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Abstract

The creation of a more stable flame along with the extension of flammability limits under lean mixture
combustion was the main motivation to develop a new burner design, which has been investigated in this
research. The current burner configuration was utilized to create a wide range of higher turbulent
intensities and to produce different degrees of mixture inhomogeneity, which acted to promote minimum
pollution, highest performance and higher flame stability. The burner stability assessment was investigated
using two types of fuel: natural gas (NG) and liquefied petroleum gas (LPG). They were tested under
different degrees of partial premixing, and two turbulence generator disks for lean mixture at an
equivalence ratio of ¢ = 0.8 were used. Following this, the Laser Induced Breakdown Spectroscopy (LIBS)
technique was utilized to characterize and quantify the impact of changing the disk slit diameter on the
distributions profiles of equivalence ratio or mixture fraction for a NG/air partially premixed flame. A series
of homogeneous NG/air mixtures with different equivalence ratios were used to obtain the correlations
between the measured emission lines of LIBS spectra and the global flame equivalence ratio. Consequently,
the emission spectral lines ratios of H/N, H/O and C/N+0O were utilized to predict the equivalence ratio
distributions. The results demonstrated that for all of the mixing lengths, NG/air mixture with larger disk
generator diameter yielded the maximum burner stability, whilst the LPG/air mixture with a larger disk
generator diameter resulted in the minimum burner stability. Furthermore, the flame associated with the
larger disk slit diameter had a uniform local equivalence ratio distribution and lower RMS fluctuation
profiles of equivalence ratio in comparison to the lower disk slit diameter.

KeyWOI'dS: Stability; laser breakdown; partially premixed; Turbulence; LIBS; Mixture fraction

Highlights:

e Fuel type and partially premixed level effects on burner stability
¢ Flame stability behaviour of different turbulence generator disks were investigated
e Impact of changing the disk slit diameter on equivalence ratio distributions was examined

Nomenclature
LIBS laser induced breakdown spectroscopy | Y Mass fractions of the fuel elements
ds Turbulence generator diameter Lx Kolmogorov scale
3 Mixture fraction HI Hydrogen intensity
NG Natural gas A Laser wavelength
PPFs Partially Premixed Flames Vj Jet velocity
ICCD Intensified Charge-coupled device Tmix  Mixing time
L Mixing length, mm ® Equivalence ratio
b Slit thickness dc Cone diameter
LTE Local Thermal Equilibrium X Axial distance above the burner tip
CsHs Propane C4H10 Butane
Rms Root mean square ) Convection-diffusion laminar flame
PI Princeton Instruments thickness
NI Nitrogen intensity 0l Oxygen intensity
CI Carbon intensity 0 Cone half angle
D Inner diameter of the outer tube, mm d Inner diameter of the inner tube, mm
Do Outer diameter of the outer tube, mm do Outer diameter of the inner tube, mm
r Radial distance, mm X Axial distance, mm
R Inner radius of the outer tube, mm



https://www.sciencedirect.com/science/article/pii/S001623611731534X#!
https://www.sciencedirect.com/science/article/pii/S001623611731534X#!
https://www.sciencedirect.com/science/article/pii/S001623611731534X#!
https://www.sciencedirect.com/science/article/pii/S0360319914034181#!
mailto:tsb308@outlook.com

45
46

47
48
49
50
51
52
53
54
55
56

24

59
60
61
62
63
64
65
66
67

&8

70
71
72
73
74
75
76
77
78
79
80
81
82
83

i

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

183

104
105

Introduction

The mixture stratification process and the generation of higher turbulence levels are the two main
established techniques to extend the lean combustion limit [1]. Therefore, the new combustion system
design, directed towards partially premixing combustion, is a promising technology, which offers the
potential to meet ever stringent emission regulations, as well as improving the system efficiency [2]. The
performance of the combustion processes is mainly linked to the local equivalence ratio distributions near
the ignition event, and based on these distributions, the combustion characteristics and the level of
emissions such as CO, NOx, etc. will be strongly affected [3, 4]. This influence is mainly linked to the change
of both the local properties of the reaction zone and the global behaviour of the combustion system
associated with the flame propagation within spatial variations of the equivalence ratio [5]. Therefore,
quantifications of this ratio are essential to sustain the higher stability of the combustion process and to
minimize the soot emissions [6].

Richardson et al. [7] demonstrated that the laminar flame propagation speed was affected by the
equivalence ratio gradients, due to the gradients effects on the molecular transport of hot products and
radical species into the reaction zone. Furthermore, Dold [8] concluded that as the mixture fraction or
equivalence ratio gradient increased, the flame propagation speed was reduced. This was attributed to the
lower conduction heat transfer associated with the increased flame front curvature, which consequently
reduced the preheating process of the unburned mixture. Likewise, Richardson and Chen [4] investigated
turbulent flame propagation under the impacts of equivalence ratio-stratification for methane air flame
using DNS analysis. They concluded that the stratification process influences significantly on the flame
surface area due to the variation caused by equivalence ratio gradient orientation on the flame surface
averaged consumption speed with surface averaged equivalence ratio.

In order to measure and obtain comprehensive information regarding global and local equivalence ratios
distributions in turbulent flames, laser induced break down spectroscopy (LIBS) was used in this research.
The principle of laser induced breakdown spectroscopy depends mainly on the interaction of a very short-
duration focused pulsed laser beam onto the surface of the substance to be analysed, causing the
breakdown of the sample's chemical bonds, followed by the formation of plasma, which is composed of
ionized matter [9, 10]. During the subsequent relaxation of the constituent excited species, the spectral
emission occurred, and it was collected and spectrographically analysed using an Intensified CCD (ICCD)
detector attached to a spectrograph detector [11]. The elemental composition of any material can be
identified based on their fingerprint spectral lines, and consequently, the concentration of such elements
will be quantified from the spectral line intensities. The main advantages of the LIBS technique lies in its
ability to rapidly analyse samples remotely and in situ, with minimal sample preparation [12, 13].
Furthermore, LIBS has the potential of simultaneous multi-elemental analysis with minimum equipment
[14]. The aforementioned advantages make the LIBS technique to an attractive tool for the majority of
applications including liquids [15, 16], solids [17, 18] and quantitiative analysis of gases and gas mixtures,
which are all essential tasks in the field of security, environmental and chemical enalysis [19, 20].

Over the past few years, the LIBS technique has been applied extensively to the field of combustion
diagnostics [21, 22] for equivalence ratio measurements which can be obtained based on the atomic species
concentrations in flames. Kotzagianni et al. [23] established a new calibration scheme for equivalence ratio
measurements of non-premixed and premixed methane turbulent flames using the LIBS technique. They
concluded that for a lower mole fraction of methane in the range 0-0.3, the ratio of Ha (656.3 nm) over O
(777.3 nm), (Ha/0), should be utilized for equivalence ratio calculations. Additionally, they found that, for
a higher mole fraction of methane in the range 0.3-1, the ratio of Cz2 over CN, (Cz/CN), should be used to
identify the equivalence ratio. The majority of past LIBS studies were mainly focused on using the ratios of
some spectral lines of the atomic origin, such as the carbon line to nitrogen [C (833 nm)/N (744 nm)], the
carbon line to oxygen [C (833 nm) /0 (777 nm)] [24], or the ratio of the intensity of a carbon line to the sum
of the intensities of a nitrogen and an oxygen line, [C (711 nm)]/[N (744 nm) + O (777nm)] [25]. These
ratios have been successfully utilized to delineate the relationship between the spectral intensity and the
mixture equivalence ratio. The most commonly used ratios were between the hydrogen line to an atomic
emission of oxygen line [Ha (656.3 nm)/0 (777nm)] or hydrogen line to an atomic emission of nitrogen
[Ha (656.3 nm)/N (746.8nm)] [26-28]. Alongside the equivalence ratio measurements, LIBS has been
utilized for further analysis of the turbulent flame characteristics, including the measurements of
temperature [28], gas density and concentration [29].

The present work discusses the development of a new burner design, which has the ability to operate over
lean combustion conditions with higher flame stability, and consequently, it provides lower levels of
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exhaust emissions. This burner generates different stratification degrees of the mixture by changing the
degree of the partially premixed level or by using different turbulent generator disks. Considerable
attention has been paid to obtain comprehensive information regarding the impact of changing the disk slit
diameter, fuel type and the level of partially premixed on the flame stability maps. The stability map results
were examined and utilized to identify the suitable mixture conditions for equivalence ratios distributions
using the LIBS technique. Likewise, the ability to conduct quantitative equivalence ratio measurements of
partially premixed NG/air mixtures using the LIBS technique was examined. Furthermore, the correlation
of values of emission intensity ratio [C/(N+0), H/O and H/N] using LIBS against NG/air mixtures
equivalence ratios was established.

2.1. Burner setup details

The new design of the current burner configuration was comprised of a pair of fixed concentric stainless-
steel tubes; the inner tube carried the air whilst the outer tube carried the fuel, as shown in Figure 1.

X
Burner Tip Outer Tube 4
Inner Tube | < D >
A
Annulus Gap «1d L
A
S
F_
I
Se
LS
Turbulence generator
Slit thickness, b b= 0.8 mm
(a) (b)

Figure.1. Burner schematic diagram (a) half section 3D sketch, (b) half section 2D sketch

This new burner has the strength to generate higher levels of turbulence intensities as well as the ability to
provide different degrees of partial premixing. The inner tube has a wall thickness of 1.5 mm and an inner
diameter of d =19 mm, whilst the outer tube has a wall thickness of 1.5 mm and an inner diameter of D =
24 mm. The outlet of the inner tube was located at a distance L below the tip of the outer tube. The mixing
process between air and fuel occurred within this distance L, and consequently, by changing this distance,
the degree of inhomogeneity was varied. The degree of partial premixing was defined by the ratio L /D and
five sets of L/D =1, 2, 3, 4 and 7 were selected to investigate the burner stability as shown in Figure 2 (a).
Both the air and fuel streams were fed into the burner tangentially and directed towards the inner and
outer tubes, respectively. The fuel stream passed through the annulus gap between the vertical concentric
tubes and then it mixed with the air through the mixing distance, L, as shown in Figure 1. The LPG used
during the present study was formed of 50% butane and 50% propane (molar basis). While the NG was
formed from of 95% methane (molar basis). The flow rates of both air and fuel streams were controlled
precisely using an Alicat MCS-series meter which was calibrated to a certain range of 150 1/min with a high
accuracy of = (0.4% of Reading and + 0.2% of Full Scale). Additionally, it had a 10-millisecond response
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time. Both the fuel and air streams were introduced to the burner at ambient conditions. The overall mean
equivalence ratio was determined based on the fuel and air stream mass flow rates.

2.2. Turbulence generator disks

The turbulence generator used for the current study consisted of a thin disk turbulence generator with a
circular slot, in order to boost the turbulence intensity levels, similar to the disk developed by Videto and
Santavicca [30]. Beyond this disk, a contracting nozzle was utilized to assist the collapse of the air stream,
which passed through the circular slot, into a wide range of turbulent fluctuations and integral length scales,
and consequently, this promoted higher levels of turbulence intensities [31]. Recently, several studies have
been conducted to develop new turbulence generator designs in order to increase the turbulent flame
speed and to achieve improved flame stability [32]. In this paper, two disks with a circular slit diameter of
ds= 25 and 45 mm have been selected, as shown in Figure 2 (b). Both the disks were designed with a
constant slit thickness (b) of 0.8 mm, whilst the following converging nozzle consisted of a cone angle (26)
of 76°, 26 mm height (h) and 62 mm base cone diameter (dc). At a partial premixing level of (L/D = 2), a
particle image velocimetry (PIV) system was utilized to study the velocity profiles of the developed burner.
Accordingly, the flow turbulent intensities were calculated as a ratio between the fluctuation of the jet
velocity to the mean jet velocity (Vims/V;j) [33]. They demonstrated that the current burner turbulent
intensity could reach up to 36%, depending on the jet velocity, and any increase in the jet velocity or the
disk slit diameter will increase the turbulent intensity [33].

Burner Tip

i

[

| II
L/D=1 L/D=2 L/D=3 L/ L/

() (b)
Figure.2. (a) Sets of 5 different levels of partial premixing (L/D), and (b) Different slit diameters (ds = 25
mm and 45 mm) used for the turbulence generator disks

2.3. LIBS set-up

The schematic diagram of the experimental apparatus used for the LIBS-technique is presented in Figure
3. The plasma was generated by using a pulsed Nd: YAG laser with a frequency of 10 Hz. This laser beam
was characterised as the first harmonic wavelength of 1064 nm, pulse width of 6 ns and a beam diameter
of 10 mm. Single shot operations of the laser were used for the current investigation, with a constant laser
energy of 100 m], whilst the focusing process of the laser beam was carried out using a 50 mm focal length
plano-convex lens to create the plasma. This plasma constitutes of excited atoms in the ionized gas, and
during the subsequent decay of the excited electrons, a rainbow of light of different wavelengths is released,
resulting in characteristic spectral emissions. In order to optimize the spectral emission data collections, a
pair of 100 mm focal-length plano-convex lenses were placed at an angle of 26° to the laser beam [9], and
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then the spectral emissions were directed towards a fused-silica optical fiber with an aperture of 200 pm.
Consequently, the spatial resolution of the system based on this aperture diameter was small enough for
turbulent flame measurements and it was approximately 1 mm, estimated from the size of the plasma.
Consequently, the optical fiber captured the emitted light and it carried it to an Echelle spectrometer (PI-
Echelle, Princeton Instruments: IMAX-512, USA) attached to a gated Intensified Charge-Coupled Device
(ICCD) covering a wavelength range of 190-1100 nm, to resolve and image the signal spectrally. The data
acquisition system was utilized to precisely control both the gate delay time and the gate width of the
spectroscopic data acquisition system. In order to achieve high measurement accuracy, the laser induced
plasma generated should reach the Local Thermodynamic Equilibrium (LTE) state, and for the current
investigation, the LTE was established at roughly 1 ps following the plasma initiation.

Nd: YAG laser

Digital delay generator

Echelle Spectrometer

=200

DAQ and control computer

Figure.3. Schematic diagram of the LIBS setup

A Stanford research model DG535 4-channel delay pulse generator was employed to precisely control the
Shutter timing of the ICCD camera and the laser-trigger signals. A precise control of the timing parameter
and delay time was carried out by combining the fast oscilloscope (500MHz) with the fast photodiode (rise
time = 1 ns). The spectral emission lines were analysed and identified using commercial software
(GRAMS/AIv.8.0, Thermo-electron. Co.). The raw emission signals collected by the LIBS system were
corrected by subtracting them from the emission background by using the LIBS software (Winspexs 21).
This correction was applied to eliminate the inherently dark signal associated with the spectrometer
detector, which itself is associated with the output LIBS signal. Both the delay time and the gate width were
varied until the optimized intensity of the spectral emission line was obtained. In order to achieve that
optimized signal, the ICCD gate width was set at 10,000 ns, whilst the spectral emission line intensities
were collected at a delay time of 600 ns after the laser irradiation. For the present work, one case was
selected for equivalence ratio measurements using the LIBS technique. The NG/air mixture employed for
this case study was characterized by an equivalence ratio of ¢ = 0.8, mass flow rate of 2.91 kg/h and jet
velocity of Vj = 1.6 m/s. A long distance pipe, with an approximate length of 200 times the pipe diameter
was selected for the fuel-air mixing process, to create a perfectly homogeneous mixture valid for precise
calibration with the LIBS technique. Consequently, the equivalence ratio measurements were carried out
using the LIBS technique after the calibration process was completed.

3. Results and discussion
3.1. Stability limit characteristics
3.1.1 Stability limit characteristics for each fuel and each disk
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The degree of mixture stratification at the exit of the outer tube of the current burner is affected by changing
the mixing length to diameter ratio (L/D) and by varying the turbulence generator disk slit diameter.
Consequently, these equivalence ratio fluctuations will influence the stability, dynamics and the structure
of the flame [34]. Therefore, the flame stability behaviour can be characterized, with particular respect to
the blowout characteristics to delineate the extinction regions between different Reynolds numbers and
either the degree of partial premixing (L/D) or the equivalence ratio, ¢. The blowout limit is identified by
the bulk jet velocity, Vj at which a complete flame extinction is occurs. This extinction is carried out by
increasing the air flow rate while keeping the fuel flow rate fixed, whereas, the blowout limits are obtained
only from visual inspection of the flames [35].

In the present work, the assessment of the burner stability was implemented at lean conditions of ¢ = 0.8
for five sets of partial premixing ratios (L/D =1, 2, 3, 4 and 7) as shown in Figure 4 (a). The investigation of
the stability map was accomplished for two types of fuels, NG and LPG, using two turbulence generator
disks with slit diameters of ds = 25 and 45 mm. At L/D =1, the flame was considered nearly non-premixed,
while at L/D =7, the flame was considered almost fully premixed. Furthermore, qualitative measurements
of flame characteristics such as flame shape, height and colour associated with each case have been
observed as shown in Figure 4 (b). Five rows of images, which represent a comparison between LPG, and
NG, for each disk slit diameter, at different degrees of partial premixing, are presented. It was noticed from
Figure 4 (a), that changing the degree of partial premixing or changing the turbulent generator disk slit
diameter has a significant effect on the flame stability for both fuels. At L/D =1, the NG/air mixture for both
the disk slit diameters exhibited the maximum flame stability, whilst the LPG/air mixture with ds = 45 mm
demonstrated the minimum flame stability. These results are further explained with the flame images,
where NG demonstrated a stable flame with a blue colour, whilst LPG showed a significant small blue region
near the flame base followed by a bright yellow flame with high luminosity. The LPG flames look more like
diffusion flames, and consequently, the longer flame height associated with LPG flames can be linked to the
flame elongating, to obtain the oxygen available in the ambient air. The blue flame near the base is due to
the enhanced local partial premixing. The lower stability of LPG/air mixture in comparison to the NG/air
mixture could be attributed to the different properties of the fuels, in particular the Lewis number. As it is
well known, both the local stretch rate and the physicochemical parameters including the Lewis number
and the laminar burning speed have a significant influence on the turbulent burning speed [36]. Clarke [37]
calculated the Lewis number against the equivalence ratio for a range of different fuel-air mixtures that are
in common use. For lean mixture conditions, the Lewis number for NG (Le = 0.94 @ ¢ = 0.8) was lower
compared to that of propane (Le = 1.75 @ ¢ = 0.8) and butane (Le = 1.8 @ ¢ = 0.8) fuels; the main parts of
LPG fuel. Consequently, due to the proximity of the NG Lewis number to unity, the turbulent burning
velocity of NG flames was enhanced, and hence, the stability of the turbulent NG flames in comparison to
LPG flames was improved [38-40]. Furthermore, the laminar flame speed of the NG/air mixture at lean
equivalence ratio of ¢ = 0.8 was slightly higher compared to that of the LPG/air mixture [41, 42]. Therefore,
the NG flames were more stable compared to the LPG flames.

In addition, for L /D =1, both the fuels with disk, ds = 45 mm yielded the minimum flame stability compared
to the other L/D ratios. This behaviour could be linked to the lower mixing time (tmix) generated from the
higher turbulence level associated with the large slit diameter [43]. The numerical analysis of the current
burner using three-dimensional computational fluid dynamics (CFD) modelling quantified the higher axial
and radial turbulent intensities accompanied with disk, ds = 45 mm, compared to that of disk, ds = 25 mm
[42]. Consequently, improper air/fuel mixing will be generated during this shorter mixing length, L, due to
the insufficient time available for the mixing process. Subsequently, an incomplete partial premixed flame
will be produced at the burner tube exit [44], in comparison to the other L/D ratios, which contained longer
mixing lengths. Furthermore, when the mixing time of the fuel and air during the burner mixing length
becomes shorter than the chemical reaction time (T¢ > Tmix), the combustion can no longer be sustained, and
this will reduce the flame stability. In addition, for the high levels of turbulence intensities, the flame will
be quenched quickly, due to the higher mixing rate (scalar dissipation rate), characterized by the small
length scale of the turbulence, in comparison to the smaller thickness (8) of the laminar flame reaction-
diffusion zone [45, 46].

As the degree of partial premixing was increased to L/D = 2 and 3, the flame stability was increased for all
of the cases, except the case of the NG/air mixture with ds = 25 mm, where the flame stability was gradually
reduced. For both partially premixing ratios of L/D = 2 and 3, the LPG/air mixture with ds = 45 mm
consistently had the minimum flame stability. The maximum flame stability was achieved at L/D = 3 for
LPG with disk, ds = 25 mm and NG with disk, ds = 45 mm. This could be attributed to the multi-reaction
zones structure associated with a non-homogeneous mixture, which include lean, rich and diffusion [47].
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261 Once these zones interacted, the likelihood of the triple flame structure formation increased, resulting in
262 higher flame stability [48, 49]. Regarding the flame images, all of the cases exhibited stable flames with a
263 blue colour, except LPG, ds = 45 mm, which yielded a lower stability with a small blue region near the flame
264 base followed by bright yellow flame with high luminosity.
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Figure.4. Impact of changing the disk slit diameter, fuel type and the level of partial premixed on (a)
stability curves and (b) flame appearance of partially premixed flames.
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However, with further increase of the degree of partial premixing to L/D = 4, the flame stability started to
decrease for the NG/air mixture with ds = 45 mm, and the LPG/air mixture with ds = 25 mm, whilst the
flame stability started to increase for the NG/air mixture with ds = 25 mm, and the LPG/air mixture with
ds = 45 mm. The minimum flame stability for the NG/air mixture was produced with ds = 25 mm. In the
most well-mixed case of partial premixed degree L/D =7, it was noticed that the flame stability was reduced
for all of the cases.

Figure 4 (a) also demonstrated the evolution of the jet velocity (where the blowout occurred) as a function
of the level of the partially premixed L/D. For disk, ds = 25 mm, the maximum jet velocity of V; =1.8 m/s
was observed for NG at L/D = 1, whilst for LPG, the maximum jet velocity of V; = 2.6 m/s was observed at
L/D = 3. For disk, ds = 45 mm, the maximum jet velocity of V;= 2.6 m/s was observed for NG at L/D = 3
whilst for LPG, the maximum jet velocity of V; = 1.8 m/s was observed at L/D = 4. This enhancement in
flame stability for these non-homogenous mixtures is linked to the higher probability of finding near-
stoichiometric mixtures of fuel and air burning in contact with the hot burnt gases from the burner. This
results in additional heat release at the base of the turbulent jet flame and helps to stabilize it.

The flame stability at a constant level of partially premixed of L/D = 2 was further examined under different
Reynolds numbers and equivalence ratios, as presented in Figure 5 (a). Furthermore, qualitative
measurements of flame characteristics, such as flame shape, height and colour, associated with each case,
have been observed, as shown in Figure 5 (b). Four rows of images, which represent a comparison between
LPG and NG, for two disk slit diameters of ds = 25 mm and ds = 45 mm, at different equivalence ratios, are
displayed. The blowout limit was determined by maintaining a constant mass flow rate of the fuel stream
whilst increasing the mass flow rate of the air stream until the flame extinction happened. Four extinction
curves were established for each disk slit diameter and each fuel type. For the NG/air mixtures, changing
the turbulence generator disk slit diameter had a small effect on the flame stability, especially at very lean
conditions, where their behaviours were closely matched. On contrast, the flame stability of the LPG/air
mixture was more susceptible to the change of the turbulence generator disk slit diameter. For lean mixture
conditions of ¢ < 0.8, the LPG/air mixture with ds = 25 mm yielded the maximum flame stability followed
by the NG/air mixtures with ds = 45 mm and 25 mm, respectively. The flame stability completely
deteriorated for the LPG/air mixture with ds = 45mm, over the whole equivalence ratio range. The higher
stability of LPG at lean conditions could be contributed to its higher calorific value (energy content) than
natural gas, with 93.2 M]/m3vs 38.7 M]/m?3 [50], and thus, its higher heat release rate. The primary effect
of an increase in the heat released by the flame is to increase the flame speed, and consequently, a small
amount of LPG will produce a higher energy flame as compared to an equivalent amount of NG [51, 52]. A
slightly higher flame stability was observed for the NG/air mixture, for the disk slit diameter of ds = 25 mm,
as compared to disk slit diameter, ds = 45 mm, for lean conditions (¢ < 0.6). This was due to the high
susceptibility of the combustion systems operating at lean conditions to the high turbulence accompanied
with ds = 45 mm, which promoted lower flame stability induced by local flame extinction [53].
Consequently, this resulted in lower thermal diffusivity compared to the mass diffusivity and hence the rate
of heat transfer could not keep pace with the rate of mass transfer, resulting in the flame becoming
quenched.

For equivalence ratios of ¢ > 0.8, the NG/air mixture with ds = 45 mm demonstrated the maximum flame
stability followed by the LPG/air mixture with ds = 25 mm, and the NG/air mixture with ds = 25 mm. A
significant difference in the flame stability for the NG/air mixture with ds = 45 mm was noticed at the
equivalence ratios of ¢ = 0.8 and 0.9, as compared to that observed with ds = 25 mm. The high turbulence
level associated with the large disk ds = 45 mm, resulted in an increase in the entrainment of the hot product
gas and flame radicals towards incoming reactants, elevating the chemical reaction rate and hence the stabilization
of the flame [54, 55]. LPG with ds = 45 mm, consistently had the minimum burner stability.

Regarding the flame appearance, it was noticed for the NG/air mixtures, that the flame is more stable for
both the disks, with a blue colour. In contrast, LPG with ds = 45 mm, yielded a completely diffusive flame
with a bright yellow colour, without blue coloured flame near its base at very lean mixtures. As the
equivalence ratio increased to rich conditions, the flame colour became blue. Likewise, the flame images
reflected the higher stability of the flame associated with LPG, ds = 25 mm, for lean conditions, with a longer
blue coloured flame near to the base of the flame with a small yellow coloured portion at the top of the
flame. Additionally, for stoichiometric and rich conditions, the flame became more stable, with a blue colour.
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Figure.5. Impact of changing the disk slit diameter and fuel type on (a) stability curves (b) flame
appearance of partially premixed flames at constant level of partial premixing, at L/D = 2.
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3.2.1. LIBS spectra

For turbulence disk slit diameter of ds = 25mm, the break down LIBS spectrum, in the region between 240
and 900 nm was measured for the lean NG/air mixture of ¢ = 0.8 and jet velocity of V; = 1.6 m/s, as shown
in Figure 6. The incident laser energy was maintained constant at 100 m] for all measurements, and the
presented spectrum corresponded to an average of 50 laser shots. A broad band Echelle spectrometer was
employed to collect the emission signal and the most common spectral atomic lines highlighted in the
spectrum were C (I)-247.8 nm, Ha (I) - 656.4 nm, N (I)-747.2 nm and O (I)- 777.5 nm. Moreover, the N(I)
atomic line consisted of three peaks at 742.5, 744.5, and 746.8 nm.
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Figure.6. NG/air mixture typical break down LIBS spectrum in the region between 240 and 900 nm at an
equivalence ratio of ¢ = 0.8.

The quantitative analysis of the local equivalence ratio measurements by the LIBS technique could be
fulfilled by establishing a linear relationship between the value of the emission lines intensities and the
equivalence ratio of a well premixed mixture. To ensure confidence regarding the high mixture
homogeneity, a long-distance pipe with an approximate length of 200 times the pipe diameter was selected
for the fuel-air mixing process, to create a perfectly homogeneous mixture. For the calibration purpose, a
wide range of equivalence ratios, including eight sets of ¢ = 0, 0.2, 0.4, 0.6, 0.6, 0.8, 1 and 1.4 were selected
to evaluate the emission spectral line intensities of O (I), Ha (I), C (I), and N (I), for each set. The statistical
analysis of the emission spectrum was conducted by using the GRAMS/AI V.8.0 Spectroscopy software
package. The predominant atomic lines of C (1)-247.8 nm, Hu (I) - 656.4 nm, N (I)-747.2 nmand O (1) - 777.5
nm for each equivalence ratio are presented in Figure 7. Based on the 50 single shot measurements carried
out at each set, the calculated standard deviation of the predominant spectral line emission intensities was
altered between 5-12%. The spectrum lines were captured with a 0.02 nm spectral resolution by using an
ICCD camera attached to an Echelle spectrometer. Due to the air compositions which include 78.09%
nitrogen, 20.95% oxygen, 0.93% argon, and 0.04% carbon dioxide, the carbon emission spectral line C (I)
was noticed at an equivalence ratio of ¢ = 0. The increase of the equivalence ratio was associated with an
increase in the intensity of C and H and a decrease in the intensity of O and N.
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Figure.7. The LIBS spectra of C (I), H (I), N (I) and O (I) elements for a series of different equivalence ratios
at@=0,0.2,04,0.6,0.8,1, 1.2 and 1.4 for the NG/air mixture in the region between (a) 650-880 nm, and
(b) 240-500 nm.
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3.2.2. Calibration lines

From the spectrum analysis implemented in the aforementioned section, the elemental mass fractions Yc,
Yn, Yn and Yo, were calculated and presented against the signal intensity as a linear relationship in Figure
8. Due to the high precision of using the integral method of the area under each spectral line [25, 56], the
mass fraction of each emission line was defined by the ratio between the integration area under the peak
of this line and the total integration area under the peaks of all of the elemental spectral lines. The
normalized signal intensity was obtained by dividing the elemental signal intensity by the maximum
intensity of each element. The high linearity between the LIBS signal intensity and the elemental mass
fraction shows the high fidelity of the LIBS system for use as a measuring tool for equivalence ratio
quantitative measurements. The deviation of carbon and hydrogen elements from linearity at lower
concentrations could be contributed to the laser shot-to-shot fluctuation.
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Figure.8. The elemental mass fractions (a) Y_C and Y_H, and (b) Y_N and Y_O, against the normalized signal
intensity.
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Figure.9. Correlation between the elemental intensity ratio of (a) H/N, (b) H/O and (c) C/N+0O, and the
equivalence ratio for the premixed NG/air mixture.

The C/(N+0), H/O and H/N intensity ratios were reported as a function of the equivalence ratio for the

NG/air mixtures, as shown in Figure 9. The value of each intensity ratio was normalized to the maximum
intensity associated with this ratio. Moreover, the three ratios corresponded linearly to the equivalence
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ratio of the premixed NG/air mixture. This calibration line will be essential for local equivalence ratio
measurements. The calibration procedure was accomplished under real temperature and pressure
conditions, which is directly related to the behaviour of the flames.

Two methods were utilized to evaluate the mixture fraction (§); in the first method, § was calculated by
using the intensity ratios of C/(N+0), H/N and H/O, whilst the second method identified § based on the
obtained elemental mass fraction values, which are presented in Figure 8, and substituted it into Eq. (1).
Subsequently, a relationship between the two methods is presented in Figure 10. Over the entire range of
the mixture fraction measurements, the data showed good agreement, especially with the values
determined from the ratio C/(N+0). The intensity ratios of Hese3/0777.4 and Hese3/N7465 yielded good
agreement with the § calculated from Eq. (2), at mixture fractions § = 0.03-0.05 and for & = 0.07-0.09.
Consequently, both methods could be employed for mixture fraction quantitative measurements.
§=1-2 Yo Eq (1)

where yoi are the oxidant elements’ mass fractions. Thus, € for the fuel stream will be 1, and for the oxidizer
stream, it will be 0.

0.12
® From (C/(N+0)) ratio
[ — Linear fitfor (C/(N+0))
01k From (H/0) ratio A
¢ From (H/N) ratio ° o%
o

0.08

0.06
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Figure.10. Comparison of the mixture fraction calculation for a partially premixed flame at equivalence
ratios of 0.8 and jet velocity of 1.6 m/s, using the three ratios of (C/(N+0)), (H/0) and (H/N), represented
by the y-axis, and that calculated from Eq. (2) based on the elemental mass fractions represented by the x-
axis.
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3.3. Mass Fraction Measurements
The flame appearance and the location of the measurement axial positions (red dots) of the lean partially

premixed flame at the equivalence ratio, @= 0.8, with two disk slit diameters, for the NG/air mixture, is
shown in Figure 11.

X/D=2.5

X/D= 1.85

X/D=1.11

X/D=0.074

Figure.11. The flame appearance and the location of the measurement axial positions (red dots) of the lean
partially premixed flame at the equivalence ratio, ¢= 0.8 and Vj= 1.6 m/s, with two disk slit diameters, for
the NG/air mixture.

Figure 12 shows the mass fraction radial distribution of different elements including O, N, H and C with the
two disk slit diameters of ds = 25 mm and ds = 45 mm, at further distances from the burner rim. Around
the burner axis, a perfectly symmetrical distribution of the mass fraction occurred. A perfectly flat shaped
distribution occurred with the large slit diameter of ds = 45 mm, whilst a triangular shaped distribution
occurred with a lower slit diameter of ds = 25 mm. In comparison to the lower disk slit diameter of ds = 25
mm, the larger disk slit diameter of ds = 45 mm had a lower mass fraction distribution for elements H and
C, and a higher oxidant elemental mass fraction of N and O over the radial region of -0.5 <r/R < 0.5. For
disk, ds = 45 mm, the reduction in C and H mass fractions at X/D = 0.074 was approximately 8%, and as the
distance from the burner rim further increased to X/D = 2.5, the reduction in C and H mass fractions
increased up to 30% in comparison to those observed with the disk, ds = 25 mm. This can be understood
by referring to the numerical analysis of the current burner, which showed that the large disk, ds = 45 mm,
was associated with higher turbulence intensity, and subsequently, the mixing layer during the burner
mixing length, L, will be changed [43]. This higher intensity will be associated with a large rate of strain,
which reduced the annulus fuel stream, to entrain more into the air stream and the rate of molecular
diffusion will be reduced, resulting in higher Y_ N & Y_O and lower Y_C, & Y_H [57-59].

The elemental mass fraction of H and C were reduced for both disks, as the distance from the burner rim
increased further, due to the increased time available for the surrounding air to penetrate into the partially
premixed flame [26]. [t was noticed that the elemental mass fraction of H and C were reduced for both the
disks as the distance from the burner rim further increased due to the increased time available for the
surrounding air to penetrate deeper into the partially premixed flame. Furthermore, at the edge of the
burner the values of the elemental mass fraction of O and N were very close to that components of
atmospheric air, and moving toward the burner centerline, these values were reduced. This could be linked
to the shear layer generated due to the diffusion between the air and fuel.
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Figure.12. Effect of changing the disk slit diameter on the elemental mass fraction distributions for the
lean partially premixed flame of ¢ = 0.8 at different axial positions for the NG/air mixture.
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3.4. Mixture Fraction Measurements

Based on the calibration curves shown in Figure 9, the local equivalence ratio could be identified for each
measured point according to any of the three intensity ratios C/(N+0), H/N and H/O. The local equivalence
ratio was calculated as an average of 50 laser shots. Then the mixture fraction § can be either calculated
based on the obtained elemental mass fractions values presented in Figure 8 and substituted in Eq. (2), or
by using the local equivalence ratio determined from the linear calibration trend and substituting it into Eq.

(3):

= vn @)

where yri are the fuel elements’ mass fractions. Furthermore, the mixture fraction, § can be employed to
evaluate the average equivalence ratio based on Eq. (3):

4

gz—
¢+ D

(3)

For the current NG/air flame the stoichiometric air-to-fuel ratio(A/F)stwas calculated as 17.167.

The impact of changing the disk slit diameter on the mean radial profile distribution of equivalence ratio
or mixture fraction at different axial positions of X/D =0.074, 1.11, 1.85 and 2.5 are presented in Figure 13.
All of the measurements were conducted at lean NG/air mixture conditions of ¢ = 0.8, Vj= 1.6 m/s and
partially premixed degree of L/D = 2, to investigate the structure of the flame. The results demonstrated
that the equivalence ratio distributions were significantly influenced by altering the disk slit diameter, due
to variation of both the mean flow structure and the level of turbulence intensity associated with each disk
[60].

Figure 13 illustrates that around the burner axis, a perfectly symmetrical distribution of the mixture
fraction, € profile was manifested, and the mixture fraction values peaked at the burner axis and rapidly
decreased towards the periphery (air side), especially for lower disk slit diameter, ds = 25 mm. This could
be interpreted by referring to the numerical investigation of the turbulent intensity produced from the
current burner at L/D = 2 [43]. It was noticed that disk ds = 25 mm had a faster decay rate of the turbulent
intensity during the mixing length, L, in comparison to that of ds=45mm. Consequently, a higher
percentage of the fuel introduced through the annulus will be diffused towards the burner centerline for
ds = 25 mm during the mixing length, L. The higher level of intensity associated with the large disk, ds = 45
mm, yielded eddies of sufficient strength and with a large rate of strain, which enhanced the entrainment
of the annulus fuel to the air stream. As a result, a homogenous mixture fraction distribution will be
produced and this was consistent with the results of Meares and Masri [61], where the fuel was introduced
by the same way.

As shown in Figure 13, the smaller turbulence generator disk slit diameter of ds = 25 mm consistently
encompassed a wide range of equivalence ratios distributions in comparison to that of ds = 45 mm. At an
axial distance of X/D = 0.074, the radial distribution of ¢ for disk ds = 25 mm was varied from very lean
condition of ¢ = 0.67 to very rich conditions of ¢ = 1.25, whilst for the disk ds = 45 mm, the radial local
equivalence ratio profiles were varied from a slightly lean condition of ¢ = 0.86 to a slightly rich condition
of @ = 1.1. As the axial distance from the burner rim further increased, the radial distribution of ¢ became
narrower and the flames were naturally anchored to the burner lips and they took a conical shape,
especially at an axial distance of X/D = 2.5 for ds = 25 mm [62]. Furthermore, the disk slit diameter, ds = 45
mm, had a perfectly flat local equivalence ratio distribution for axial distances of X/D = 0.074 and 1.11,
within the burner wall boundary. Also, the created flammable region for disk, ds = 25 mm, was decreased
from rich condition around ¢ = 1.25 on the jet axis to stoichiometric conditions at r/R = 0.5 and then to
lean conditions, while moving radially further toward the air side. For the disk, ds = 45 mm, a rich
homogeneous mixture of (=1.1 was radially distributed over the burner wall boundary and then started
to decrease into stoichiometric and lean conditions at the periphery (air side).
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The high turbulence level associated with the large disk, ds = 45 mm, resulted in an increase in the
entrainment of the hot product gas and flame radicals towards incoming reactants, elevating the chemical reaction
rate, and hence, it helped to stabilize the flame [63-65]. Furthermore, this kind of mixing between the products
and reactants diluted the mixture fraction of disk, ds = 45 mm, as compared to that of disk, ds =25 mm. The
reduction in mixture fraction values at distances further from the burner rim can be mainly attributed to
the enough time available for the surrounding air to penetrate deeper into the partially premixed flame
[26]. Moreover, the mixture fraction flat distribution profiles highlight the ability of the current burner
configuration to generate highly stable partially premixed flames. In addition, previous studies [8, 66]
showed that the flame speed is directly proportional to the mixture fraction gradient and subsequently the
flame front curvature. Consequently, the non-uniformity in the & distribution increased the flame front
curvature and decreased the rate of heat transfer from the flame front, resulting in a lower preheating of
the unburned gas layers, and hence, a lower flame propagation speed will be produced [8].

0.07 0.07
= .. 1.2 11.2
0.065 - x = 1" 0.065 - 1"
-
0.06 i d11 0.06 et T, J11
— x = = 1 L - :-:ﬁ * :ﬁ'i: 1 :
L B I = = i L B i
~—0.055 xE Fx 1 | ~=0.055 N N 1
g = = ], S
2 005} x q09¢ E oosp I g Joo,
= o= ¥ ¥ 1 [ = - s == (
i = v e - |
F 00451 O » dos | EFo0045f qo0s ,
£ 004f o = * #1077 £ oos los
04 | 0.7 04 107
g 0035 - - * loe i £ 0035 > PR o U > doe |
NG, ds= 25 mm ] E g™ NG, ds= 45 mm s, -
0.03F X ® X/D=0.074 . dos 0.03 ® X/D=0.074 - 105
= ® X/D=1.11 E - ! = ® X/D=1.11 - ]
0.025 - X/D=1.85 :&: 404 0.025 o= X/D=1.85 -1 04
® X/D=25
0.02 1 1 /| 1 1 ] 0.02 1 L bt X’ID:Z'S 1 1 ]
-1.5 1 -0.5 0 0.5 1 1.5 -1.5 -1 0.5 0 0.5 1 15
r/R r/R
(a) (b)

Figure.13. Impact of changing the disk slit diameter (a) ds = 25 mm and (b) ds = 45 mm, on the mean radial
profiles of equivalence ratio or mixture fraction distributions for the NG/air mixture at ¢ = 0.8, Vj= 1.6 m/s
and L/D =2 for certain axial distances.
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Figure.14. Variation of the equivalence ratio at different axial positions from the burner tip along the burner
centerline with different disk slit diameters of ds = 25 mm and ds = 45 mm, for the NG/air mixture at ¢ =

0.8,Vj=1.6 m/s and L/D =2.

Figure 14 highlighted the reduction of the equivalence ratio with the increase of the axial distances along
the burner centerline for different disk slit diameters. Consistently, disk, ds = 25 mm had a higher
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equivalence ratio at all the axial distances in comparison to disk, ds = 45 mm. This influence was mainly
linked to the enhancement of the surrounding air entrainment due to the higher level of turbulence
intensity associated with the large disk, ds = 45 mm. As the axial distance above the burner tip increased
from 0.074 to 2.5, the equivalence ratio was reduced for both the ds = 25 mm and ds = 45 mm disks by
approximately 25% and 43%, respectively. In addition, at an axial distance of X/D = 0.074, the equivalence
ratio for disk, ds = 25 mm, was higher than that of disk, ds = 45 mm, with approximately 9.6%. As the axial
distance from the burner tip increased to X/D = 2.5, the difference in the equivalence ratio between disk,
ds = 25 mm and disk, ds = 45 mm, increased up to approximately 32%.

The fluctuation in mixture fraction were calculated as a ratio between the root mean square of the mixture
fraction fluctuations and the average of the mixture fraction values along the burner centerline. Both the
mean and fluctuating mixture fraction profiles (§ and &*, respectively) are presented in Figure 15 for an
axial distance of X/D = 0.074. For the lower disk slit diameter, ds = 25 mm, and lean mixture of ¢ = 0.8,
higher fluctuations occurred within the burner wall boundary compared to those observed with disk, ds =
45 mm. In contrast, outside the burner boundary disk, ds = 25 mm yielded lower fluctuations compared to
disk, ds= 45 mm. At X/D = 0.074 and -1< r/R < 1, the peak fluctuation for disk, ds = 25 mm, was
approximately 0.028, whilst for disk, ds = 45 mm, it was approximately 0.017. Moreover, across the burner
region of -0.5 < r/R < 0.5, the mixture fraction fluctuation associated with the disk, ds = 45 mm, was nearly
fixed around 0.008, and lower compared to that of the lower disk, ds = 25 mm, with approximately 0.019.
Figure 16 shows the fluctuating mixture fraction profiles &* for the NG/air mixture at ¢ = 0.8 and L/D =2,
at further axial positions from the burner rim. The mixture fraction fluctuation profiles for disk, ds = 45
mm, were consistently lower than that of ds = 25 mm, for most of the radial distances r/R. The maximum
fluctuation was noticed for disk, ds = 25 mm at an axial distance of X/D = 2.5 with &* = 0.05. At an axial
distance of X/D = 1.11, the fluctuation trends for disk, ds = 25 mm, was slightly higher than that of the disk,
ds = 45 mm. While at axial distance of X/D = 1.85, the fluctuation trends for both disks were close to each
other.
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Figure.15. Impact of changing the disk slit diameter on both the mean and fluctuating mixture fraction
profiles for the NG/air mixture at ¢ = 0.8 and L/D =2 for the axial distance of X/D =0.074.
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Figure.16. Impact of changing the disk slit diameter on the fluctuation of the mixture fraction profiles for
NG/air mixtures at ¢ = 0.8 and L/D = 2 for axial distances of (a) X/D = 1.1, (a) X/D = 1.85 and (a) X/D = 2.5.

Conclusions

The current study was mainly focused towards the extension of the lean combustion limit by generating
higher turbulence levels or by using the partially stratified charge method. Likewise, the burner was
designed for improving the stability of lean flames, and consequently, it produces low emissions. In addition,
the LIBS technique was employed to characterize and quantify the impact of changing the disk slit diameter
on the distribution profiles of equivalence ratio or mixture fraction for NG/air partially premixed flame.
The current burner configuration stability was examined for a lean NG/air mixture at ¢ = 0.8 by changing
the disk slit diameters, the fuel used and the degree of partial premixing. The conclusions drawn from this
work are as follow:

(1) At the equivalence ratio of ¢ = 0.8 and for different levels of partially premixing, it was noticed that
changing the disk slit diameter has a great impact on the flame stability for both NG and LPG fuels.
Increasing the disk slit diameter from ds = 25 mm to ds = 45 mm resulted in a higher flame stability for the
NG/air mixture. In contrast, increasing the disk slit diameter for LPG/air mixtures reduced its flame
stability.

(2) Changing the level of partial premixing (L/D) lead to an enhancement in the flame stability for both
fuels. However, the optimum L/D ratio where the maximum flame stability occurred varied based on which
fuel type and disk slit diameter was used. L/D = 1 was the optimum ratio for NG with disk, ds = 25 mm, at
which the maximum flame stability was achieved. The maximum flame stability was achieved at L/D =3
for LPG with disk, ds = 25 mm, and for NG with disk, ds = 45 mm. Finally, for LPG with disk, ds =45mm, L/D
= 4 was the optimum ratio at which the maximum flame stability occurred.

(3) Among all the cases, the NG/air mixture with ds =45 mm and ¢ = 0.8 demonstrated the maximum flame
stability, whilst the LPG/air mixture with ds = 45 mm and ¢ = 0.8, yielded the minimum flame stability over
different levels of partial premixing.

(4) At a constant level of partially premixing of L/D = 2, it was noticed that for equivalence ratios of ¢ = 0.8,
the NG/air mixture with ds = 45 mm exhibited the maximum flame stability. Whilst for equivalence ratios
of @ < 0.8, the LPG/air mixture with ds = 25 mm yielded the maximum flame stability.

(5) The larger disk slit diameter, ds = 45 mm, demonstrated almost zero mixture fraction gradients
distributions and lower fluctuation of the mixture fraction distributions within the burner wall boundary
in comparison to that of disk, ds = 25 mm, for the NG/air mixture at ¢ = 0.8 and L/D = 2.

(6) Along the burner centerline disk, ds = 25 mm consistently had a higher equivalence ratio at all of the
axial distances in comparison to disk, ds = 45 mm. The equivalence ratio at axial distances of X/D = 0.074
and X/D = 2.5, for disk, ds = 25mm, was higher than that of disk, ds = 45mm, with approximately 9.6% and
32%, respectively. As the axial distance above the burner tip increased from 0.074 to 2.5, the equivalence
ratio was reduced for both disks, ds = 25mm, and ds = 45mm, by approximately 25% and 43%, respectively.
(7) The mixture fraction fluctuation profiles associated with disk, ds = 45mm, were consistently lower than
that of ds = 25mm, for most of the radial distances r/R. Near the burner tip at X/D = 0.074, the peak
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fluctuation for disk, ds = 25mm, was approximately 0.028, whilst for disk, ds = 45 mm, was approximately
0.017. The maximum fluctuation was observed for disk, ds = 25mm, at an axial distance of X/D = 2.5 with
&*=0.05.
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