an increase in Le or
Ty, Omax decreases. In the following, we will derive a scaling rela-
tion for this Qe and discuss its dependence on the operating con-
ditions. Physically, the polyhedral instability requires a finite time
(tg) to develop, which is inversely proportional to the maximum
growth rate (tg ~ 1/w¢). Here, wc corresponds to the maximum
growth rate, which can be derived from the dispersion relation in
Eq. (2). On the other hand, the flow emanating from the nozzle has
a residence time scale (). We expect that for the instability to de-
velop, the residence time must be larger than the growth time for
the instability (7, > 7). A similar argument for slot burners was
also made by Rosen and Axelbaum [56] to derive the limiting con-
dition for instabilities. In the present study, we can define the t-
as the time taken by a fluid particle to reach the flame height h
from the nozzle exit and can be expressed as

_h  aD%h

T Ucosla  4Qcos?a’
Here, the tangential component of the flow velocity along the
flame surface is vy = U/cosw, where « is the half cone angle of
the Bunsen flame (shown in Fig. 1d). By assuming the Bunsen
flame to be a perfect cone and using the theoretical relation be-
tween unstretched planar flame speed (s, ) and half cone angle

h/cosa
T U

(3)
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Fig. 5. (a.) Stability map as function of Le indicating the unstable modes of polyhedral flames. The shaded area corresponds to conditions with a positive growth rate

and denotes the presence of cellular instability and polyhedral flames. The red line indicates critical wavenumber, k., corresponding to the maximum growth rate, which

determines the number of edges in polyhedral flames. (b.) Stability map as Q changes.

| 48 Ty = 1400K '
—$ =05
—$ =06
1.2} 6= 07 ]
= —¢ =0.85
! -
IS

0.8} ¢ increases

0.6 . .
12 14 16 18

Q(SLPM)

140 =07 :

—T = 1350K
Lo T = 1400K
= —T = 1500K |

£f1>\\
U

\

0.8+ T} increases
0.6 : :
12 14 16 18

Q(SLPM)

Fig. 6. 7,/%; as function of Q for (a) different ¢ and (b) T, based on the scaling analyzes. Q corresponding to 7;/%g = 1, refers to the theoretical estimation of Omax-

(cosa = /1 — (s,0/U)2) [38], we can rewrite the t, as
wD*h
. N2
40[1 - (v /4s,002/0)’ |

Both Egs. (5) and (6) show that the residence time, 7. decreases
with increase in flow rate (Q), for a fixed mixture condition (¢
and T,). When the Q becomes so large that 7, < Tg, the cellular
structure cannot develop due to limited residence time. Thus, there
exists a maximum flow rate, Qmax, beyond which polyhedral struc-
ture cannot be observed. This upper limit, Omax, can be theoret-
ically estimated with the limiting condition of 7;/7; ~ 1. By sub-
stituting the expression for the critical wavenumber k. (Eq. (4)),
in the dispersion relation (Eq. (2)), we find the non-dimensional
timescale for instability

2
. 1 1J.
—ol = s
Tg=b; = l6<1+2TbZ>

On the other hand, we can evaluate the non-dimensional res-
idence time (%; = 7;/tr) by using Eq. (6). Here, tr = 8¢y/sy o is the

T~

(6)

_ O(TS - Tb +Js)
212

(7)

flame timescale. In Fig. 6(a) we plotted 7;/%; for a fixed T, and
few different ¢ or Le. First, we observe that for any given ¢, /%,
decreases with increase in Q, and crosses the theoretical limit of
T/Tg =1 at a critical Q. This value identifies the theoretical esti-
mation of Qmax, beyond which instability cannot be observed. Fur-
thermore, we observe that the %;/%; lines shift to left as ¢ in-
creases, and hence, the theoretical Qyqx becomes smaller with in-
crease in ¢ or Le. This corroborates with the experimental findings
in Fig. 2. Similarly, in Fig. 6(b) we plotted %;/%; for a fixed ¢ and a
few different T;s. We observe that, as T, increases, the theoretical
limit of the higher flow rate Qmax decreases, a trend also observed
in experiments (Fig. 3). We also notice that the theoretical Qmax
values are in the same range of experimentally observed values.
Some discrepancies are expected as the scaling analysis involves
several simplifications in assessing the timescales.

4. Conclusion

In summary, we have presented a comprehensive experimental
study of polyhedral Bunsen flames. Hydrogen was used as the pri-
mary fuel for the experimental investigation. Hydrogen is consid-
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ered to be one of the viable alternate fuels to limit the emission of
greenhouse gases from combustors. Although preferred for reduc-
ing emissions, owing to its sub-unity Le, lean hydrogen-air mix-
tures are prone to cellular instabilities, such as polyhedral Bunsen
flames.

We studied the dynamics and morphology of such flames for a
range of equivalence ratios (or Le), Ty, and Q. We discerned that the
polyhedral structures of Bunsen flame can occur for Le < 1 condi-
tions only for a certain range of flow rates. The lower bound of
the flow rate is limited by flashback, which increases with T, but
decreases with Le. The upper bound of the flow rate at which a
polyhedral flame transforms into a smooth flame is controlled by
the residence time scale t.. For a Bunsen flame, this upper limit
decreases with both T, and Le. This behavior can be attributed to
the competition between the growth rate of instabilities and the
residence time of the flow. A scaling analysis was performed to
derive a theoretical estimation for this upper bound of the flow
rate for which polyhedral instability can be observed. Regime maps
constructed using the experimental data for a large range of con-
ditions demonstrate that for a fixed Le, the range of flow rate for
which polyhedral flames are observed decreases with an increase
in T,. Furthermore, there exists a maximum temperature beyond
which polyhedral Bunsen flames are not observed for any flow
rate.

Subsequently, we have also carefully identified the number of
edges or ridges in the polyhedral structure formed during the in-
stability. Experimentally, we found that the number of ridges de-
creases with an increase in Le at a fixed flow rate and flame tem-
perature. On the other hand, the number of edges increases with
an increase in flow rate for a fixed Le and flame temperature.
These behaviors were systematically observed for both hydrogen
and methane flames. A detailed analysis of the dispersion relation
and the critical wavenumber for maximum growth rate was per-
formed. The critical wavenumber corresponding to the maximum
growth rate of the instability, which controls the number of edges,
was shown to decrease and increase with an increase in the mix-
ture Le and the Q, respectively.
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