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Highlights

Flickering instability of diffusion flame has been studied by flame imaging and temporal

recording of transmitted signal.

* Three different regimes of instability are identified depending on fuel flowrate.

* A flickering frequency of 11 Hz is measured for ethylene diffusion flame with a “pinch-
off” velocity of 1450 mm/s.

* The controllability of flickering by a mechanical stabilizer is proved for methane and

ethylene diffusion flames.
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Abstract

Flickering is an oscillating instability of a diffusion flame. An experimental study has been
performed on two different diffusion flame of methane and ethylene to elucidate flickering
instability and controlling it by the mean of a mechanical stabilizer. Flame imaging and
temporal evolution of transmitted signal methods have been employed to monitor the flame
behavior and measure flickering frequency. Three different regimes of stability are identified:
stable, transient, and full unstable. The measured flickering frequency of ethylene flame is 11
Hz and it is demonstrated to be independent of fuel jet velocity. The calculated vortex mean
velocity is 500 mm/s and 800 mm/s without and with “pinch-off” formation respectively and
the “pinch-off” velocity is around 1450 mm/s. Moreover, the ability of a mechanical actuator
to stabilize the flame has been demonstrated for methane and ethylene. The experiment
reveals the existence of a limit of stabilizing height at each flowrate. However, positioning
stabilizer below the burner shows a limited effect. Numerical simulation shows a smoother
effect of stabilizer on air streamlines around the flame limiting the action of vortex on the
flame. These results prove that flickering instability could be suppressed by only controlling

the air surrounded the flame.

Keywords: Diffusion flame, flickering, mechanical stabilizer, methane, ethylene

1. Introduction

A jet flame generates a strong temperature gradient between combustion gas and ambient air
(AT~1800 K). This strong variation creates a density gradient and a shear layer near the
flame front and generates the “Kelvin-Helmholtz” instability, called “Flickering”. Thus,
flickering is a buoyant type instability. This instability could be strong enough to cut the

flame and form a second flame pocket called “pinch-off™.
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Flickering has been widely studied by researchers in the combustion community and the
impact of different factors on flickering instability has been demonstrated. First, a co-flow
acts on flickering characteristics as reported in [1-6]. Recently, Piemsinlapakunchon and
Paul [7] performed a numerical study to elucidate the effect of gas composition (syngas) and
air co-flow on flame flickering. They observed an enhancement in flame behavior with higher
co-flow rate until the suppression of the instability. The authors also revealed the impact of
gas composition on flame stability: H» and CHs promote flame fluctuation rather than CO and
COs. The same result on co-flow impact was experimentally validated by Raju et al. [8].
They studied LPG flame behavior at different co-flow rate using photomultiplier tube time
signal recording and image processing techniques. Additionally, other flow conditions could
affect flame stability as indicated in [9-17]. Chi et al. [18,19] studied the interaction of three
flickered flame with different arrangement. Different dynamical modes have been
distinguished, and the main conclusion is such interaction could suppress instability
(flickering death mode) or promote it (rotation mode, in-phase mode). In the same way, Hao
et al. [20] studied the interaction of two candle flames. Here, several synchronization states
have been elucidated with different modes (in-phase, anti-phase and incoherent). An example
on how an instability could be triggered is the acoustic perturbation [21-24]. Ahn et al. [25]
used acoustic excitation to analyze pinch-off flame structure and NOx emissions in Ho/CHy
premixed flame. The results show an increase in pollutant formation (NOx and CO) with
excitation frequencies below 60 Hz. Other publications [21,24,26-28] demonstrate the
promoting effect of instability on soot production (~4x). This effect could be boosted by
pinch-off formation (~7x). Therefore, stabilizing a flame has a positive impact in terms of
pollutant emissions (lowering soot formation and NOx and CO emissions) and combustion

efficiency (a stable combustion is more efficient).
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Different studies have been carried out in order to control flickering and extend stability
domain of the flame. Flickering instability is dampened in the presence of a higher oxygen
content, as reported in [29-33]. The effect of an external magnetic field was studied by
Gillon et al. [34]. The authors observed a stability enhancement of a methane lifted flame
submitted to a magnetic field. This behavior was explained by the interference of magnetic
convection with the air in the vicinity of the flame. Gillon et al. [35] explained the impact of a
DC vertical electric field on ethylene diffusion flame stability by an ionic wind, which
opposes the vortex and enhances flame behavior. The author also reported a reduction of
mean soot volume fraction at the flame axis. In the same way, Xiong et al. [36] investigated
the effect of a DC electric field on M-shape premixed Bunsen flame. They concluded that a
DC electric field could stabilize a flickered flame, and the important parameter is the

direction of electric body force.

Unlike the last presented studies, in this work, we propose to elucidate the effect of a passive
actuator on the stability of a flickered flame. A passive actuator could act on the flame
without interfering to any external action (this external action could be for example electric
field, magnetic field, acoustic wave, etc.). Such actuator is operationally free and relatively
simple. Here, the action of a mechanical actuator on an unstable flame is investigated. Two
different fuels have been used: methane and ethylene to validate the mechanical stabilizer
impact. Flame imaging and time recorded transmitted signal have been employed in order to
monitor flame behavior and measure flickering frequency. Different conditions have been
tested to elucidate the impact of a mechanical stabilizer and its ability to control flame

stability.
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2.1. Experimental conditions

Two different burners were used in this study. The first one is the methane burner, made from

a stainless-steel tube with an internal diameter of 10 mm. The second one is the ethylene

burner. It is formed from two concentric stainless parts: a 0.1 mm thickened tube with an
75  internal diameter of 9.8 mm and an external tube of 30 mm of diameter. The fuel is injected

in the central tube and since the objective of this study is to study the flame stability without

any other effect, no co-flow was set in the outer tube.

Methane and ethylene were injected with different flow rates. Methane flowrates swept in
this study are between 1.36 cm®/s and 14.6 cm?/s, corresponding to a Reynold’s number

80  between 10.6 and 112.7. The injection conditions for methane are presented in Table 1.

Table 1. Methane injection conditions

Flowrate 136 1.81 247 357 402 512 623 102 146
(cm3/s)

Injection velocity 17 23 3 45 5 65 8 13 19
(cm/s)

Reynolds’ number 10 136 178 267 297 386 475 771 1127

For the ethylene. flowrate was varied from 2.18 cm?/s to 5.97 cm?/s. corresponding to a
Reynold’s number between 355 and 968 as presented in the Table 2. For simplicity. each

flowrate in indexed by Qi (Q; is for the lowest flowrate).
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Table 2. Ethylene injection conditions

Flowrate Q, Q, Q, Q Qs % %
Val‘;e 218 266 31 345 382 498 597
(cm”/sec)

Injection velocity 29 353 412 458 5 6.6 7.92
(cm/sec)

Reynolds’ number 355 432

504 560 611 807 968

2.2. Mechanical stabilizers

A mechanical stabilizer consists of a cylindrical tube with defined length and diameter.

mounted at a fixed position from the burner exit. Different stabilizers were employed in this

study. The Table 3 shows the geometric characteristics of employed stabilizers with the

corresponding images.

Table 3. Geometric characteristics of stabilizers and corresponding images

Stabilizer 1 1* 2 3 4
Length

120 220 130 214 300
(mm)
Diameter

94 94 155 205 44
(mm)

Different positions could be selected for the stabilizer below the burner (Figure 1.(a)) or

above (Figure 1.(b)). Here. the burner tip is taken as reference (height = 0 mm).



(a) Stabilizer at a height (b) Stabilizer at a height H
H below the burner above the burner

H below

95

Figure 1. Stabilizer positions as respect to the burner: (a) at a height H below the burner. (b)
at a height H above the burner

2.3. Flame temporal evolution

The temporal evolution of the flame was monitored by the mean of a camera with a 25 Hz of
100  a frame rate. Videos were recorded at different states of the flame in order to be processed by

the mean of Matlab video processing functions. The flame length corresponds to the

luminous one. calculating by considering the distance between fuel exit and flame tip with a

minimal pixel intensity of 30.

Flickering frequency was determined by measuring the temporal evolution of the transmitted
105  signal. For this purpose. a He-Ne laser was used with a photodiode connected to an
acquisition card. as presented by the Figure 2. All signals were measured at a fixed height
above the burner (30 mm) with an acquisition frequency of 40 kHz and an acquisition time of
25 s. Then. a Fast Fourier Transform was applied in order to calculate the characteristic

frequency of the instability.
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Figure 2. Flame monitoring techniques set-up

3. Results
3.1. Methane diffusion flame
3.1.1. Stability regimes

Figure 3 shows the instantaneous evolution of flame length at different flowrate. Three

different behaviors could be identified from the Figure 3:

* The flame is stable. and the length remains constant during the time for methane
flowrates of 1.36 and 1.81 cm?/s.

» The flame exhibits two phases at 2.47 cm?/s: an unstable phase when the flame length
oscillates during the time (phases between 0 s and 40 s and between 80 s and 130 s). And
a stable regime when the flame length remains almost unchangeable (phase between 40 s
and 80 s).

* The flame is always unstable. and the flame length oscillates for higher methane

flowrates.
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Figure 3. Methane flame length evolution as function of time at different flowrates
3.1.2. Mechanical stabilization
Figure 4 displays the flame length evolution with the root mean square (RMS) as function of
methane flow rate without or with the mechanical stabilizer 1 mounted at two different
130  positions (46 and 56 mm above the burner). The flame images correspond to a methane
flowrate at 5.1 cm?/s with two positions of stabilizer 1.
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Figure 4. (a) Mean flame length evolution and (b) RMS as function of methane flowrate at
different conditions
135  As could be remarked in the plot. the RMS of flame length is diminished under the effect of

stabilizer 1 placed at 56 mm of height until 5.1 cm®s of methane flowrate where the
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instability reappears. Whereas. with a position of 46 mm. the instability is almost suppressed
even with higher flowrates. These results validate the stabilizing effect of a mechanical

actuator and highlight the position effect.

In order to elucidate the effect of a stabilizer and its position on the flame behavior. a series
of experiment was performed at different flowrates using the stabilizer 1 and 1*. The results

are presented in the Figure 5(a-b) as a form of a stability diagram.

(a) Stabilizer 1 (b) Stabilizer 1*
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Figure 5. Stability diagrams of stabilizers 1 and 1*. Zone (I) is the stable zone. zone (II)

corresponds to the unstable one and zone (III) refers to the extended stability zone
Three different zones could be distinguished in the stability diagram:

» Zone (I): corresponds to the stable zone. Under this limit (2 cm?/s in this case). the flame
is always stable.

e Zone (II): corresponds to the unstable zone. The flame is always unstable even with
employing a mechanical stabilizer.

* Zone (III): corresponds to the extended stability zone. The flame is stabilized by the

virtue of a mechanical stabilizer.
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The two plots of the Figure 5 point out the effect of stabilizer length: A longer stabilizer is
more efficient specifically for medium flowrates (just above stability limit): at 2.1 cm?/s. the
stabilization position of stabilizer 1 is about 55 mm. lower than that of stabilizer 1* (about 65

mm).

3.2. Ethylene diffusion flame

3.2.1. Stability regimes

Figure 6 represents the luminous flame length evolution as function of ethylene flow rate at
different states. Three states are presented in this figure: the first state refers to the stable
flame marked by a filled dot (flames (a). (d) and (g); the flame (g) was stabilized by the mean
of a mechanical stabilizer with an orifice (stabilizer 2)). The second state corresponds to the
minimal flame length and is presented by the upward-pointing triangle (flames (b) and (e)).
And the third state designates the highest flame length and is presented by the downward-
pointing triangle (flames (c) and (f)). The images (a-g) correspond to the different point in the

plot.

11
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Figure 6. Flame length evolution as function of flowrate. The filled dots correspond to stable
flames (a. d. and g). the upward-pointing triangles refer to minimal length flames (b and e)
and the downward-pointing triangles present the flames with highest length (c and f). The

region L. IT and III refer respectively to stable. transient. and unstable regimes.

From the Figure 6. three different regimes could be distinguished. similarly to methane

diffusion flame:

* The regime (I) is the stable one: the flame maintains its shape and no temporal variation is
observed (flame (a)).

* The regime (II) corresponds to the transient regime: the flame state varies between stable
(flame (d)) and unstable (flames (b) and (c)).

* The regime (III) represents the fully unstable regime: the flame is always unstable for

higher values of ethylene flow rate (flames (e) and (f)).

3.2.2. Flickering frequency
Figure 7 (a) and (c) represent the temporal evolution of transmitted intensity for the transient

and fully unstable regimes. respectively. As presented above. the transmitted signal shows



185

190

195

two zones corresponding to the stable and the unstable times (Figure 7 (a)). Whereas. this

signal is always unstable for higher flowrates. highlighting the persistence of the instability.

Figure 7 (b) and (d) depict the FFT of transmitted signals at different flow rates. A frequency

of 11 Hz was detected for all cases independently from fuel flowrate. This result is consistent

with the literature: the flickering instability has been shown to be independent from the fuel

flow rate and it varies from 10 to 20 Hz. depending on the injector diameter (f o (g/d)*’

where f is the flickering frequency. g is the gravitational acceleration and d is the injection

diameter) [28.29]. Moreover. ethylene diffusion flame instability follows St-Fr correlation

expressed by Sato et al. [37] as St = 0.35Fr%> where St and Fr correspond respectively to

Strouhal and Froude numbers.
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Figure 7. Transmitted signal evolution and FFT at different ethylene flowrate. (a) and (b)

refer to the transient regime and (c) and (d) to the fully unstable regime

The images of Figure 8 display the temporal evolution of the flame during an instability

phase of the transient regime (3.45 cm’/s of ethylene flowrate). T corresponds to the

13



instability period determined by FFT (91 ms). From these images. different remarks could be

noted:

200 e+ The instability is not strong enough to cut the flow and form the pinch-off. Only temporal
variation of the flame length is detected.

* A temporal dissymmetry of the flame length variation is observed: the time separated the
highest flame to the shorter one does not match to a half period (0.84T — 0.56T = 0.28T).
The same observation was noted by Kashiff et al. [38].

205 e+ Since the vortex starts near the burner exit (when the flame has its minimal length) and
continue to act on the flame until cutting it during the period 7, the mean axial velocity of
the vortex could be estimated by 506 mm/s (= fxLmin). Here. Lmin corresponds to the
minimal length measured during a period of instability. In this case. it corresponds to the

length detected at 0.84T.
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Figure 8. Flame temporal evolution at 3.45 cm?/s of ethylene flowrate during a period of

instability T (T = 1/f).

Figure 9 represents the images of fully instable flame with an ethylene flowrate of 5.97 cm?/s.
The red point in the images between 0.44T and 0.96T marks the position of the deflection
point induced by the vortex. At this point. flame diameter is minimal due to the vortex action.

Different remarks could be noticed:

* Images between OT and 0.21T show pinch-off formation.

* The temporal deviation. observed in the transient regime. could also be noted here: a
delay of 0.28T separates the highest flame from the shortest one.

* The mean axial velocity of the vortex could be estimated by 814 mm/s (= fxLmin). Lmin

corresponds to the flame length at 0.08T.

15
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Figure 9. Flame temporal evolution at 5.97 cm?/s of ethylene flowrate during a period of

instability T (T = 1/f). The red dots in the images between 0.44T and 0.96T correspond to the

deflection point and indicate vortex position

The instantaneous axial velocity of the vortex could be calculated by monitoring the axial
position of the deflection point at different moments. These velocities are presented by the
Figure 10. The instantaneous velocities were calculated as the ratio of the variation of the
deflection point axial position to the temporal variation (= Ah/At. h is the deflection point

axial position and 7 is the time).
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Figure 10. Vortex speed evolution at 5.97 cm?/s of ethylene flowrate

The red dot line of the Figure 10 represents the mean axial velocity calculated using the
instantaneous measurements. This velocity (770 mm/s) is nearly close to the calculated

velocity using the minimal length (814 mm/s).

The vortex axial velocity becomes more and more important throughout the flame due to the
buoyancy effect. This velocity reaches a sufficient value (1450 mm/s) to cut the flame and
form the pinch-off. The Contrarily. in the case of transient regime (Qs3. Qs and Qs). the flame
is too short to accelerate enough the vortex and enter the “pinch-off” regime (mean axial

velocity~500 mm/s vs~800 mm/s in the case of Qg and Q7).

The accelerated motion of the vortex could explain the temporal deviation observed in the
transient and the unstable regimes. Indeed. the change from a short to a long flame is favored
by the heat release. which becomes more and more important as the flame rises and the

vortex accelerates under the effect of gravity.

3.2.3. Mechanical stabilization
In this part. two positions of stabilizer were defined: position 1. where the stabilizer is
mounted 85 mm below the burner tip (H= 85 mm in the Figure 1 (a)). and the position 2.

where the stabilizer is 35 mm above the burner (H= 35 mm in the Figure 1 (b)).

17
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The Fast Fourier Transform (FFT) of transmitted signal under different conditions and fixed
ethylene flowrate (Qs. transient regime) is presented by the plots of Figure 11 (a-b). A
stabilizer installed at the position 1 appears inefficient to suppress the instability. Whereas. at

the position 2. the FFT signal is stable. indicating that the flame is stabilized.
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Figure 11. FFT of transmitted signal at 3.45 cm?¥/s of ethylene flowrate under different

conditions: (a) unstable flame and (b) stabilized flame

The same tendency could be observed with higher flow rate (Q7. fully unstable regime) as
revealed in the Figure 12 (a-b). except in the case of stabilizer 4 mounted at the position 1.
This result could be explained by the higher length of the stabilizer 4. as noted in the section
1. It should be noted that not all stabilizers are presented in the two Figures 11 and 12 due to

a problem in positionning or the very narrow diameter (stabilizer 4 at higher flow rate).
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Figure 12. FFT of transmitted signal at 5.97 cm?/s of ethylene flowrate under different

conditions: (a) unstable flame and (b) stabilized flame

3.3. Discussion

To better understand the stabilizer effect on the external air flow around the flame. numerical
calculations were performed simulating three different cases: without a stabilizer and with a
stabilizer mounted at two different positions (positions 1 and 2 in the case of ethylene

diffusion flame).

Here. the same mathematical model developed in a previous study [39] was employed. The
steady-state Navier-Stokes equations of continuity. momentum. energy and species of the 2D
axisymmetric configuration were resolved. A laminar flow was assumed with a one-step
reaction to calculate the net rate of consumption/ production and ethylene combustion heat
release. This model was validated by comparing temperature and velocity profiles to
experimental measurements. Since the objective of the calculation is to focus only on the
external air flow, the assumption of a steady-state regime was selected. The ethylene flow

rate was fixed at 3.45 cm3/s without an air co-flow.

All geometric characteristics of the experiment were reproduced by the model. and the
boundary conditions were adapted to simulate the real case. The mechanical stabilizer was

modeled by an adiabatic wall. The calculation domain for each case with the boundary

19



280  conditions are presented by the Figure 13. The boundaries 3 and 4 were set to the

atmospheric conditions (atmospheric pressure and ambient temperature).
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Figure 13. Simulated cases with boundary conditions

Figure 14 (a-c) represent the air streamlines with the temperature distribution for the three
285  tested cases respectively. When a stabilizer is mounted at Position 2. the interference of the
air coming from the atmosphere with the flame is limited comparing to the other two cases.
The air streamlines appear smoother and unidirectional. This fact could mitigate the vortex

action on the flame and disable the flickering regime.
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290 Figure 14. Air streamlines with the temperature distribution for the three tested cases
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In the case of a stabilizer positioned below the burner exit. the air streamlines continue to
interfere with the flame as the reference case. This fact could explain the persistence of
instability as revealed in the last section even though the presence of the stabilizer.
Nevertheless. the presence of a stabilizer influences the air streamlines that could be longer
and then the instability can be less violent. This effect may explain the decreasing in FFT

amplitude observed in the Figure 14 (c).

Conclusion

In this study. flickering instability of diffusion flame of two different fuel (methane and
ethylene) has been studied. A new way of controlling this instability has been proposed by
the mean of a mechanical actuator. Flame imaging and time recording of transmitted signal
methods have been employed to monitor the flame instability and measure flickering

frequency.

Several observations could be noted from this study and listed as follows:

* Three different regimes of stability are distinguished in methane and ethylene diffusion
flames: a stable regime for lower flow rate. a transition regime for intermediate flow rate
and a fully unstable regime for higher flow rate.

* For an unstable ethylene diffusion flame without a pinch-off formation. the mean vortex
velocity was measured by 500 mm/s. Whereas. in the pinch-off regime. mean vortex
velocity is about 800 mm/s and the pinch-off vortex velocity is around 1450 mm/s.

* Flickering frequency in the case of ethylene diffusion flame was measured by 11 Hz. This
frequency is independent of injection velocity and follows St-Fr Sato’s relation.

* A mechanical stabilizer was demonstrated to be efficient in stabilizing flickered diffusion
flame for both fuels methane and ethylene. Stabilization depends on stabilizer geometry

and its position.

21
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¢ Numerical simulation shows the action of a stabilizer in air streamlines that could have an
effect in enhancing stability: air streamlines appear smoother and more uniform with a
mechanical stabilizer. This action is reduced when the stabilizer is mounted in a lower

height.

Demonstrating the controllability of flickering by a mechanical actuator is a crucial result
since this effect could be deployed at academic scale by extending the applicability domain of
some techniques where a stable flame is needed (for example Rayleigh scattering/ extinction
techniques to study particles formation in a flame [40]) or even could motivate designers in
industrial scale to more consider the design of the external geometry and its effect on the
aerodynamic around the flame. Nevertheless. this study could be followed by different
actions: updating the model to consider transient physics like flickering is recommended to
more clarify the effect of mechanical actuator. In the experimental part. the experimental
parameters could be extended to cover larger applicability domain such as aeronautics by

considering pressures above one atmosphere.
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