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Abstract: Glycerol, a byproduct of biodiesel, has moderate energy but high viscosity, making clean
combustion challenging. Quickly evaporating fine fuel sprays mix well with air and burn cleanly and
efficiently. Unlike conventional air-blast atomizers discharging a jet core/film, a newly developed
swirl burst (SB) injector generates fine sprays at the injector’s immediate exit, even for high-viscosity
fuels, without preheating, using a unique two-phase atomization mechanism. It thus resulted in
ultra-clean combustion for glycerol/methanol (G/M) blends, with complete combustion for G/M
of 50/50 ratios by heat release rate (HRR). Lower combustion efficiencies were observed for G/M
60/40 and 70/30, representing crude glycerol. Hence, this study investigates the effect of premixed
methane amount from 0–3 kW, and the effect of atomizing gas to liquid mass ratio (ALR) on the
dual-fuel combustion efficiency of G/M 60/40-methane in a 7-kW lab-scale swirl-stabilized gas
turbine combustor to facilitate crude glycerol use. Results show that more methane and increased
ALR cause varying flame lift-off height, length, and gas product temperature. Regardless, mainly
lean-premixed combustion, near-zero CO and NOx emissions (≤2 ppm), and ~100% combustion
efficiency are enabled for all the cases by SB atomization with the assistance of a small amount
of methane.

Keywords: swirl burst (SB) injector; lean-premixed combustion; dual-fuel combustion; high viscosity;
near-zero emissions

1. Introduction

As fossil fuel reserves continue to deplete, researchers in the field of biodiesel combus-
tion research have turned their focus towards developing alternative sources of energy [1].
Consequently, the production of biodiesel is steadily on the rise. As biodiesel production
increases, so does the generation of its byproducts. The primary and most commonly used
biodiesel production process is transesterification, in which the raw material is oils and fats
from plants or animals [2,3]. Biodiesel can be combusted cleanly and efficiently without
preheating and further modification due to its properties similar to those of diesel. Biodiesel
primarily yields glycerol (C3H8O3) as its main byproduct [4]. The quantity of glycerol
produced during biodiesel production constitutes approximately 10% of its total weight [5].
Glycerol has limited use in a few industrial sectors of cosmetics, food processing, packing
material, etc. The excess glycerol production can be treated as waste, which is a challenging
task to dispose of in the environment [5]. Due to the high viscosity, high surface tension,
and low calorific value of glycerol, it is difficult to burn [6] with conventional injectors such
as air-blast (AB) atomizers that are highly sensitive to slight variations in fuel properties.
However, due to its substantial oxygen content and moderate heat output, glycerol is a
feasible biofuel option for combustion, aiming to decrease carbon emissions [7,8]. On
the other hand, crude glycerol from biodiesel contains methanol [9–12], which has a high
octane number, high performance, and low emissions [8,13]. Additionally, methanol can be
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produced from biomass [8,13]. Efficiently combusting glycerol and methanol blends can
reduce the cost of purifying crude glycerol, which contains 60–70% glycerol and 23.4–37.5%
methanol by weight [5]. Moreover, by blending methanol with glycerol, the viscosity of the
blend reduces significantly compared to pure glycerol [8]. However, it is ~3× viscous than
diesel [14], which is difficult to burn by using the AB injector [8].

In the present era, there is a worldwide inclination towards implementing strict emis-
sions regulations to reduce global warming [8]. Scientists are actively engaged in efforts
to minimize emissions through the implementation of clean and efficient combustion ap-
proaches [8]. Fine spray generation, which helps to evaporate the spray quickly and mix
with air homogeneously, is a pre-requisite for clean and complete combustion [8]. However,
the atomization capability of the conventional AB atomizer is limited. The AB atomizer in-
troduces a fuel at a relatively lower velocity while injecting air at a higher velocity through
the injector [8,15]. It first produces a liquid jet core or film at the injector exit, which breaks
further downstream by creating long ligaments, short streaks, and large droplets gradually
by shear layer instabilities between the liquid fuel and the high-velocity air [8,15–17]. When
ligaments and larger droplets move further in the flow direction, aerodynamic forces by the
relative velocity of the ligaments and droplets with the surrounding air break the ligaments
and droplets into smaller droplets, which is called secondary atomization [8,18,19]. How-
ever, for liquid fuels with even a slight increase in viscosity and surface tension force, shear
layer instabilities are suppressed, hindering the liquid disintegration to yield larger droplets
and ligaments that do not fully vaporize [19,20]. Hence, they burn in diffusion mode locally,
resulting in high local flame temperature and pollutant emissions [7,8,16,17,21]. For in-
stance, sustainable aviation fuel C-3 has almost 2.5 times higher viscosity of conventional jet
fuel Jet A [22,23]. Due to the limited atomization capability of AB injector while atomizing
C-3, it exhibited the lowest ignition capability among the tested fuels, including Jet A-1,
A-2, A-3, C-1, C-2, C-3, C-4, C-5, and C-7 [23].

Ganán-Calvo (2005) developed the flow-blurring (FB) atomizer with a significantly
enhanced atomization efficiency [8,24]. Compared to the conventional AB atomizers that
atomize by external air-liquid interaction, the FB atomizer uses a unique internal geometry
to incur rapidly formed internal two-phase flow with entrapped air bubbles. While crossing
the injector exit, the air bubbles expand and burst robustly due to the dramatic pressure
drop. This tears the surrounding liquid into fine droplets immediately at the injector exit,
defined as primary atomization. Hence, the FB atomizer offers a significantly larger total
droplet surface area, ranging from five to fifty times greater than the AB atomizer [24].
Due to the fundamentally varied primary atomization mechanism, the FB atomizer has
a broader range of fine spray generation capability irrespective of viscosity [8,16,22,25].
It generates droplets with smaller diameter and more uniform droplet size distribution.
For water, the Sauter mean diameter (SMD) is 5–25 µm for FB and 5–45 µm for AB ≥2 cm
downstream of the injector exit [8,21]. This creates a shorter atomization complete length
(for FB ~2.67 D downstream from the injector exit with diameter of D and AB > 50D
from the injector exit) [26]. FB generates fine droplets for a variety of liquids: water [26],
diesel [27], biodiesel [28], vegetable oil [27], Jet A-2 [29], JP-5 [29], viscous sustainable
aviation fuel C-3 [22,29], and even thin ligaments for extremely viscous glycerol at the
injector immediate exit [30]. As a result, the FB injection resulted in clean, lean-premixed,
and complete combustion of diesel [31], biodiesel [31], vegetable oil (VO) [31], and even
straight glycerol [7] (~>200× more viscous than diesel) without preheating the fuel or the
air. However, though the primary atomization generates fine droplets for distinct fuels, thin
ligaments are observed for extremely viscous glycerol at the injector immediate exit [8,30].
Jiang et al. (2015) observed that larger droplets are generated at the spray periphery while
atomizing water by using the FB injector [26]. Additionally, for high-viscosity glycerol,
small ligaments, in addition to droplets, are generated at the injector exit. These ligaments
and larger droplets undergo a longer secondary atomization length than low-viscosity
water [8,30]. This causes a long fuel pre-vaporization and fuel–air mixing zone, leading to
a further-lifted-off flame that is subject to blow-off [8]. Sharma et al. (2024) investigated
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the effects of atomizing air to liquid mass ratio (ALR) and swirl number for preheated
glycerol at 400 K and preheated air at 500 K in a swirl stabilized combustor by using the
FB injector [32]. They found the lift-off height increases with the increase of ALR and
swirl number [32]. FB was also utilized to combust preheated vegetable oil and glycerol at
400 K with preheated air at 500 K in a swirl stabilized combustor [33]. It was observed that
with the increase in swirl number, flame stability increases [33] with cleaner combustion
compared to the counter-swirl AB injector.

In order to further enhance the secondary atomization, our group recently developed
a novel twin-fluid injector called a swirl burst (SB) injector by innovatively introducing
swirling atomizing air (AA) with the FB concept [17,34,35]. It creates stronger shear layer in-
teractions by forming the radial and tangential velocity components of the AA via uniquely
designed swirling vane channels to disintegrate the large droplets and/or ligaments rapidly
at the injector nearfield by secondary atomization [8,17,36,37]. Thus, the SB injector gen-
erates more uniform and finer droplets with diverged spray angles [8,35,37–40] than an
FB injector [29,34,35]. The atomization length of the SB injector is half of the FB injector;
thus, the SB yielded lower lifted-off and more compact flames of straight VO, signifying en-
hanced flame stability and compactness [8,34]. In addition, combustion efficiency is further
improved for SB compared to FB: for non-preheated straight VO, completeness of combus-
tion was found to be 98% by using the SB injector whereas 95% completeness was found by
using the FB injector [8,17]. The SB injector achieved complete, lean-premixed combustion
of straight algae oil (AO) (~16× more viscous than diesel) with ultra-low CO (6–8 ppm)
and NOx (6 ppm) emissions at an equivalence ratio of 0.65 and air-to-liquid mass ratio
(ALR) of 4.34, proving the fine atomization capability of the SB injector [8,36]. Furthermore,
computational simulation and modeling provide insight into the fundamental two-phase
atomization mechanism underlying the ultra-fine spray formation and clean combustion
using the FB injection concept that shares the same primary atomization mechanism with
the SB atomization. Murugan et al. (2020) found that the two-phase flow pattern of the FB
injector is investigated numerically by large eddy simulation (LES) [41]. They observed
that the threshold ALR for the working principle of FB injector is 0.6 [41]. Ling and Jiang
(2024) investigated the internal two-phase flow dynamics and break-up mechanism of
the FB atomization concept using a two-dimensional (2D) rectangular section [42]. They
identified the threshold Weber number and dynamic pressure ratio at which a bubbly-jet
region is generated, which is a transition regime between the AB-jet regime and the FB-jet
regime formed near the liquid tube tip inside the atomizer [42]. Nasim et al. (2023) found
that air penetration depth upstream of the liquid channel tip increases as the ratio of the
gap between the liquid flow tube exit and atomizer exit (H) to the center liquid channel’s
inner diameter (D) decreases for the SB injector [43]. In addition, the numerical method
utilized by Cravero et al. (2024) has the potential to establish the correlation between the
injector swirl geometry and the turbulence phenomena of the two-phase atomization [44].
The recirculation length of the two-phase flow, if any, can also be numerically simulated by
the 3-dimensional large eddy simulation [45].

To reduce NOx and particulate matter emissions, dual-fuel combustion is being ex-
plored in combustion systems. Papagiannakis et al. (2004) used natural gas (NG) in a
dual-fuel diesel engine with the pilot diesel ignition and observed ~50–200 ppm less NOx
while running at 2500 rpm and ~100–800 ppm less NOx while running at 1500 rpm com-
pared to direct diesel combustion in a compression ignition (CI) engine [46]. By using
methane (CH4) in a dual-fuel diesel-methane combustion Guido et al. (2018) found less
soot and almost a 40% reduction in particles found in the combustion gas products [47].
They also observed ~0.02–0.35 mg/L less soot concentration of dual-fuel compared to diesel
combustion [46]. Moreover, in spark-ignition (SI) engines, dual-fuel combustion can reduce
emissions and enhance performance by reducing fuel consumption [48]. Iorio et al. (2013)
discovered ~0.012 g/kg lower CO, ~15 g/kg lower NOx and ~2–5 g/kg less particulate
emission by utilizing methane–gasoline dual fuel combustion compared to gasoline com-
bustion in a SI engine [49]. Similarly, by utilizing biodiesel and NG dual-fuel combustion in
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a radial swirl gas turbine at an equivalence ratio of 0.5, found ~10 ppm less NOx compared
to biodiesel combustion [50]. Chong et al. (2020) demonstrated ~1.5 g/kWh less NO at
an equivalence ratio of 0.65 by using diesel-NG dual fuel combustion compared to diesel
combustion in a model gas turbine combustor [51]. Additionally, using an FB injector, Jiang
et al. (2014) combusted pure glycerol with methane in a 7 kw model gas turbine combustor
and found that flame length becomes almost half when methane flow is increased from
4.14 slpm to 7.12 slpm with a constant heat release rate (HRR) of 7.9 kW [7,8]. Also, due to
the high temperature, ~1800–2000 K, at a distance of 8 cm from the injector exit for 55% of
methane by HRR, fuel pre-vaporization is faster compared to the 32% methane by HRR in
glycerol and methane co-combustion at an ALR of 2.23, resulting in more homogeneous
air–fuel mixing and more complete combustion with less pollutant emissions [7]. Thus, for
55% methane by HRR in the co-combustion of glycerol and methane, carbon monoxide
(CO) emission is ~20 ppm and NOx emission is ~10 ppm less than the 32% methane by
HRR [7].

In our previous study, by using an SB injector, we achieved ultra-low CO and NOx
concentrations and promising combustion efficiency of G/M blends in the ratios of 50/50,
60/40, and 70/30, as well as at different ALRs for 50/50 ratio of G/M (1.5–3.0) [8,52]. Near-
complete combustion was achieved for 50/50 with relatively lower combustion efficiency
for 60/40 and 70/30 by HRR [8,52]. To further improve the combustion efficiency, the
present study is concentrated on analyzing the effect of methane amount through the
combustion swirler on the dual-fuel combustion performance (methane and 60/40 G/M
blend by HRR) at a constant ALR of 3.0 using the SB injector for the liquid portion [8]. G/M
blend of 60/40 ratio represents crude glycerol [5]. Additionally, the impact of ALRs on
the G/M of 60/40 methane main flame of the dual-fuel combustion is investigated with
the small quantity of premixed methane of 1 kW [8]. The equivalence ratio and total HRR
are kept constant at 0.75 and 7.0 kW, respectively [8]. Flame images, concentration of CO
and NOx in the combustion gas products, and combustion gas products and combustor
wall temperature are also studied to determine the global combustion characteristics of the
dual-fuel G/M of 60/40 methane combustion [8]. The novelty of this work mainly resides
in (1) achieving lean premixed combustion with near zero NOx and CO emissions of the
dual-fuel G/M 60/40-methane with the methane amount of 0–3.0 kW, without fuel nor
air preheating, (2) investigating the optimum methane amount to enhance the efficiency
of the duel-fuel combustion of G/M 60/40-methane blends, and (3) acquiring complete
combustion of G/M 60/40-methane blends with a small amount of methane at 1 kW by
using the novel SB injector at two-phase mass ratio of 2, enabling use of waste crude
glycerol as a biofuel.

2. Experimental Setup
2.1. Working Principle of Swirl Burst Injector

Figure 1 illustrates the SB injector’s working principle [8,17,36]. Key geometrical
properties of the SB injector are provided in Table 1. Liquid fuel passes through the center
channel, and atomizing air (AA) flows through the annulus around the center liquid
channel [8,24]. The geometric conditions are: (i) center liquid channel inner diameter, D
is equal to the exit orifice diameter; (ii) the gap between the liquid flow tube exit and
atomizer exit (H) will be equal to or less than 0.25 times of the center liquid channel
diameter [8,24]. While leaving the gap H, AA flows in the radial direction [8]. When the
geometric conditions are achieved [12,24,36], a stagnation point develops between the
center liquid fuel tube tip and the injector exit, and a small part of the AA penetrates a very
short distance of the liquid fuel flow channel, which creates turbulence and forms bubbles
slightly downstream of the liquid fuel flow exit channel, resulting in significantly turbulent
two-phase flow passing through the injector exit [8,24]. The air bubbles leaving the atomizer
exit in the flow direction burst and break into fine droplets due to a significant pressure
drop [8,17]. The remaining major portion of AA flows through the injector exit with a very
high momentum which helps the secondary atomization by shear layer instabilities at the
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interface of the liquid parts and fast-moving air [8,36]. This process was first introduced in
the FB atomization concept. In the SB injector, it innovatively integrates the advantage of
the FB injection and the swirling flow to further enhance the secondary atomization. Like
the FB injector, a stagnation point is developed at the same location. From the stagnation
point, a small amount of air penetrates the liquid channel, and the remaining larger quantity
of air moves toward the injector exit with a swirling motion through the swirl grooves and
helps with the secondary atomization through shearing between the surface of droplets
and swirling air [8,17,36]. The swirling flow is characterized by the injector swirl number
(SN), which is a non-dimensional number determined by Equation (1) [8,53,54].

N =
2
3
× 1 − (d h/dt)

3

1 − (d h/dt)
2 × tanα (1)

where swirler hub diameter is denoted by dh, tip diameter is denoted by dt, α represents
the exit vane angle of the swirler. The vane angle α is the angle between the axial plane of
the curved vane and tangent to the exit of the curved vane.
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Figure 1. (a) Working principle of SB injector, (b) SB concept [8,17,36].

Table 1. Key geometrical parameters of the SB injector.

Parts Dimensions

Center channel diameter, D 1.5 mm

The gap between the liquid flow tube exit and atomizer exit, H 0.375 mm

Hub diameter, dh 1.5 mm

Tip diameter, dt 2.1 mm

Exit vane angle, α 70◦

Injector swirl number, ISN 2.4

2.2. Experimental Setup of the Model Dual-Fuel Gas Turbine Combustor

The objectives of the current study are to investigate (1) the effect of methane amount
(0 to 3 kW by HRR) on the combustion performance of the dual-fuel (gaseous and liquid
fuel) flame when methane is introduced through the combustor swirler and G/M of 60/40
(by HRR) is used as the liquid fuel blend and atomized by an SB injector at a constant ALR
of 3.0; and (2) the effect of ALR on the dual-fuel G/M of 60/40-methane combustion by
using the SB injector at a constant 1 kW of methane [8]. All the experiments are conducted
at the constant equivalence ratio of 0.75 and the total HRR of 7.0 kW [8]. Global flame
characteristics are investigated by analyzing the visual flame images, carbon monoxide
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(CO), and nitrogen oxide (NOx) concentrations in the combustion gas products at the
combustor exit [8]. The combustion gas product temperature and the combustor outer wall
temperature are measured to evaluate the combustion completeness [8].

For our current investigation, a lab-scale 7-kW swirl-stabilized gas turbine combustor
was used as per Figure 2a,b [8]. To ensure dry, clean air supply to the combustor, the
compressed air goes through water traps and filters, and then is divided into PA and
AA [8]. The Mass Flow Controller (MFC) from Alicat MC-series controls the PA and AA
supply with an uncertainty of 0.8% of the reading and ±0.2% of the full range [8]. The MFC
model number for PA is MCP-250SLPM-D with a range of 0–250 SLPM, and for AA, the
model number is MCP-100SLPM-D with a range of 0–100 SLPM [8]. The AA is introduced
through a check valve, located at the downstream of the MFC to prevent the backflow.
Before starting the experiment, methane gas is used to preheat the combustor [8]. Methane
flows from the source tank and is introduced through a valve [8]. Flow was controlled by
MFC of model no. MCP-50SLPM-D with a range of 0–50 SLPM [8]. Methane is mixed with
PA in the mixing chamber. A ball valve is used to flow methane to the mixing chamber,
while a second ball valve remains closed to prevent methane flow to the atomizer. Finally,
the mixture of PA and methane passes through a 45◦ straight vane swirler with SN of 0.77
to the quartz combustor. It is to be mentioned that throughout the experiment, methane
is premixed with the PA in the mixing chamber shown in Figure 2a and then introduced
to the quartz combustor through a combustor swirler. The cylindrical quartz tube of the
combustor has a length of 45 cm and a diameter of 7.62 cm [8]. Glycerol and methanol
are stirred by using a magnetic stirrer with a speed of up to 3000 rpm for the mixing. The
mixed fuel is introduced to the atomizer via a peristaltic pump: Cole-Parmer Masterflex
L/S (EW-77921-75), Masterflex LLC, Barrington, Illinois, USA, with a range of 0–88 mLPM
and an uncertainty of ±0.1% of the range, is used [8]. A pulsation damper is used between
the fuel pump and the SB injector [8].
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The research objectives of the current study are twofold: (1) it investigates the effect of
premixed methane amount (0 to 3 kW by HRR) on the combustion performance of G/M of
60/40-methane dual-fuel combustion, and (2) it explores the impact of ALRs on the G/M
of 60/40-methane dual-fuel combustion with 1 kW methane by using SB injector [8]. A
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comparison of the physical and chemical properties of pure glycerol, methanol, and G/M
of 60/40 blend with diesel is provided in Table 2 [8]. Table 3 exhibits the experimental
conditions for different amounts of premixed methane in the G/M of 60/40-methane dual-
fuel combustion with a constant ALR of 3.0 and equivalence ratio of 0.75 [8]. Constant
HRR of 7 kW and an equivalence ratio of 0.75 are maintained throughout the process for
the tested cases [8]. For the effect of ALR through the liquid fuel injector on the dual fuel
combustion, the AA flow rate is varied to achieve ALRs of 2.0, 2.5, and 3.0 while keeping
an HRR of 7 kW and an equivalence ratio of 0.75 as constant.

Table 2. Selected physical and chemical properties of the fuels used [7,8,12,14,29,54–59].

Property Diesel Methanol Glycerol G/M of 60/40 Blend

Chemical formula C11.125H19.992 CH4O C3H8O3 N/A

Lower heating value, LHV (MJ/kg) 44.60 19.90 15.80 17.22

Density at 25 ◦C (kg/m3) 834.00 791.00 1260.00 1045.46

Kinematic viscosity at 25 ◦C (mm2/s) 3.88 0.59 965.80 8.02

Auto-ignition temperature (◦C) 260.00 464.00 370.00 N/A

Vaporization temperature (◦C) 160.00–370.00 64.70 290.00 N/A

Heat of vaporization (kJ/kg) 250.00 726.10 662.00 N/A

Stoichiometric air/fuel ratio (mol/mol) 16.12 7.14 16.66 10.92

Table 3. Experimental conditions for G/M of 60/40-methane dual-fuel combustion at ALR of 3.0.

ALR
HRR of G/M of

60/40 Fuel
(kW)

HRR of
Methane

(kW)

G/M of 60/40 Blend
Volume Flow Rate

(MLPM)

Methane Flow
Rate

(SLPM)

Atomizing Air
Flow Rate

(SLPM)

Primary Air
Flow Rate

(SLPM)

3.0 7.0 0 23.33 0 57.37 86.99

3.0 6.8 0.2 22.67 0.33 55.74 88.05

3.0 6.6 0.4 22.00 0.67 54.10 89.12

3.0 6.4 0.6 21.33 1.00 52.46 90.18

3.0 6.2 0.8 20.67 1.33 50.82 91.25

3.0 6.0 1.0 20.00 1.67 49.18 92.33

3.0 5.5 1.5 18.33 2.50 45.08 94.97

3.0 5.0 2.0 16.67 3.34 40.98 97.64

3.0 4.5 2.5 15.00 4.17 36.88 100.30

3.0 4.0 3.0 13.33 5.00 32.79 102.96

2.5 6.0 1.0 20.00 1.67 40.98 100.51

2.0 6.0 1.0 20.00 1.67 32.79 108.70

To analyze global combustion characteristics, CO and nitrogen oxides (NOx) concen-
trations in the combustion gas products are measured by an ENERAC (700 series) emission
gas analyzer. For NOx detection, the range is 0–150 ppm and 0–1500 ppm (dual mode)
with a resolution of 0.1 ppm and an uncertainty of <±1% of the reading. CO is measured
by a four-electrode electrochemical sensor with a range of 0–150 ppm and 0–2000 ppm
(dual mode), the resolution of 0.1 ppm, and the uncertainty of ±1–2% of the reading [8].
The flame images are meticulously captured by using a Canon EOS M50 Mark II, Canon
U.S.A. Inc., Huntington, NY, USA, with an aperture setting f/4.5, light sensitivity settings
of International Organization for Standardization (ISO)-6400 (ISO)-6400 [60], an exposure
time of 1/125 s, and a focal length of 17 mm [8]. A R-type thermocouple with a range of
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−50–1480 ◦C and uncertainty of ±1.5 ◦C or ±0.25% of the reading is used to measure the
combustion products gas temperature at 2.54 cm upstream of the combustor exit in the
radial direction of the quartz combustor tube [8]. To measure the surface temperature of the
quartz combustor tube, a LS-84D thermometer with a J-type thermocouple (Omega HPS-
HT-J-12-SMP-M) with a range of 0–760 ◦C and uncertainty of (±0.5% of reading + 0.7 ◦C)
is used [8]. The temperature of the combustion products gas is measured at the combustor
exit (2.54 cm upstream the opening) at nine equidistant radial locations. Combustor wall
temperature is measured at nine equidistant axial locations. Both temperatures are con-
tinuously monitored. At each measured location, the temperature stabilizes after several
minutes within a fluctuating range with ~6–8 K variation from the lowest to the peak
value. To minimize thermocouple error, the average of the upper and lower bounds of the
fluctuating temperature data is recorded.

3. Results and Discussion
3.1. The Effect of Methane Amount in the Dual-Fuel Combustion
3.1.1. Global Flame Characteristics for Various Methane Amount in the
Dual-Fuel Combustion
The Effect of Methane Amount on Visual Flame Images

In this study, the effect of methane amount on global combustion characteristics of the
dual-fuel flames is analyzed in terms of visual flame image, thermal characteristics and
CO, and NOx concentrations of the combustion gas products. Properties of 60/40 G/M are
illustrated in Table 2 [8]. The kinematic viscosity of 60/40 G/M is ~2× that of diesel fuel,
making it difficult to be finely atomized using a conventional AB injector due to the AB
injector’s sensitivity to small change in fuel properties [8]. Instead, the current work em-
ploys the SB injection that has demonstrated high viscosity tolerance as aforementioned [8].
Figure 3 shows the flame images of 60/40 G/M and 60/40 G/M methane dual-fuel with
the varying methane amount of 0.2 kW to 3.0 kW, where total HRR is maintained at 7 kW
with ALR of 3.0 and equivalence ratio of 0.75 [8]. Each visual flame image is captured at an
exposure time of 0.008 s, which significantly exceeds the chemical time scales of elementary
reactions, e.g., at the order of magnitude of ~10−4 s for OH* [61]. Hence, each flame image is
an ensemble flame image of a time averaging process of fast-changing chemical kinetics and
varying flame stages within the exposure time. The ensemble flame images thus illustrate
average flame lift-off height and flame length. The image brightness is increased by 50% to
analyze the flame qualitatively [8]. Blue chemiluminescence of the flames reflects complete
combustion of CH* [35,61]. Therefore, in all cases, the predominant blue flames suggest
that the complete and clean combustion is achieved for the high-viscosity pure-liquid
60/40 G/M fuel blend and the dual-fuel combustion of G/M of 60/40 and methane by
using a powerful SB injector even without fuel or air pre-heating and with an uninsulated
combustor [8]. It is to be noted that the red color on the quartz combustor is the result
of the reflection of the flame zone on the quartz combustor wall. Fuel pre-vaporization
and fuel–air mixing likely occurs in the dark region upstream of the flame which signifies
mainly lean-premixed combustion attained by the ultra-fine SB atomization [8]. The highly
illuminated portion at the middle of the flame illustrates the high-temperature primary
reaction zone [8]. It is observed that the lift-off height of the pure-liquid G/M of 60/40
fuel is ~10 cm, for G/M of 60/40 methane dual-fuel at 0.2 kW methane is ~8 cm, which
decreases gradually with the increase in the amount of the methane and becomes ~5 cm for
the flame with 3 kW premixed methane [8]. Flame length also becomes shorter with the
increment of methane amount with more radially distributed flame: pure-liquid G/M of
60/40 fuel flame length is ~12 cm (y = ~10–22 cm); for G/M of 60/40-methane dual-fuel
at 0.2 kW methane, flame length is ~11 cm (y = ~8–19 cm); and at 3 kW, methane length is
~8 cm (y = ~5–13 cm) [8]. The possible reasons mainly contributing to these trends are: (1)
the addition of highly reactive methane enhances the reaction rates resulting in less lift-off
height with a shorter flame length; (2) thus the local flame temperature is also increased in
return, vaporizing the liquid droplets faster by quickly providing more thermal feedback
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that expedites complete pre-vaporization of droplets; (3) the rapidly vaporized liquid fuel
mixes with oxidizer quickly and more homogeneously, thus leading to rapid reactions
with a higher flame temperature in return; and (4) to keep the HRR constant, with the
increase in methane, liquid fuel flow rate, and AA flow rate decrease for the constant ALR
of 3.0 [8]. Hence, the injection velocity decreases, causing less lift-off height [62,63]. Thus,
the flame is stabilized closer to the combustor swirl with more residence time for complete
combustion [8]. Note that high-fidelity measurements of the flow-turbulence-chemistry
interaction in the combustion field are needed to further validate these possible reasons,
which is beyond the scope of the current global flame characterization. The flames are not
radially symmetric, possibly due to the turbulent nature of the flame and/or imperfections
in the manufacturing of the combustion swirler vanes, leading to uneven primary air flow.
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Figure 4 exhibits the quartz glass outer wall uncorrected surface temperature [8]. From
Figure 3, it is observed that the most illuminating zone, representing the primary reaction
zone is at the middle of the flame which is consistently substantiated by the quartz glass
outer wall temperature profile [8]. Temperature increases from the dump plane up to
the middle of the quartz combustor and then decreases in the downstream direction of
the combustor [8]. It is also observed that the location of the highest wall temperature
shifts in the downstream direction with the decrease of methane amount in the combustor
supporting the increased lift-off height and shorter flame length with the decrease in
methane amount, as per Figure 3 [8].

The Effect of Methane Amount on Emissions in Combustion Gas Products

Figure 5a presents the radial temperature profile (uncorrected) of the combustion gas
products at the combustor exit [8]. For all cases, temperature profiles follow a similar trend
with lower temperature in the near wall zone compared to the middle of the combustor
due to the convection and radiation heat loss of the uninsulated combustor wall to the
surrounding [8]. The temperature profiles are not perfectly symmetric on both sides of the
combustor, possibly due to the unevenly distributed primary air through the imperfectly
manufactured combustion swirl and/or the turbulent nature of the flame. Temperature
increases slightly with the increase in premixed methane mainly due to the high reactivity
and flame speed of the methane [8]. This trend can also be substantiated by the estimated
adiabatic flame temperature in Figure 6, which is 1887.7 K without methane, whereas
with 3.0 kW methane, it increases up to 1909.6 K [8]. Though the difference in estimated
adiabatic flame temperature from the case without methane to the dual-fuel flame with
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3 kW methane is 21.9 K, the difference in gas product temperature at the combustor exit is
higher than 21.9 K. This can be likely attributed to (1) the different volumes and length of
the flame without methane and those with varying amounts of methane, as in Figure 3, at
the constant total HRR of 7 kW, resulting in various local flame temperature, gas product
temperature, and combustor wall temperature; (2) various amounts of heat loss from the
uninsulated combustor to the surroundings through convective and radiative heat transfer.
Figure 5b shows the CO emissions are ≤2 ppm irrespective of the methane amount in
the combustor for all the tested cases [8]. Figure 5c illustrates NOx concentration in the
combustion products. Estimated adiabatic flame temperature from without methane to
3 kW methane in the dual-fuel combustion of glycerol/methanol–methane is 1887.7 K to
1909.6 K. Additionally, the uninsulated combustor wall temperature ranges approximately
between 750 K to 900 K for all the cases in the reaction zone, where the flame temperature
and the combustor wall temperature peak shown in Figure 4. Hence, there is considerable
heat loss through the quartz combustor wall to the ambient air by radiation and convection.
As a result, the flame temperature is significantly lower than 1800 K, above which thermal
NOx forms [61]. Note that there might be minimal thermal NOx, less than the resolution
(0.1 ppm) of the NOx measurement capacity of the emission gas analyzer. Therefore, the
thermal NOx is ~0 in the current study without fuel nitrogen. Thus, the near-zero concentra-
tions of CO and NOx suggest nearly complete and thus clean combustion achieved for the
highly viscous G/M blends with/without methane. This can be again explained by the fact
that the SB injector generates very fine droplets, leading to fast pre-evaporation and thus
subsequently mainly lean-premixed and complete combustion [8,40]. CO2 concentration
in the gas products at the combustor exit is illustrated in Figure 5d. From pure-liquid
G/M of 60/40 fuel to G/M of 60/40 methane dual-fuel combustion, the radial profiles of
CO2 emissions almost overlap. CO2 increases with an increase in premixed methane up to
2 kW, then reduces slightly at higher methane flows. This is likely due to the increment of
highly reactive methane; more O2 participates in the reaction, generating more CO2 in the
exhaust gas, with an increment in combustion completeness. Note that the CO2 profiles
qualitatively represent the trend and may not the exact values as the sensor of the emission
analyzer detects and measures CO, NOx, and O2 but calculates CO2 using the O2 values
and the internal algorithm based on preset fuels that are not the current fuel blend.
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3.1.2. Combustion Completeness Estimation for the Varying Methane Amount

The temperature of the combustion gas products is measured by an R-type thermo-
couple, which is prone to error due to significant heat loss by the bead to the surrounding
through radiation mostly [8,64]. To minimize the error of the thermocouple, corrected gas
temperature is estimated by using Equation (2) [8,64].

ht
(
Tg − Tt

)
= εbσ

(
T4

t − T4
s

)
(2)
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where Tg is true gas temperature; Tt is thermocouple reading; Ts is ambient temperature,
which is 22.2 ◦C, εb is the emissivity of the thermocouple bead, which is a function of
combustion gas product temperature and thermocouple bead materials. It is estimated
based on the correlation of R-type thermocouple and combustion gas products temperature,
as per the referenced studies [65–67]; estimated values of the thermocouple bead emissivity
are 0.136, 0.139, 0.138, 0.138, 0.138, 0.139, 0.141, 0.141, 0.142, and 0.142 without methane
and 0.2 kW, 0.4 kW, 0.6 kW, 0.8 kW, 1.0 kW, 1.5 kW, 2.0 kW, 2.5 kW, and 3.0 kW with
methane, respectively [65–67]. σ is the Stefan–Boltzmann constant, and forced convective
heat transfer coefficient ht of the combustion gas product flow is approximated using air
properties [64]. The estimated values of ht are 29.249 W/m2K, 29.828 W/m2K, 29.6989 W/m2K,
29.456 W/m2K, 29.329 W/m2K, 29.314 W/m2K, 29.420 W/m2K, 29.348 W/m2K, 29.265 W/m2K,
and 29.076 W/m2K without methane and 0.2 kW, 0.4 kW, 0.6 kW, 0.8 kW, 1.0 kW, 1.5 kW,
2.0 kW, 2.5 kW, and 3.0 kW with methane, respectively [64].

Total energy released by the combustion is equal to the energy carried away by
the combustion gas and heat loss to the surroundings by the combustor wall, as per
Equations (3)–(5) [8,17].

Qtotal = Qgas + Qlosses (3)

Qgas = mgCPair Tg (4)

Qlosses = ha As(Tw − Tsurr) + εglassσAs

(
T4

w − T4
surr

)
(5)

where, Qtotal is the total energy released from the combustion process; Qgas is the energy
carried away by the combustion gases; Qlosses are the energy losses by convection and
radiation heat transfer from the combustion gases through the combustor outer wall to the
surroundings; mg is the mass flow rate of the combustion gases which is equal to the total
mass of fuel and gas; CPair is the isobaric specific heat capacity of the combustion gases at
the combustion gas temperature, Tg; air properties are used for the combustion products in
this simple estimate. The estimated values of CPair are 1.255 kJ/kgK, 1.262 kJ/kgK, 1.261 kJ/kgK,
1.260 kJ/kgK, 1.259 kJ/kgK, 1.259 kJ/kgK, 1.265 kJ/kgK, 1.265 kJ/kgK, 1.265 kJ/kgK, and
1.263 kJ/kgK without methane and 0.2 kW, 0.4 kW, 0.6 kW, 0.8 kW, 1.0 kW, 1.5 kW, 2.0 kW,
2.5 kW, and 3.0 kW with methane, respectively [64]; Tw is the combustor outer wall surface
temperature of corresponding surface area As; σ is the Stefan–Boltzmann’s constant; Tsurr
is the surrounding or ambient temperature, which is 22.2 ◦C, the ambient temperature
of the laboratory environment where experiment is conducted; εglass is the emissivity of
quartz glass that is a function of combustor wall temperature Tw and quartz glass average
thickness of 2.136 mm [68]; for the wall temperature in 9 axial locations as illustrated in
Figure 4, for each case from 0 kW methane to 3 kW methane, 9 estimated emissivity data
points are obtained by using Ref. [68]; ha is the natural convective heat transfer coefficient
of the surrounding air for the heat loss from the combustor wall to the ambient air [69]
and is a function of temperature; again, for the wall temperature in 9 axial locations as
illustrated in Figure 4, for each case from without methane to 3 kW methane, 9 estimated
the natural convective heat transfer coefficient data points are obtained by using Ref. [69].

Irrespective of the methane amount in the dual-fuel combustion, this simple esti-
mation indicates a combustion completeness of ~100% compared to the lower efficiency
of pure-liquid fuel combustion of G/M 60/40 [14]. It is to be mentioned that air prop-
erties were used for the combustion products in this simple estimate. Due to the above
assumptions made, this estimation serves as a qualitative indicator rather than an absolute
measure. In addition, the asymmetry of the flame in the radial direction might affect
the combustor product gas temperature at the combustor exit and the combustor wall
temperature measurement, thus the estimation of combustion completeness. The actual
degree of combustion completeness may vary slightly. Regardless of this simple estimate,
the measured combustion exhaust temperature and concentration, as well as the blue
flame chemiluminescence for complete combustion of CH* [36,61], combinedly suggest
the ~100% complete combustion achieved in the current study. In addition, our previous
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study showed that owing to the fine atomization capability of FB injector, sharing the same
primary atomization by bubble bursting with the SB injection, highly viscous pure glycerol
(~250 times more viscous than diesel) was atomized finely [30] and a relatively low CO
(<40 ppm) was achieved in an insulated lab scale 7-kW combustor while co-combusting
68% or 45% of pure glycerol by HRR with the remaining HRR from methane at the ALR
of 2.23 [7]. With further advanced atomization capability of the SB injector, clean, lean
premixed (LPM), and near-complete combustion was achieved for straight algae oil and
vegetable oil which are more viscous than 60/40 G/M blend [17,36]. In our present study,
it is observed that ~100% combustion completeness is achieved by introducing premixed
methane through the combustor swirler. This is due to the high reactivity and adiabatic
flame temperature of methane [61] that helps to fully vaporize the droplets in addition to
the fine atomization capability of the powerful SB injector.

3.2. The Effect of ALR
3.2.1. Global Flame Characteristics for Various ALRs of G/M of 60/40 Methane
Dual-Fuel Combustion
The Effect of ALR on Visual Flame Images

Prior studies showed that an increase in ALR leads to finer atomization with very low
CO emissions, ≤4 ppm, for ALR values of 3.0 for 50/50 G/M ratio fuel combustion [8,14].
In this study, the effect of ALR is observed for high-viscosity G/M of 60/40 blend with
methane (1 kW) dual-fuel combustion by using a novel SB injector at a constant total HRR
of 7 kW and an equivalence ratio of 0.75 [8]. For all the ALRs, the main blue flame indicates
clean combustion [35] of high-viscosity 60/40 G/M blend [8]. In the dark region upstream
of the flame, pre-vaporization and fuel-air mixing occurs, which indicates the achievement
of lean premixed combustion [8]. Thus, the SB injector finely atomizes high-viscosity fuel
without pre-heating [8]. It is observed that an increase in ALR results in a shorter flame
length [8] and a slightly shorter flame lift-off height. Figure 7 shows that for ALR of 2.0,
flame length is ~16 cm (y = ~7–23 cm), at ALR of 2.5, it becomes ~15 cm (y = ~5–20 cm), and
for ALR of 3.0 it becomes 11 cm (y = ~5–16 cm) [8]. The probable main reasons behind this
trend are: (1) for the low ALRs, droplets are slightly bigger than those at a higher ALR and
may travel further downstream along the combustor due to a higher momentum, leading to
a longer flame length; (2) at the higher ALR, droplets become smaller, evaporate faster, and
combust with a shorter residence time resulting in a less lifted and more compact flame [8].
Figure 8 depicts the uninsulated quartz combustor outer wall temperature (uncorrected) [8].
Quartz combustor outer wall temperature increases to the peaks and then decreases along
the axial direction. Note that the flames are radially asymmetric as per Figure 7, which may
result in an increased uncertainty of the combustor outer wall temperature.
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The Effect of ALR on Emissions in Combustion Gas Products

Figure 9a shows that a slight decrease in ALR results in higher temperature compared
to higher ALRs [8]. This might be due to (1) some of the slightly larger droplets at ALR
of 2.0 burn at diffusion combustion mode without complete vaporization, resulting in
slightly higher local temperature and thus higher local CO and NOx concentrations, as
in Figure 9b,c compared to ALR of 2.5 and 3.0; (2) for the lower ALR of 2.0, the lower
AA at the constant liquid flow rate compared to that of ALRs of 2.5 and 3.0 results in a
lower injection velocity, i.e., the droplet velocity [8]. This allows a longer residence time
of the droplets in the combustor, though they might be relatively larger [8]. Thus, the
fuel may burn more completely with higher heat released, leading to higher combustion
product temperatures [8]. For all the ALRs the CO concentrations are less than 3 ppm and
NOx < 2 ppm which are illustrated in Figures 9b and 9c respectively. The ultra-low CO
and NOx emissions are achieved for a high-viscosity 60/40 G/M blend by using the novel
SB injector, indicating near complete combustion [8]. Additionally, CO emission is uniform
throughout the radial direction of the combustor exit again suggesting the generation
of very fine and/or uniform droplet size by the SB injector [8]. For the ALR of 2.0, the
combustion gas product temperature is slightly higher compared to the ALRs of 2.5 and
3.0, which possibly led to a slight increase in NOx at ALR of 2.0.
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From Figure 10a, it is evident that carbon dioxide concentration is higher for an ALR of
2.0 compared to ALRs of 2.5–3.0. This trend signifies more complete combustion at an ALR
of 2.0. This may be because at the lower ALR, the injection velocity is lower, which leads
to more residence time for the fuel to combust completely. Figure 10b represents oxygen
concentrations in the gas products at the combustor exit. Oxygen composition is lower for
an ALR of 2.0 compared to other ALRs, showing an adverse trend compared to the CO2
profiles as expected. More oxygen consumption generates more complete combustion with
increased CO2 in the product, with less remaining oxygen in the combustion gas products.
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Figure 10. Radial profiles of (a) CO2 and (b) O2 emissions at the combustor exit of dual-fuel
combustion of G/M (60/40)-methane (1 kW) for various ALRs across the SB injector at a constant ER
of 0.75 and a constant total air flow.

3.2.2. Combustion Completeness Estimation for the Varying ALRs

The total generated heat is estimated by adding the heat loss to the surroundings
through an uninsulated quartz combustor by radiation and convection with the energy
carried away by the combustion gas products [8,17,70]. Thermocouple error is minimized
by considering thermocouple bead heat loss to the surroundings through radiation as per
Equation (2) [8,17]. Total energy produced is estimated by using Equations (3)–(5) [8,17].
The specific heat capacity of the combustion gases CPair is estimated at the true gas tem-
perature, Tg [8]. For the ALRs of 2.0, 2.5 and 3.0, the simple combustion completeness
estimation results in ~100%. Again, this estimation provides qualitative information due
to the assumptions made. However, again in combination of the simple estimation and
the very low CO and NOx emissions as per Figure 9b,c, it can be concluded that due to
a very fine atomization capability of the SB injector, at ALRs of 2.5 to 3.0, more complete
combustion is achieved.

4. Conclusions

In the present study, glycerol/methanol (G/M) blends, representing waste crude
glycerol from biodiesel production, are co-combusted with methane to achieve clean and
complete combustion, compared to the baseline case of pure-liquid G/M combustion. This
simultaneously allows us to explore renewable energy and minimize the burden of waste
management. The novel SB injector is utilized to finely atomize the highly viscous G/M
60/40 blend for clean combustion without fuel preheating. Methane is added due to its
high reactivity and high energy density to facilitate thermal feedback to vaporize the fine
droplets quickly and combust cleanly [8], further overcoming the high evaporation and
auto-ignition temperature of the glycerol component. In this study, the SB injector achieved
ultra-clean combustion with CO concentration ≤ 2 ppm and ~0 ppm NOx concentration
without preheating the viscous G/M and the dual-fuel burner, irrespective of methane
amount from 0–3.0 kW at the total HRR of 7.0 kW. The visual flame images indicate that
the increase in premixed methane via the combustion swirler results in shortened flame
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lift-off height and flame length with increased gas product temperature. Less lifted and
more compact flames are obtained with the increase in ALR from 2.0 to 3.0. Near-zero CO
and NOx concentrations are obtained for the ALRs of 2.0, 2.5, and 3.0 with a small amount
of methane (1 kW), indicating the fine atomization capability of the SB injector. In addition,
the simple estimate of combustion completeness, CO and NOx concentrations, and the blue
flames combinedly suggest that with 1 kW of methane, at the ALRs of 2.5 and 3.0, almost-
complete combustion is achieved for the main flame of glycerol/methanol blend 60/40.
Hence, the optimum ALR is 2.5 for the current experimental setup and conditions since an
ALR of 2.5 has lower atomizing air flow compared to that at an ALR of 3.0. This requires less
energy input for complete combustion. In summary, the dual-fuel combustor with the novel
SB injector achieved lean-premixed, complete or near complete combustion of a highly
viscous glycerol/methanol blend of 60/40 with/without methane and without fuel or air
preheating in an uninsulated combustor. Thus, the novel SB injector coupled with/without
co-combustion of a small amount of premixed methane potentially enables direct use of
the crude glycerol for ultra-clean energy generation from the biofuel production waste,
eliminating the expenditure of post-processing of waste crude glycerol [8]. The primary
advantages and limitations of the current study are summarized in Table 4.

Table 4. Advantages and limitations of the current study.

Advantages Limitations

Without air nor fuel pre-heating, achieving
lean-premixed combustion with near zero NOx

and CO emissions of the dual-fuel G/M
60/40-methane with the methane amount of

0–3.0 kW.

Approximation of the properties of
combustion products as air properties, that

leads to the qualitative estimate of the
combustion completeness.

Determining the optimum methane amount to
enhance the efficiency of the dual-fuel

combustion of G/M 60/40-methane blends.

Use of unburned hydrocarbon measurement
device can provide more accurate results of

combustion completeness.

Achieving complete combustion of G/M
60/40-methane blends with a small amount of
methane at 1 kW by using the novel SB injector
at an ALR of 2.5, enabling use of waste crude

glycerol as a biofuel.

Current simple flame color imaging could
not provide more insight into the flame

characteristics compared to other advanced
optical diagnostics.

Future work will further investigate the reacting spray physics including the droplet
size and velocity distribution and correlate with the downstream combustion characteristics
to elucidate the fundamental physicochemical characteristics of the spray combustion using
the SB injection.
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Nomenclature
AA atomizing air or gas
AB air blast
ALR air or gas to liquid mass ratio
AO algae oil
CH4 methane
CO carbon monoxide
D diameter of the center liquid fuel channel and the injector exit
FB flow blurring
G/M glycerol/methanol
LPM lean premixed combustion
H gap between the center liquid fuel channel tip and injector exit
HRR heat release rate
MFC mass flow controller
MLPM milliliter per minute
NG natural gas
NOx nitrogen oxides (including NO and NO2)
PA primary air
SB swirl burst
SLPM standard liter per minute
SMD Sauter mean diameter
SN swirl number
VO vegetable oil
dh hub diameter
dt tip diameter
α exit vane angle
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