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Abstract

Ammonia is one of carbon-neutral hydrogen derivatives and is identified as a
sustainable fuel for mobile applications. However, the combustion instability of pure
ammonia remains a significant challenge. In this study, the combustion instability of
ammonia flame with methane as a combustion promoter was investigated using high-
speed photography and schlieren techniques on ammonia-methane-air co-flow laminar
diffusion flames. It was found that after exceeding a threshold of fuel flow rate (Qy), the
stable laminar flame turned to a regular and reproducible oscillation, accompanying by
periodic bulging and separation of the flame. The addition of co-flow air increases
flame flickering frequency, which can be reduced by increasing the Qr. In contrast to
the pure methane diffusion flame with distinct luminous zones, the NH3/CH4 diffusion
flame exhibits a reddish-orange color with no distinguishable luminous zone.
Additionally, the addition of ammonia shrinks the appearance of flames, and slightly
decreases the flame flickering frequency at 30% substitution, while increases it at 50%
substitution. A spindle-shape shear layer between the flame and the surrounding air,
exhibiting periodic motion during the flickering sequence. The addition of ammonia
decreases the maximum shear layer diameter and increases its motion velocity. The co-
flow air pushes the vortex formation location downstream, reducing fluctuation
amplitude of the shear layer. Ammonia substitution further promotes this downstream
shift, potentially lessening the flame flickering.

Keywords: Ammonia fuel; Flame flickering; Laminar diffusion flame; Schlieren
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Nomenclature

Re Reynolds number

Fr Froude number

Or Fuel flow rate (SLPM)

Vef Co-flow air rate (SLPM)

f Flame flickering frequency (Hz)

aN Ammonia volume ratio

Hpax The maximum flame height (mm)
Hpin The minimum flame height (mm)
Ws Flame width (mm)

H, Height of blue zone (mm)

Wp Width of blue zone (mm)

ds Diameter of shear layer (mm)

Vs Motion velocity of shear layer (m/s)
H, Height of maximum diameter shear layer (mm)
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1. Introduction

Dependence on fossil fuels has worsened carbon dioxide emissions and
environment pollution [1]. Ammonia, a carbon-free fuel with no direct greenhouse
effect, has emerged as a leading candidate to mitigate environmental problems [2].
Additionally, as an excellent hydrogen carrier, ammonia exhibits a greater energy
density while requiring substantially lower pressure relative to hydrogen, providing
greater safety [3-5]. However, due to its disadvantages, including slow combustion rate
and elevated NOx emissions, direct application of ammonia on engines is challenging.
A potential way to circumvent ammonia’s disadvantages is to operate the engine using
the mixture of ammonia-methane as fuel [6-9], due to the significant enhancement of
burning velocity by methane across a broad spectrum of equivalence ratios and
ammonia concentration [10].

The dual fuel combustion mode of ammonia/methane in engines has been widely
studied. Huang et al. [11] reported that NOx emission was gradually reduced as
ammonia energy ratio rose from 0% to 30% in a free-piston engine generator. The study
of Wei et al. [12] on a marine dual-fuel engine using natural gas and ammonia also
demonstrated that as the ammonia blending ratio increases, total NOx emissions
decrease under stoichiometric conditions. While reduction in NOx emissions is
favorable, maintaining flame stability becomes increasingly challenging as ammonia
ratios rise. The stable flame operating region narrowed as the ammonia ratio increased

[13]. In the study of Ku et al. [14] on counterflow non-premixed flame, flame extinction
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occurred at a strain rate of approximately 540 s for pure methane flame. As ammonia
substitution increased, extinction strain rate decreased, with a reduction of about 78%
at an ammonia ratio of 0.9. A similar tendency was observed by Chu et al. [15]. Thus,
to better utilize ammonia, a deeper understanding of combustion characteristics of
ammonia/methane mixtures is imperative.

As an essential combustion characteristic, the combustion instability has received
considerable attention. Ariemma et al. [13] investigated the instability limits in relation
to the equivalence ratio and the composition of ammonia-methane fuel in the
Laboratory Unit CYclonic (LUCY) burner. The results showed that the stable
operational range of NH3/CHs premixed flame was extended compared to pure
ammonia. Khateeb et al. [16] studied the instability limits of ammonia-methane-air
mixtures across a broad spectrum of ammonia blending ratio in a laboratory-scale
generic swirl burner. They found that as ammonia substitution increased, the
equivalence ratio at the lean blowout limit increases but also the tendency for flame
flashback to decrease. Nevertheless, their research focused on the premixed flames,
while studies on instability in laminar diffusion flames remain limited.

Although turbulent combustion is widely applied in industry, it is difficult to study
experimentally due to its motion with high level of intermittency and relatively short
residence time [17, 18]. According to laminar flamelet model, a turbulent diffusion
flame consists of a collection of laminar diffusion flamelets [19], thus comprehending

laminar diffusion flame instability is significant for industrial application. In laminar
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diffusion flames, the flame instability can be reflected by the condition in which
flickering phenomenon occurs. When the Froude number is sufficiently low, a jet flame
shows a periodic jump state, commonly known as flickering [20].

Flame flickering is commonly observed in laboratory-scale experiments [21, 22].
Relevant studies prove that the flame flickering is associate with the flame feature, such
as its height and width, as well as the generation and dynamics of vortices. The results
of Kimura [23] and Durox et al. [24] indicated that flame flickering was correlated with
flame height, and there was a minimum flame height required to cause flickering. Zhang
et al. [25] found the similar phenomenon. Their results showed that with an increase in
oxygen concentration of co-flow air, the flame height was diminished, thereby
stabilizing the flame. Furthermore, the study by Ge et al. [26] indicated that the vortices
formed above the flame reaction zone, contributing to the flame stability. Wang et al.
[27] investigated the vortex dynamics and structures in methane-air co-flow diffusion
flame using high speed direct and schlieren imaging system. The results showed that
the velocity of co-flow air had a significant impact on the dynamics of the vortices
outside the visible flame. Piemsinlapakunchon et al. [28] presented a numerical study
on the crucial impact of syngas composition and air co-flow on laminar diffusion flame
instability. They revealed that a high content of H> resulted in low instability, while a
higher proportion of CH4 increased the level of instability. In addition, the flame
instability was suppressed by the addition of co-flow.

Fuel type is also a significant factor on flame flickering. Gohari Darabkhani et al.
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[29] found that there are three dominant flickering frequency in a ethylene diffusion
flame in contrast to methane diffusion flame with one dominant flickering frequency.
The results of Li et al. [30] showed that the pure methane and propane diffusion flames
exhibited little variation, with peak frequencies at 11 —13 Hz. However, a peak
flickering frequency at 6 Hz was observed in the case of a ratio of a 1:1 mixture.

The afore-discussed studies focused on flickering of hydrocarbon fuel co-flow
diffusion flame. The flames of ammonia-containing fuels, which is believed to possess
distinctly different structure and kinetics, may present a different instability
phenomenon. For example, Nourani Najafi et al. [31] found that increasing the
ammonia fraction decreased the height of the flame and the proportion of yellow
luminous zone, while reddish-orange luminous zone progressively replaced blue zone
at the base of flame. Zhang et al. [32] reported that as the ammonia blend ratio increased,
the flame height grew and the pyrolysis region (dark brown luminous zone) extended
considerably. On the other hand, upstream of flame temperature along centerline
decreased while downstream temperature rose in response to the higher ammonia blend
ratio. It is in agreement with the results reported by Ren et al. [33]. Cheng et al. [34]
found that doping ammonia into n-decane increased flame height and had an impact on
flame temperature. The flame instability for ammonia-containing fuels has been
preliminarily assessed in the research conducted by Colson et al.[35] and Yang et al.
[36]. Colson et al. [35] examined flame-burner interactions and the influence of

ammonia substitution on the stabilization mechanisms of the attached flame in a non-
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premixed methane jet flame. The results showed that the flame position (the distance
from the base to the burner) shifted downstream due to ammonia substitution. They
focused on flame liftoff and highlighted the perturbation caused by ammonia
substitution on the stabilization dynamics before liftoff, but did not describe the overall
flame stability. Yang et al. [36] explored the flickering behavior of NH3/CH4 laminar
diffusion flames with a constant co-flow air rates in low-pressure. It was found that the
reduction in pressure eased vortex formation and weakened its interaction with the
flame. The ammonia substitution slowed vortex formation. The impacts of pressure and
ammonia substitution on flickering were emphasized, while the influence of co-flow
air rates on flickering, as afore-discussed, was not taken into account.

Therefore, further investigations on flame instability for ammonia-methane fuel is
of great necessity. In present study, high-speed direct imaging combined with schlieren
methods were utilized to examine the flickering flame and the evolution of outer vortex
under varying fuel compositions and air co-flow rates. The present work may help the
further understanding of ammonia combustion and enrich the database of combustion

mechanisms.

2. Experimental set-up

In the present work, a laminar diffusion flame was produced by a McKenna
Products flat-flame burner with a fuel nozzle exit diameter of 8 mm, surrounded by a
60 mm diameter coaxial air annulus. The burner contained an Archimedean spiral

cooling circuit for water flow to minimize radial temperature gradients. The fuel/air co-

9
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flow system was placed in an acrylic cover to mitigate environmental interference. The
flow rates of methane and ammonia were measured and mixed by mass flow controllers
(AB-11, AiroBoost) with an accuracy 1% of full scale. Tab. 1 shows the test conditions
of the experiment. The fuel flow rates (Qy) ranged from 0.3—0.5 slpm (standard liters

per minute). The co-flow air rates (v¢) varied in 0—15 slpm.

Tab. 1 Test conditions.

Conditions Fuel flow (SLPM) Ammonia Air flow (SLPM)
ratio R. F;
Qchs Qnns
aN
M1 0.3 (9.95 cm/s) / / 46.6 0.126
M2 0.4 (13.27 cm/s) / / 62.2 0.225
0—15
M3 0.5 (16.59 cm/s) / 0 77.7
(0—15.16 cm/s)
M4 0.35 0.15 0.3 81.4 0.351
M5 0.25 0.25 0.5 84.1

The experimental set-up is shown in Fig. 1. A high-speed camera (Memrecam GX-
8, NAC) was used to capture the evolution of flame structure. All flame images (1024
x 1024 pixels) were recorded at a framing rate of 1000 fps, and the shutter speed was
set at 1/2000 s. Capturing accurate images of the flame and ensuring the reproducibility
of experiments requires that the photographic parameters remain consistent, even
though the flames become dimmer due to the addition of ammonia. A Z-type schlieren
imaging system (HGD-SD200) mainly consists of a 300W Halogen Tungsten lamp and

two concave mirrors. The Halogen Tungsten lamp was employed due to its continuous
10



170  spectrum in the visible range, providing stable and broad light output. Each mirror has
171  an effective diameter of 200 mm and a focal length of 2000 mm. It was used to
172  investigate the evolution of hot gas and its interaction with v For all tests, the schlieren
173  images were recorded at the same frame rate and shutter speed with the direct imaging
174  method. The results were obtained by averaging five circulations selected from 2,000
175  pictures for each case. The error bars correspond to the uncertainty in flame size
176  measurement, and are represented in red. Only results obtained from flame flickering

177  are provided.
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180 3. Results and Discussion
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183 For a certain burner configuration, the stability of co-flow diffusion flame
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primarily relies on the fuel formulation, co-flow type, flow rates, and the ambient
pressure [29]. The flame flickering at three flow rates of fuel and with various v
conditions is examined in this study. With no additional co-flow gas, the threshold of
Or for the stable flame is 0.16 slpm. When further elevating the Oy, the flame flickering
occurred. A complete sequence of high-speed images depicting methane-air diffusion
flames at various QOr and v, is presented in Fig. 2, in the time resolution of 0.014 s. It
was observed that the flames exhibit consistent and repeatable oscillation. Initially, the
main change is observed at the tip of flame. Then, changes are noted at both the flame
tip and neck, eventually leading to necking which separates the bulged portion of the
flames. Similar phenomenon has also been observed in the study of Gohari Darabkhani
et al. [37] on a laminar co-flow methane diffusion flame. They assigned this
phenomenon to the circinate vortex beneath the flame bulge pushes the flame surface
outward, while the vortex over the bulge pulls the surface inward, enhancing the
blending of fuel and air at certain moments. Consequently, the local combustion rate

increases, causing part of the flame tip to neck and quench.
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Fig. 2 Whole sequences of high-speed images of the pure methane (0.5, 0.4, 0.3 slpm) flames

without additional co-flow gas.

The flickering frequency of the flame is obtained through Fast Fourier Transform
(FFT) analysis of the mean brightness intensity from 2000 high-speed photographs of
the flame, sampled at a rate of 250 Hz [38]. The flickering frequency (f) of methane-air
diffusion flame at various flow rates is presented in Fig. 3. The £, in a range of 10—13
Hz, rises with increasing v, while it decreases as the Qy increases. The results are
similar to the findings of Fujisawa et al. [39]. They found two modes of flickering
frequency in the methane diffusion flame. The lower flickering frequency, ranging from
10 to 12 Hz, represents the fundamental mode of the flickering flame and gradually
increases as the v rises. In contract, the higher flickering frequency remains nearly
constant at 17 Hz, regardless of the v.. In summary, the increase in flow rates of vr

increases the flickering frequency while the increase in Oy decreases it.
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Fig. 3 Frequency of flickering flame at different fuel flow rates (Qy) and co-flow air rates (vy).

To facilitate a clearer observation of the flame changes with v.s, flame dimensional
parameters are extracted from the flame images, and the definitions are depicted in Fig.
4. The maximum height (Hu.x) denotes the highest point the visible flame tip above the
burner before separation of the bulged section. The minimum height (Hyi») is defined
as the lowest height of the flame body tip, after the separation of the bulged section in
the flickering flame [25]. The flame width (wy) referred to the maximum width of the
separated part of the flame. These results are shown in Fig. 5. It is observed that
increasing flow rates of the v increases Huax and decreases ws. The Huax initially
increases with increasing v, but later declines. It is speculated that the higher v
enhances the velocity gradient in the shear layer, which in turn enhances the stretching,
finally leading to increased flame height and reduced width of the separated part of the

flame.
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228 Fig. 4 Definitions of flame dimensional parameters.
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230 Fig. 5 The pure methane diffusion flame dimensional parameters at various rates of fuel (Qy)
231 and co-flow air (v¢): (a) the maximum flame height (Hyuax); (b) the minimum flame height (Hoin);
232 (c) the width of separated flame part (ws).

233 Through further scrutinization on the flame images, it is found that the methane

234 diffusion flame exhibits two characteristic zones [40]: a blue-green zone primarily
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located in the premixed flame region, which aligns well with the CH* and C2*
chemiluminescence intensities; a typical yellow-reddish flame owing to the solid
carbon/soot emission, representing the non-premixed flame region. To depict the two
zones, the original flames images were post-processed using the method as follows: the
original images were first converted to grayscale to simplify the data processing and
emphasize the brightness information without the influence of color [41]. Subsequently,
a colormap was applied to the grayscale images to visually represent the brightness
values. The colormap images depicting methane (0.5 slpm) diffusion flames under
rising v¢r are shown in Fig. 6. The region where brightness value is greater than 150 is
considered the yellow-reddish zone, and the blue-green zone is represented by a
brightness value of less than 100. As a function of time, the brightest zone in flame
body initially grows and then separates, leaving a small part in the flame body, as
denoted by the yellow dotted line in Fig. 6. As the v, increase, the part left of the
brightest zone in flame body also increases. The phenomenon may result from that the
location of the vortex formation moves downstream due to the increase in v, causing
the vortex to be taken away the flame tip. The vortex beneath the flame tip entrains the
polycyclic aromatic hydrocarbons (PAHs) downstream, which are known to be
precursors to soot formation [42, 43], leading to a number of soot forming in the
separation part. Thus, the separation part possessing more areas of brightest region.
When the location of the vortex formation rises, the weakened entrainment results in

the more areas of brightest region in flame tip. A similar phenomenon was found in the
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studies by Darabkhani [37] and Fujisawa et al. [38]. Darabkhani et al. conducted a
quantitative analysis of the length of the separated part. The length was maximum
without co-flow and gradually decreased with increasing co-flow. It was attributed to
the reduced influence of vortices on the flame after the vortices were pushed

downstream by co-flow.
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(a) Q=0.5 slpm — v.,=0 slpm
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|\

100

50

Fig. 6 Whole sequences of colormap images of methane (0.5 slpm) diffusion flames with

increasing co-flow air rates (vey).

According to Fig. 6, it is observed that the periodic variations occurred not only in
the yellow-reddish zone but also in the blue-green zone. This means that both physical
and chemical properties of flame occur changes in flickering. It is significant to pay

attention to the changes of the blue-green zone for understanding flame instability. The
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variation of blue-green zones is shown in Fig. 7. H, is defined as the height of blue-
green zone (partially premixed region), and w, is width at the half height of visible edge
between yellow-reddish and blue-green zone, as shown in Fig. 4. As the Oy increases,
both w), and H, rise. As illustrated in Fig. 7(a) and (c), w, initially descends to a valley
point and then ascends to a level comparable to its initial value with elapsed time, while
H,, increases and then decrease. The maximum oscillation amplitude of w), is 7.56 mm
that is far less than that of H, (19.27 mm). It is suggested that the area of the partially
premixed region initially extends and then diminishes. While more oxidizer entrains
into fuel, causing the increase in the area of the partially premixed region. It is
reasonable to speculate that the chemical kinetics in the flame have changed during the
flickering period. It is evident from Fig. 7(b) that the oscillation amplitude of w),
diminishes with the increase in v.. The evolution of H, with v, in Fig. 7(d) suggests
that increasing v.s caused the valley point to occur earlier. The flame goes through the
stretching and necking before the valley point, after which it begins to separate. The

earlier occurrence of the valley point reflects the change in the flickering period.
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Fig. 7 Variation of blue-green zone over time; (a) the width at the half height of visible edge for
blue-green zone (wp) with various fuel flow rate (Qy) without co-flow air; (b) w, with various co-
flow air rates (v¢y); (c) the height of blue-green zone (H,) with various Orwithout co-flow; (d) H,

with various ver.

3.1.2 Ammonia-methane diffusion flame

For assessing the impact of ammonia substitution on a methane diffusion flame,
experiments with NH3/CH4 diffusion flames at various ammonia blend volume ratios
(o) have been conducted at the constant Oy of 0.5 slpm. The appearance of the
NH3/CH4 flame resembles the pure methane flame at the Oy of 0.3 slpm, as shown in
Fig. 8. The bulged section of the NH3/CH4 flame shows a more rounded shape in
contrast to the angular shape of the pure methane flame at 0.5 slpm. As discussed above,

the bulge and separation are a consequence of the effect of the vortex on the flame
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surface. This observation implies that the introduction of ammonia alters the interaction

between flames and surrounding air.

(a) o= 0 (Q=0.5 slpm)

B

(b) =0 (Q=0.3 slpm)

(d) a= 0.5 (Q=0.5 slpm)

0s | 0014s 0.028 s 0.042 s 0.056 s 0.07s | 0.084s 0.098 s

Fig. 8 Whole sequences of high-speed images of NH3/CH4 (ammonia volume ratio, on= 0, 0.3,

0.5) flame without additional co-flow gas.

The NH3/CHg4 diffusion flame exhibits a flickering phenomenon resembling the
pure methane diffusion flame. Fig. 9 shows the frequency of flame flickering at various
ammonia ratios and v.. The flickering frequency rises as v rate increases in all
ammonia ratios. As shown in Fig. 9, for an=0.3, the flame possesses a sharp increase
with the increasing v.rless than 10 slpm and then slightly increases as the co-flow rate
further increases, in the flickering frequency. This phenomenon is consistent with the

study on a methane flame of Fujisawa et al. [39]. Their findings showed that there was

20
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a surge in flickering frequency with increasing co-flow flow rate, after which the
frequency exhibited slight changes. The sharp jump occurred at higher co-flow rates as
the Orincreased. A similar phenomenon was noted in the study of Zhang et al. [44] on
a methane diffusion flame, and was assigned to the fact that the downstream moving of
the earliest outer vortex ring core, closely linked to the initiation of outer shear layer
instability. Moreover, it is widely recognized that the flickering in a laminar flame is
driven by buoyancy [45], which arises from the discrepancy between density gradient
and gravitational vectors [46]. The addition of ammonia alters the fuel composition and
then the changes of density gradient in the shear layer at the interface of flame and
surrounding air, thereby altering the interaction between the fuel and the surrounding
environment. This fact may be another plausible factor for the earlier sharp jump ending
in the NH3/CH4 flame at ax=0.3. The flame flickering frequency at an=0.5 also
increases with v,z However, the flame tends to a stability with v further increases
to >10 slpm, according to the disappearance of stretching, necking and tip expansion of
the flame. This may be due to the height of the visible flame being less than that of the

location of the vortex formation, as discussed in Section 3.2.
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Fig. 9 The frequency of flickering flame at different ammonia ratios and co-flow air rates (vey).

The results of dimensional parameters for the flame with ammonia substitution are
shown in Fig. 10. The variations of dimensional parameters as a function of v, are
similar to that of the pure methane flame, but the values of dimensional parameters are
below those of the pure methane flame. Notably, the H.i» of the flame at ax=0.3 shows
a sharp increase with increasing ver up to 10 slpm and then decreases. This may be
attributed to a shift in the flickering behavior of the NH3/CHj4 flame at the verof 10 slpm,
as illustrated in Fig. 11. In this case, the flame tip stretches and then shortens rather than
separates as the time elapses. This phenomenon is agreement with the study of Yang et
al. [47] on a methane diffusion flame at sub-atmospheric pressure. They found that the
oscillation amplitude of the flame (the difference between Hu.x and Hyin) decreased
significantly with dropped pressure, responsible from the inhibition of flame flickering
in low-pressure conditions. Although the O is constant, the appearance of the flame
shrinks due to the addition of ammonia. Najafi et al. [31] also observed changes in
flame structure caused by ammonia substation in methane flames and used nitrogen for

comparison. They found that the flame height decreased with increasing substitution
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ratio for both nitrogen and ammonia. According to the simple Burke-Schumann theory
[48], it is speculated that the shrinkage of the flame results from the reduced
stoichiometric air demand for fuel, in turn decreasing mixing time required to achieve
stoichiometric mixture, which can be used to explain the decrease in both flame height
and width by ammonia addition. This can also be evidenced from another perspective
by the elongation of flame with increasing ammonia substitution in ammonia-hydrogen
flames [49]. The ammonia substitution in hydrogen flames increased the overall
stoichiometric air demand. Because ammonia requires more oxygen for complete

combustion compared to hydrogen.
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Fig. 10 NH3/CHy4 diffusion flame dimensional parameters at various ammonia ratios and co-flow
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Fig. 11 A whole sequence of high-speed images of NH3/CH4 (an=0.3, with 10 slpm co-flow air)

diffusion flames.

Images of the pure methane and NH3/CHy diffusion flames are presented in Fig.
12. The pure methane diffusion flame has typical yellow and blue zones, while the
addition of ammonia results in a reddish-orange flame that has no distinguishable zone.
In contrast to the pure methane diffusion flame, the flame containing ammonia hardly
shows noticeable changes in brightness during the flickering processes [36]. In order to
highlight the changes in the flames, the variation of flame brightness at various
ammonia ratio as function of time is presented in Fig. 13. The addition of ammonia
greatly decreases the extent of the yellow emission, and the reddish-orange emission
become dominant in the flame [31, 50]. The orange chemiluminescence results from
the spectra of NH> a band and the super-heated water vapor [51]. There is a distinct
brightness outline around NH3/CHjy diffusion flame. A conspicuous brightness appears
at the separated part of the flame at an=0.3, whereas it is presented on the flame wings
at ox=0.5, where a brightness gradient can be observed. At ox=0.3, the residual soot at
the flame tip results in a brighter separated part. As stated in [52], the OH radical is
primarily found on the flame wings, and play a key role in soot oxidation under fuel-

rich conditions. With an increase in the amount of ammonia, the OH radical
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concentration decreases, and its distribution region narrows [53]. The reduction in
amount of OH radicals leads to a small amount of soot remaining on the flame wings,
which in turn forms a brightness gradient. A similar phenomenon was also observed by
Najafietal. [31]. They further investigated the chemiluminescence spectra of ammonia-
methane flames. In pure methane flames, the blue emission zone was dominated by the
excited states of CH and C; radicals, while the yellow zone was attributed to broadband
soot emission. Ammonia substitution reduced the broadband emission intensity and
introduced sharper spectral peaks, which corresponded to the NH> a band. As the
ammonia fraction increased, the flame emission became dominated by the NH> a band

with negligible broadband radiation observed.

0s 0.06 s 0.12 s 0.18 s 0.24 s 03s

Fig. 12 Whole sequences of high-speed images of diffusion flames captured at 250 FPS: (a)
methane (0.5 slpm); (b) NH3/CHy (on=0.5).
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Fig. 13 The variation of flame brightness at various ammonia ratios over time.

3.2 Vortex structures

The schlieren method is widely used to investigate the generation and fortune of
vortices around flames and its interaction with flame flickering [54, 55]. As found by
Ge et al. [26], The flame flickering occurred only when the vortices formed at a lower
position, and the vortices entrained reaction zone of flame. To further demonstrate the
characteristics of flame flickering phenomenon, schlieren method was used in this study
as well.

A complete sequence of schlieren images depicting the pure methane at 0.5 slpm
without co-flow is presented in Fig. 14. The shear layer in the interface of flame and
surrounding air presents a spindle shape, and conducts a periodic motion due to thermal
expansion [56, 57]. As demonstrated in Fig. 14, the shear layer evolves along the

following sequences: initially, a slight inward concavity, depicted by the yellow arrows
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in the images, occurs on the spindle-shaped shear layer. As time elapses, the concavity
lifts, and develops into a vortex inside the shear layer according to the increasing
diameter of the shear layer. In the meantime, the flame goes through a complete
flickering cycle. The coinciding evolution of shear layer and flame flickering indicates
that the motion of shear layer contributes to the bulge of the flame tip and the elongation
of the region below the bulged. The vortex beneath the flame bulge pushes the surface
of flame outward, while the vortex over the bulge pulls the surface inward [58]. The
stretching even locally quenches an otherwise continuous flame surface, resulting in a
separated flame [58]. Obviously, the flame flickering is significantly affected by the

shear layer, both in appearance and frequency.

0s 0.014s 0.028 s 0.042 s 0.056 s 0.07 s 0.084 s 0.098 s

Fig. 14 Whole sequence of schlieren images for the pure methane at 0.5 slpm without additional

co-flow.

The red dotted line shown in Fig. 14 represents the diameter of the shear layer (d),
and the location of d; is considered as the characteristic height of the current shear layer,
which is used to calculate the motion velocity of the shear layer (vs).The change in the
ds and vy can be qualitatively used to describe the strength of the vortex [36]. The d;
over time for different fuels without co-flow is shown in Fig. 15. It is evident from Fig.
15(a) that the d;s expands with elapsed time for all Oy, and ultimately reaches a constant

value. The maximum value of dy decreases with the diminished Oy With the addition of
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ammonia, ds still increase with elapsed time, as shown in Fig. 15(b). The trend of d
over time is not changed by the addition of ammonia. The expansion of shear layer is
attributed to the continuous injection of the hot gas from the flame, which is less dense,
into a reservoir of denser ambient air [59]. The shear layer, once away from the
temperature field of the flame, stops expanding and may even shrink. During 0~0.056
s, the values of d; for NH3/CH4 flame are comparable to that for the pure methane flame.
After 0.056 s, there are obvious bifurcations, and the flame containing more ammonia
possesses a lower dy. As afore-discussed, the coinciding changes of dy and wy may be
attributed to the reduction in the heat release by the addition of ammonia,
accompanying with a lower flame temperature [6]. The reduced flame temperature
leads to a decrease in the temperature gradient within the shear layer decreases, which
in turn decreased density gradient and mass diffusion. Consequently, the reduced

density gradient and mass diffusion result in the shrink of the shear layer [60].
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Fig. 15 Diameters of shear layer over time for different fuels without co-flow.

The v, for different fuels is shown in Fig. 16. The vy diminishes with elevated Qy,

whereas it increases with an increase in proportion of ammonia. The change of vy with
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Or is consistent with the change in f. Faster motion leads to a higher frequency.
Interestingly, although v, increases with the addition of ammonia, f'does not increase
monotonically. There may be other factors affecting the flickering behavior due to the

presence of ammonia.

1.2

1.0 1 0.3 slpm 0.4 slpm 0.5 slpm
UV )a=03 7 )a=05

0.8

0.607

7 0549 (g 0542 0551

v, (m/s)
=]
=)

0.4

0.2

0.0

Fig. 16 The motion velocity of the shear layer (vs) for various fuels.

As verrises, the location of the vortex formation depicted by red arrow, elevates,
as shown in Fig. 17. The fluctuation amplitude of the shear layer near the burner
decreases and may even almost disappears. The result is consistent with the study of
Gohari Darabkhani et al. [37] on a laminar methane diffusion flame. They found that
the co-flow was prone to shift the location of the initial point of the vortices, and it then
reached a stage where the vortices interacted solely with the hot gas stream beyond the
visible flame region. The changed location of the vortex formation was also observed
by Ge et al. [26] on a laminar methane diffusion flame with elevated pressure. They
found that for a higher generation position of the vortices, the vortices did not impact
the flame reaction zone, allowing the flame to remain stable. The flame flickering
occurred only when the vortices were generated at a lower position, and the vortices

entrained flame reaction zone. It can be concluded that when the location of the vortex
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formation is pushed beyond the visible flame region by the co-flow, the flickering is
suppressed. To assess the position of the vortex formation, H, is defined as the height
at the location of the maximum ds, when the second necking of the shear layer occurs,
as depicted in Fig. 18. According to Fig. 19, H, increases non-linearly with the increase
in v¢r for all flames. When v, is <5 slpm, H, for the NH3/CHj4 flames is comparable to
that for the pure methane flame. The NH3/CH4 flame is obviously larger than the pure
methane flame in H, with further increasing v.z. Moreover, the increase rates of H, of
NH3/CHs4 flame is greater than that of the pure methane flame. For a=0.5 with 10 slpm
of vy, there are no fluctuation in the shear layer that tends to be cylindrical, as shown
in Fig. 18. These findings suggested that the addition of ammonia promotes the
downstream shift of the location of the vortex formation by the co-flow. It was
speculated that the addition of ammonia decreased the upstream flame temperature,
which in turn reduced the density gradient at the flame interface with the surrounding
environment [33, 61]. As a result, the buoyancy-induced vortices around the flame were
weakened. The shear layer became more susceptible to the co-flow air, and thus

reducing the overall fluctuation intensity.
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Fig. 18 Schlieren images of pure methane and NH3/CH4 diffusion flame at different rates of co-
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Fig. 19 Height of maximum diameter shear layer (H,) for different flames at different rates of co-

flow air (vey).
4. Conclusion
The effect of ammonia addition and co-flow air on the laminar methane jet
diffusion flame were investigated experimentally by a high-speed camera system and

schlieren method. In this study, with no additional co-flow gas, the threshold of Oy for
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the stable flame is 0.16 slpm. When further elevating the Oy, the flames possess regular
and reproducible oscillation, accompanying with the periodic bulge and separation of
the flame. The addition of co-flow leads to a higher flame flickering frequency that can
be reduced by the increase in Qr. The maximum height of flickering flames increases
with v, while the width of separation part decreases. The pure methane diffusion flame
presents two typical luminous regions of partially-premixed region and diffusion (soot
luminescence) region. The partially premixed region gradually stretches during flame
flickering and increases with an increase in Q. In contrast, the NH3/CHjy diffusion flame
presents a reddish-orange color and has no distinguishable luminous zone. Moreover,
the addition of ammonia greatly shrinks the appearance of flames, and leads to a slight
decrease in flame flickering frequency for 30% ammonia substitution whereas increase
for 50% ammonia substitution. There is a spindle-shape shear layer between the flame
and the surrounding air, conducting a periodic motion during the flickering sequence.
The spindle-shape shear layer expands over time during the flame flickering, and
eventually reaches a constant level. With the addition of ammonia, the maximum
diameter of the shear layer decrease, and the motion velocity increases. As the addition
of co-flow, the location of the vortex formation is pushed downstream, and the
fluctuation amplitude of the shear layer near the burner decreases and may even almost
disappear. The addition of ammonia further promotes the downstream shift of the
location of the vortex formation by the co-flow, probably lessening the flame flickering.

Apart from the presence of vortex, the heterogeneity of chemical kinetics in the flames
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is the main plausible factor related to flame flickering. Therefore, the chemical kinetics
in the ammonia-containing laminar diffusion flames will be further investigated in our

subsequent studies.
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Insight on the flame instability of ammonia-methane laminar

diffusion flame
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The effected of ammonia:

o Shrinkage of the flame appearance.

e Change in luminous zones.

e Promotion on suppression by co-flow air



