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Abstract. This work describes the flickering phenomenon in groove diffusion flames, using a bi-dimensional flame model
to analyze the influence of a large aspect ratio on the oscillation frequency. Diffusion flames present a particular transient
behavior characterized by an oscillation along the flow direction with a specific range of frequencies. The flickering
phenomenon occurs due to a global instability generated by the annular buoyancy flow induced by combustion heat
release. The instability analyses done so far consider axisymmetric flames, e.g. jet flames and cylindrical pool fires. To
study flames that present a parallel flow, the groove flame configuration was chosen. It consists of a rectangular pool fire
with a large aspect ratio, a geometry that permits the occurrence of a bi-dimensional flow. The physical model considers
the fuel stream depending only on the heat transport to the liquid surface. It also considers the Burke-Schumann limit.
To validate the theoretical solution, the flickering frequencies are measured in grooves of different aspect ratios. The
experimental setup consists of a coif, a test cell, and a suspended base, with a honeycomb in the entry of the setup in
order to laminarize the incoming flow induced by the buoyant force. Image analysis is the technique applied to measure
flame oscillation. This method is based on video recording of the flame captured by a digital camera, which is divided into
frames to perform the analysis. N-heptane is used in the experiment due to its flame generating favorable images to the
process and the data availability. The flame height in each frame is measured, which permits following its evolution and
consequently determining the oscillation frequency. The measurements show the burning regime (flickering and puffing)
and that the flame oscillation frequency depend on the groove width. For the groove with an aspect ratio of 2/5 the flame
exhibits the flickering phenomenon and its frequency is 11.81Hz. However, between the aspect ratios 2/5 and 3/5, and
the flickering disappears and puffing is observed, the frequency drops to 7.6Hz. For the lowest aspect ratio (4/5), which
is almost a square container, the frequency decreases slightly (6.8Hz). Furthermore, due to hydrodynamic instability,
the flame surface is disturbed with a spatial average flame height of 67 mm. A simplified model (infinitely fast chemical
kinetics, constant transport and thermodynamic coefficients, and unitary Lewis number) is developed which is able to
represent qualitatively a flame height of 91mm.
Keywords: flickering, puffing, groove flame, diffusion flame, aspect ratio

1. INTRODUCTION

Diffusion flames present an intrinsic transient behavior characterized by an oscillation along the flow direction with a
specific range of frequencies. The flickering phenomenon occurs due to an instability generated by the annular buoyancy
flow induced by heat (Chamberlin and Rose, 1948). Such unstable flow is not much sensitive to factors like the size
of the burner nozzle, the type of gas fuel, or the flow rate, as shown in research made for jet flames (Buckmaster and
Peters, 1986) . The instability is also independent of the volumetric heat released rate (Cetegen and Kasper, 1996). Those
characteristics of independence are related to the fact that the diffusion flame flickering presents a frequency that does not
vary too much. For jet diffusion flames with burner nozzle diameter in the order of 10−2 to 10−1 meters, the frequency
varies in a range of 10 Hz to 20 Hz (Chen et al., 1988; Buckmaster and Peters, 1986). Those data show the peculiarity of
the phenomenon and the difficulty of finding a good description of the instability that generates it, reasons for the great
variety of hypotheses presented in the literature for years to explain the facts (Jiang and Luo, 2000).

The flickering phenomenon was first described in detail by Chamberlin and Rose (1948). The authors took several
sequenced pictures of flames burning and made a qualitative-quantitative analysis, a methodology called the photographic
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method. It was observed that for any flame without a primary air supply and burning in any kind of nozzle, the basis of
the flame remains stable, while its medium portion moves in and out and its top moves up and down, both in a periodical
pattern. Paying attention only to the top portion, it’s notable that the upward movement takes a longer time than the
downward movement.

This observation is in agreement with the flickering mechanism as it’s currently understood. The oscillation actually
occurs due to the local extinction of the flame caused by the flame stretching imposed by the vortices (Moreno-Boza et al.,
2016). Hence, the frequency of flickering is in the same order of magnitude as the convective time associated with those
vortices (Cetegen and Kasper, 1996), indicating that the frequency data is an adequate parameter for the understanding of
the instability.

Several analyses were made to understand the nature of those vortices. For jet diffusion flames in burners of small
diameter, it was observed a velocity profile characterized by a Poiselle flow near the tube, the velocity modulus decreases
with the distance but turning to increase, presenting a local maximum in some radius; This velocity profile indicates the
existence of the surrounding buoyant flow in the flame (Buckmaster and Peters, 1986), while the Poiselle distribution is
associated with the jet flow. This way, two types of flows coexist in this kind of flame, each one presenting a different
type of instability. In the jet flow, a cylindrical train of relatively small vortices is associated with a Kelvin-Helmholtz
instability, born in the shear layer between the fuel jet and the atmosphere (Liñan et al., 2015). This train is not observed
for flows with Froude number smaller than unity, due to the prevalence of buoyancy in the global flow (Jiang and Luo,
2000). By contrast, a train of large vortices is observed in the buoyant flow, which are bigger than those inner vortices
(Chen et al., 1988).

The analysis of Buckmaster and Peters (1986) suggested that those large vortices came from a modified type of Kelvin-
Helmoholtz instability, since the several inflection points presented in the velocity profile. The authors made an inviscid
stability analysis assuming the approximation of a nearly parallel flow to the annular flow surrounding the flame. But,
both of the approximations carry on several errors in the analysis (Moreno-Boza et al., 2016). A posterior numerical work
made by Jiang and Luo (2000), shows that the instability was independent of small perturbations on its onset, proving that
it can not be a shear layer instability.

Another hypothesis for the instability formation is the density stratification found around the flame, the instability
is of a Rayleigh-Taylor type (Cetegen and Kasper, 1996). For axisymmetric plumes, the flow near the flame axis is
buoyant-accelerated downstream, originating a toroidal vortex that progresses and perturbs the upstream flow, following
a vortex-induction feedback mechanism. Those perturbations grow fast due to the action of gravity, allowing the vortex
to reach a bigger diameter without a long train, which will not occur in the case of Kelvin-Helmholtz instability. In fact,
the vortex train begins at a height of one-half of the diameter of the nozzle. The model of Cetegen and Kasper seems to
scale very well with the experimental results done in several different types of buoyant flames, especially pool fires.

Finally, most recent analyses of the phenomena shows that the instability of the buoyant flow is a self-sustaining in-
stability. A linear stability analysis done by Liegens et al. (1996), validated with experiments, shows that a local absolute
instability, whose onset is at the burner rim, is responsible for the observed coherent flow. The oscillations generated
goes upstream and downstream, influencing all the surrounding of the flame (Liegens et al., 1996). The inflection points
observed in the velocity profile, rather than responsible for a shear layer instability, are actually correlated to the charac-
teristics of a globally unstable flow. The authors identify that the absolute instability emerges after a transitional point, in
which a convective instability gives place to it. The work of Maxworthy (1999) sustains this hypothesis. It shows that, in
the burner rim, the velocity is zero while the temperature is high, something that may only occur in an absolute instability.
Downstream, the velocity is too high to be associated with a convective instability, also proving the absolutely unstable
flow hypothesis.

Despite the phenomena described until now remains associated with jet flames, the same characteristics are physically
similar to pool fires flickering (Moreno-Boza et al., 2018). A specific kind of pool fire configuration is the groove flame. It
consists of a rectangular pool fire with a large length in comparison to its width, a geometry that permits the occurrence of
a rectangular bi-dimensional flow. The toroidal vortices of the annular flow, presenting a circular section in jet flames, now
assume an elliptical section with semi-major axis much larger than the semi-minor axis. Also, for larger aspect ratios, it’s
possible to consider that the lateral vortices are two parallel cylinders, each one on each side of the flame. Those physical
characteristics distinguish the groove flame as a flame that is simple to study analytically. Furthermore, the description of
this kind of flame is relevant given its application for fuel storage.

2. SCALE ANALYSIS

Given the flame specifications, an estimate for the vertical velocity vc in the natural convection can be found, imposing
the Froude number equal to one. The estimate is determined considering the flame length lf as a multiple (n) of the groove
width lg , i.e. lf = nlg , and the gravitational acceleration g:

Fr =
vc√
glf

=
vc√
gnlg

∼ 1 =⇒ vc ∼
√
gnlg (1)
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(a) (b)

Figure 1. a) Schematic drawing of the channel with liquid fuel, i.e. groove burner. The coordinate system is at the center
of the channel and on the liquid surface which is kept unchanged; b) Experiment structure diagram.

Between the hot gases inside the flame and the cold resting atmosphere, there is a shear layer, whose width is

δ ∼ lf√
Re

=⇒ δ

lg
=

n√
Re

(2)

in which the Reynolds number is based on the groove width Re = lgvc/ν.
From the mass conservation equation, the estimated vertical component of the velocity vc, Eq. (1), and the estimated

shayer layer thichness, Eq. (2), the horizontal component of the velocity uc can be estimated. The variation of the vertical
component of the velocity, vc, in a distance of lf , and the variation of the horizontal component of the velocity, uc, in the
distance equal to the shear layer width δ, are related by

uc

δ
∼ vc

lf
=⇒ uc ∼

δ

lf
vc =

vc√
Re

=
ν1/2g1/4n1/4

l
1/4
g

(3)

The horizontal component of the convection brings the oxidizer from the ambient to close to the flame, which increases
the oxidant gradient around the flame, increasing, then, the oxidant flux to it. Besides, the horizontal component of the
velocity u pushes the vortex created at the flame base to its center, meanwhile it displaces to the flame tip.

So, when the vortex influence arrives at the flame center, the stretch can extinguish or not the flame, depending on the
flame height this occurs.

In the case of not occurring the extinction, the flame length only oscillates. It is the flickering phenomenon. But, if
it occurs, the flame is separated in two. It is the puffing phenomenon (Moreno-Boza et al., 2018). The flame portion
attached to the groove is controlled by the fuel vaporization, but the fuel pocket separated from the main flame continues
burning meanwhile it is taken by the flow.

3. MATHEMATICAL FORMULATION

This study considers an "infinite" groove, which justifies an bidimensional model. The groove length is 2lc, filled with
ethanol (C2H5OH), in an atmospheric environment with oxidizer mass fraction YO∞, density of ρ∞, and temperature of
T∞. By adopting bilateral symmetry with respect to the vertical axis (y-axis) and positioning the horizontal axis (x-axis)
aligned with the fluid surface, the proposed configuration is obtained (Figure 1a). The flow field imposed by the liquid-gas
phase change is one dimensional

The physical model is rescalled with the characteristic variables, then,

St∂tρ+∇ · (ρv⃗) = 0 , (4)

St∂t(ρv⃗) +∇ · (ρv⃗v⃗) = − 1

γ(Ma)2
∇p+

1

Re
∇ · ⃗⃗τ +

1

(Fr)2
(1− ρ) , (5)
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St∂t(ρYi) +∇ · (ρv⃗Yi) =
1

PeLei
∇ · (ρDi∇Yi) + siDaω , (6)

St∂t(ρh) +∇ · (ρv⃗h) = γ − 1

γ
(St∂tp+ v⃗ · ∇p) +

Ma2(γ − 1)

Re
∇v⃗ : ⃗⃗τ +

1

Pe
∇ · (k∇T )−QDaω (7)

The principles of conservation (mass, momentum, species, and energy in the form of enthalpy) are represented by Eqs.
(4) to (7) respectively, where v⃗ is velocity, p is pressure, Yi is the mass fraction of species i, h is sensible enthalpy, and
the molecular transport coefficients are represented by Di for mass diffusivity of species i and k for thermal diffusivity.

In the set of obtained equations, certain dimensionless numbers are presented. These include the Strouhal number,
St := (l̂c/v̂c)/t̂c,which relates the residence time to the characteristic time of the addressed problem. The Mach num-
ber, (Ma := v̂c/â), measures the flow velocity relative to the speed of information propagation in the flow. Lastly, the
Reynolds number, (Re := l̂cv̂c/ν̂c), quantifies the flow characteristics in relation to viscosity and inertia, where ν repre-
sents cinematic viscosity. The Froude number, (Fr := v̂c/(ĝl̂c)

1/2), relates the inertial and body forces of the system,
with g being the acceleration due to gravity. The Péclet number, (Pe := l̂cv̂c/α̂c), a relation between the heat conduction
time and the residence time of the system, where α̂ represents thermal diffusivity. The Lewis number (Lei := α̂c/D̂ic)
represents the ratio of mass diffusion to heat diffusion. Lastly, the Damköhler number (Da := l̂cBYOc/V̂c) provides the
relationship between residence time and chemical reaction time (where B is the pre-exponential factor of the reaction).

Eqs. (6) for i = F, O, and these two species conservation equations and (7) according to Shvab (1948) and Zeldovich
(1951).

Note that C := (S + 1)/Q, and S := ŝŶFc/ŶO∞ - with s being the stoichiometric coefficient of the single-step and
irreversible chemical reaction represented by F + ŝO2 → (1 + ŝ)P - and Q := q̂ŶF,c/(ĉp,cT̂c) - with q̂ representing the
heat of combustion and ĉp the specific heat at constant pressure. In the chemical reaction, F denotes the fuel; O2, the
oxygen; and P , the products.

The boundary conditions for the fuel medium are imposed as follows:
On the symmetry axis (x = 0,∀y):

∂xT = ∂xu = ∂xv = ∂xYF = ∂xYO = 0 (8)

On the liquid surface (x ≤ 1, y = 0):

T = Tb, v = vb, u = 0, YF = YFb, ∂yT = ρbvbL, ∂yYF = ρbub(1− YFb) (9)

Outside the liquid surface (x ≥ 1, y = 0):

T − 1 = ρ− 1 = u− 1 = YF = YO − 1 = 0 (10)

At the boundaries of the experimental environment:

∂xT = ∂xu = ∂xv = ∂xYF = ∂xYO = 0 for x = D,−D ≤ y ≤ D (11)

∂yT = ∂yu = ∂yv = ∂yYF = ∂yYO = 0 for 1 < x ≤ D, y = −D,D (12)

The values of the length and width of the experiment cell D is given in the next section.
Equations for the transport of two additional scalars were derived by combining Eqs. (6) for i = F, O, and these two

species conservation equations and (7) (Shvab, 1948; Zeldovich, 1951). These equations were developed for equidiffusive
reactants, density constant, uniform flow field, estacionary, and constant transport coefficient, i.e. Burke-Schumann model
(Burke and Schumann, 1928). In this way, the mixture fraction variable Z := SYF − YO + 1 and the enthalpy excess
H := CT + YF + YO are used because the chemical reaction nonlinear term ω is eliminated (Liñán and Williams, 1993;
Liñán, 2001; Fachini, 1999; Fachini et al., 1999; Fachini, 2007), and the resulting equations for this problem are

∂Ψi

∂y
=

1

Pe

∂2Ψi

∂x2
(13)

with Ψ1 = Z and Ψ2 = H .
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Once Eqs. (13) and (14) are solved, it is sufficient to determine the contour curve Z = 1, i.e., where the mixture frac-
tion (Z) takes on the unit value, in order to find the location of the flame front. Furthermore, the temperature distribution
is given by:

T =
1

C

[
H − Z − 1

S

]
(for Z > 1), T =

1

C
[H + (Z − 1)] (for Z < 1) (14)

Regarding the boundary conditions of the problem, it is known that on the surface of the liquid fuel, it is heated to the
boiling temperature Tb and vaporized at a rate proportional to the heat flux from the flame (The subscript "b" denotes the
conditions of the vaporized fuel). To simulate the fuel flux provided by the liquid vaporization, it is assumed the oxidizer
flow with the same velocity of the fuel flow. Besides, the analytical solution of Eqs. (13), the reactants flow must be inside
a channel, which has the width x = d and at that position Z = H − H∞ = 0. Then, the solution of Eqs. (13) is (Lin
et al., 1986)

Z =

N∑
n=0

4(S + 1)
sin(Λn)

2Λn + sin(2Λn)
cos(Λnx)exp

(
− Λ2

ny

Pe

)
(15)

with Λn = [(1/2 + n)(π/d)] and satisfying condition of symmetry in the y-axis and Ψ1 = Z(0 ≤ x ≤ 1, y = 0) = 1
(YF = YO = 0) at the liquid surface. Therefore, the flame length at the center of the groove is

1

4(S + 1)
−

N∑
n=0

sin(Λn)

2Λn + sin(2Λn)
exp

(
− Λ2

nyf
Pe

)
= 0 (16)

For ethanol (S = 5) and the conditions such that Pe = 4.5, the flame height yf is 12.18 (ŷf = 91.35mm). The
mean of the flame height for the aspect ratio 1/5 is 67mm. Considering the forced convection, condition considered in
the mathematical model, leads to higher flame heights, the model is capturing the main processes.

4. EXPERIMENTAL SETUP

This work consists of a modification of the "pool fire" experiment (Liu et al., 2020), i.e., the liquid fuel is kept at
constant level (ullage zero) and in a rectangular geometry. Two fuels (alcohol and n-heptane) were used in the experiments.
Since alcohol burns cleaner than the n-heptane, the visualization of the alcohol diffusion flame is difficult. The alcohol
tests are used as qualitative data, meanwhile the n-heptane flames were employed to analyse the transient phenomenon
(flicketing and/or puffing).

The fuel-filled groove is positioned inside a partially enclosed structure (test cell) to eliminate undesirable external
influences (e.g., perturbed air flow). The experimental setup can be divided into 3 main parts (i) the structure has a coif
with dimensions 490mm× 490mm and 150mm× 150mm for the lower and upper sections, respectively, and a length
of 650 mm, as seen in Fig. (1b); (ii) the test cell with a square section of 490 mm × 490 mm × 650 mm, in which the
groove is placed; and (iii) the table with dimensions 900 mm × 500 mm × 950 mm. The flow laminarization device
consists of two layers of metal mesh screens, covering the entire section of the test cell, spaced at 75 mm apart, and a 50
mm layer of steel wool between them, positioned between the table and the test cell.

The grooves differ in their aspect ratio, i.e., the ratio between width and length. Two groups of grooves were tested,
the first one considered lengths were 2, 5, 10, and 20 times the width (15 mm). The second group it was fixed the length
(75mm), varying the width in the aspect ratios 2/5, 3/5, 4/5 and 1.

The measurement technique consists of image analysis based on video recording of the flame captured by a digital
camera, which is divided into frames. Thus, the flame height in each individual picture is measured and compared.

5. RESULTS

Some images were selected from the video, showing the time instant of lowest and highest flame heights during
the flickering cycle. The difference between the two heights are significant for every aspect ratio. Thus, the flickering
frequency was easily captured as seen in Figs. (2) to (5). These figures put in evidence also the spatial variation of the
flame height. The wave number is linearly dependent of the aspect ratio: for the aspect ratio 1/2, the wave number is half;
for 1/5 the wave number is 3/2; for 1/10 the wave number is 5/2; for 1/20 the wave number is 7/2.
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(a) Shorter height (b) Greater height

Figure 2. Groove of aspect ratio 1/2

(a) Shorter height (b) Greater height

Figure 3. Groove of aspect ratio 1/5

(a) Shorter height (b) Greater height

Figure 4. Groove of aspect ratio 1/10

(a) Shorter height (b) Greater height

Figure 5. Groove of aspect ratio 1/20

The results are presented only for the follwing aspect ratios: 1/2, 1/5 and 1/10, and for each one, three tests were
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(a) (b) (c)

Figure 6. Frequency measurement for aspect ratio 1/2 (15 mm x 30 mm groove): frequency of a) 11.41 Hz, b) 12.22, and
c) 11,81 Hz. The mean frequency is 11.81 Hz.

(a) (b) (c)

Figure 7. Frequency measurement for aspect ratio 1/5 (15 mm x 75 mm groove): frequency of a) 7.47 Hz, b) 7.67, and c)
7.77 Hz. The mean frequency is 7.63 Hz.

(a) (b) (c)

Figure 8. Frequency measurement for aspect ratio 1/10 (15 mm x 150 mm groove): frequency of a) 6.71 Hz, b) 6.81, and
c) 6.86 Hz. The mean frequency is 6.79 Hz.

conducted. A main frequency and harmonics were identified at the 1/2 and 1/5 aspect ratios. As the aspect ratio decreases
the harmonics tend to disappear.

For the 1/5 aspect ratio, only flickering was identified, and, for the other two grooves, puffing is observed. The change
of the aspect ratio from 1/5 to 1/10 is the transition from flickering to puffing, and clearly the frequencies of these two
phenomena are close to the factor 2. Once the puffing starts controlling the periodic behavior of the flame, the frequency
becomes less sensitive to the aspect ratio.

Note that there is a higher frequency in Fig.(7b) than those observed in Figs. (7a) and (7c). It is not considered in the
calculation of the mean frequency because of a possible perturbation occurred.

6. CONCLUSION

Increasing the groove width, the vaporized fuel mass flux augments, consequently the flame height increases, imposing
a larger region under the influence of the buoyant force. The vortices, generated at the base of the flame, are detached
and meanwhile displaced along the flame they are grown. When they reach the center of the flame, it is squeezed and
stretched, which produce a local flame extinction, generating the puffing phenomenon. The results confirm that as wider
the flame is, as longer is the extinction and as lower puffing frequency.

Decreasing the groove width, the flame flickering takes place of the the puffing phenomenon. The flame height
decreases and the vortices displacement time decreases, consequently the vortices growth is not enough to cause the flame
stretched up to its extinction. The passage of the vortices by the flame tip causes only its oscillation, because of that the
flickering frequency is higher than that of puffing.

Due to hydrodynamic instability, the flame surface is disturbed with a spatial average flame height of 67 mm. A
simplified model (infinitely fast chemical kinetics, constant transport and thermodynamic coefficients, and unitary Lewis
number) is developed which is able to represent qualitatively the flame height with 91mm. Since the simplified model is
able to describe qualitatively the experimental results, it will be improved to capture the transient hydrodynamic effects
in future works.
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