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Abstract
The spray combustion characteristics of coconut (CME), palm (PME) and soybean

(SME) biodiesels/methyl esters were compared with diesel by using an axial swirl flame burner.
Atomisation of the liquid fuels was achieved via an airblast-type nozzle with varied atomising
air-to-liquid ratios (ALR) of 2-2.5. The fully developed sprays were mixed with strongly
swirled air to form combustible mixtures prior to igniting at the burner outlet. Under fuel-lean
condition, biodiesel spray flames exhibited bluish flame core without the yellowish sooty flame
brush, indicating low sooting tendency as compared to baseline diesel. Increasing the atomising
air led to the reduction of flame length but increase in flame intensity. Measurements of post-
combustion emissions show that SME produced higher NO as compared to CME and PME due
to higher degree of unsaturation, while the most saturated CME showed the lowest NO and CO
emissions amongst the biodiesels tested across all equivalence ratios. By preheating the main
swirl air to 250 °C, higher emissions of NO, CO and CO, were observed for biodiesels. Higher
ALR led to reduced NO and CO emissions regardless of the fuel used, making it a viable
strategy to resolve the simultaneous NO-CO reduction conundrum. This work shows that
despite different emission characteristics exhibited by biodiesels produced from different
feedstock, they are in principle potential supplemental fuels for practical combustion systems.
The higher pollutant emitted can be mitigated by operating at higher ALR in a twin-fluid based

swirl combustor.
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1. Introduction

The recent energy outlook report by the International Energy Agency (IEA) has
projected the energy dependent on biodiesels to grow from 0.83 EJ in 2015 to 5.97 EJ by the
year 2035 [1]. The growing importance of biodiesel stems from the global decarbonising
efforts, as the renewable fuel forms a closed-carbon cycle as opposed to the open-carbon cycle
when utilising petroleum diesel [2]. Additionally, the use of biodiesel in combustion
applications is comparatively cleaner than that of fossil diesel in terms of lower particulate
matter (PM), sulphur dioxide (SO,) and unburnt hydrocarbon (UHC) emissions [3,4]. While
there are other alternative fuels that are also cleaner than fossil diesel in combustion application,
biodiesel stands in the forefront as it can use existing diesel infrastructures and distribution
channels [5]. This is due to its similar caloric value, viscosity and cetane number with
diesel [6,7]. This has led to the widespread interest of applying biodiesel in reciprocating
combustion engine for the transportation sector [8—10].

Fuel-flexible gas turbine is envisaged from the standpoint of reducing operating cost,
while also meeting emissions targets. Biodiesel has been identified as one of the prospective
alternative fuels for gas turbines. Biodiesel-fuelled gas turbines have been experimentally
studied using lab-based swirl flame burners or actual gas turbine engines. A study on the spray
and combustion properties of rapeseed biodiesel using a gas turbine-type burner concluded
that, biodiesel spray exhibited longer spray penetration length and smaller spray cone angle as
compared to that of diesel [11]. The phenomena are attributed to the higher density, viscosity,
surface tension and boiling point of biodiesel as compared to that of conventional diesel fuel.
It has also been found that biodiesel produced lower NOy (nitrogen oxides) emissions by 21%
when compared to that of diesel at an axial distance of 60 mm from the nozzle. This suggested
that spray atomisation plays an important role in NO, emissions. In another study using gas

turbine swirl flame burner, it was again demonstrated that higher atomisation pressure resulted
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in finer spray with smaller droplet size and subsequently lower NOyx emissions [12]. The NOy
emissions level was decreased from 13 ppm to 9 ppm as atomising pressure was increased from
0.4 to 0.8 MPa. The increase in droplet size causes larger number of droplets to be transported
downstream of the flame, thus requiring longer evaporation time. Consequently, the ratio of
combustion in diffusion mode to premixed mode increases, leading to greater incidences of the
local regions with high temperatures, in turn causing greater amount of NOy formed [12,13].

In a study that examined rapeseed biodiesel with swirl flame burner, it was
demonstrated that rapeseed biodiesel’s nitric oxide (NO) emissions were reduced by
approximately 22% as compared to that of diesel, at 6 kW output power. It was postulated that
the higher heat of vaporisation of the biodiesel spray and the presence of oxygen in the fuel
may partially suppress the prompt NO formation mechanism [14]. In other related studies,
carbon monoxide (CO) emission for biodiesel derived from soybean was reported to reduce by
50% as compared to that of diesel under fuel-mass specific by using a swirl burner equipped
with an airblast type atomiser [15]. By utilising a flow blurring injector, it was demonstrated
that mixing was improved and CO emissions of biodiesel flame could be reduced by 2-3 times
when ALR was varied from 2.0 to 2.4 [16].

Applications of biodiesel in micro gas turbine (MGT) have been conducted by several
other groups. In a study using a Capstone C30 MGT, soybean biodiesel was reported to cut
down NO, emissions by 60% as compared to that of fossil diesel [17]. However, in another
study that utilised the same MGT model, soybean biodiesel was found to produce higher NOy
against that of diesel [18]. The higher NO emission from biodiesel was attributed to the larger
biodiesel droplet size that led to the longer evaporation time scale that promotes NO, emission
[18]. In addition, the performances of soybean, canola, recycled rapeseed biodiesel and hog-
fat biofuel against Jet A fuel were also investigated using a 30 kW gas turbine engine [19]. It

was found that NO emissions for biodiesel were consistently lower than that of diesel for
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equivalence ratio range of 0.15 to 0.30, with a maximum reduction of up to 75%, in spite of
the similar turbine inlet and exhaust gas temperature for both biodiesel and diesel. Hence, it
was postulated that NO, formation in that instant was not dominated by thermal NO mechanism.
CO emissions were found to be lower for biodiesels as the fuel-bound oxygen in the biodiesel
assists in converting CO into CO, [19,20].

The thermal performance and emissions of a 30 kW MGT when fuelled with highly
viscous castor biodiesel were compared with baseline diesel [21]. It was demonstrated that CO
emission increased by 50% as compared to diesel at 14 kW engine output power, due to the
inferior atomisation as a result of the high viscosity of castor biodiesel [21]. The authors also
opined that the lower NO, emissions achieved in the MGT tests are partly contributed by the
same factor which results in lower combustion temperature. The size of castor biodiesel liquid
droplets and primary-zone equivalence ratio are larger when compared with that of diesel. The
reduction of temperature in the primary combustion zone (due to higher equivalence ratio)
reduced the emission levels of the NOy pollutants for biodiesel [21]. The emissions of 15% and
25% jatropha biodiesel-diesel blends were compared with neat diesel using a Rover gas turbine
IS/60 test rig, where the blends showed higher emissions of NO, by 34-42% as compared to
that of diesel at the same power output [20]. It was postulated that the higher oxygen content
in biodiesel led to higher flame temperature and subsequently higher level of NO, emissions
[20].

Applications of biodiesel in actual gas turbines have been conducted by several groups.
The ignition, combustion dynamics and emissions of biodiesel in an industry gas turbine
(Siemens SGT-100) were conducted by Liu et al. [22]. The NO, emissions for biodiesel were
found to be lower than that of diesel for all operating conditions tested. In another study,

Moliere et al. [23] reported no smoke and sulphur oxide were emitted when the industrial gas
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turbine (GE 6531B) was fuelled with biodiesel. These field tests indicate the positive effects
of biodiesel towards the environment.

The variations in biodiesel feedstock, combustion chamber geometries, interaction
between fuel spray and swirling air from the aforementioned studies have led to conflicting
reports on the combustion and emissions characteristics of biodiesel usage in gas turbines.
Additionally, most of the studies were conducted for the single feedstock biodiesel in isolation
and without direct comparison against biodiesel from other feedstock within the same
experimental studies.

Thus, this study adopts a multi-feedstock approach for an experimental investigation
of biodiesel produced from coconut (CME), palm (PME) and soybean (SME) using a lab-based
gas turbine type swirl burner operated at atmospheric condition. The study mainly investigates
the effects of preheated air temperature, atomiser air-to-liquid (ALR) ratio, global equivalence
ratio (@) and degree of unsaturation level in biodiesels on the combustion and emissions
characteristics of a model gas turbine swirl flame burner fitted with a twin-fluid nozzle. Fossil

diesel is used as baseline fuel in this study.

2. Experimental setup
2.1 Operating fuels

The fuels used in this experimental study were coconut (CME), palm (PME) and
soybean (SME) biodiesels, with fossil-based diesel as the baseline. Diesel was procured from
a local gas station, while the tested biodiesels were produced from their respective vegetable
oil counterparts in the lab via the transesterification process. The vegetable oils were reacted
with methanol catalysed by potassium hydroxide (KOH) for 2 hours using a magnetic stirrer,
with temperature maintained at 60 °C. The mass ratio of the vegetable oil:methanol:KOH was

fixed at 113.75:50:1. Decanting was carried out to allow for the separation of reaction products
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to remove glycerol and catalyst from the biodiesel. The produced biodiesel was then heated up
to 120 °C for 4 hours to allow the evaporation of residual water and methanol.

A gas chromatograph (Agilent 7820A) was used to characterise the biodiesel. The
composition for the CME, PME and SME produced are shown in Table 1. It can be observed
that SME contains a substantial amount of unsaturated fatty acid with double bond at 83.87
wt%, while CME is mostly composed of saturated fatty acid with single bond at 92.82 wt%.

Physical properties for the tested fuels are shown in Table 2. Biodiesel is more viscous
and less volatile as compared to diesel. The higher flash point of biodiesel results in lower
volatility than diesel. Biodiesels also have lower calorific value of around 12.2-17.3% by mass,
and 9.1-14.3% by volume as opposed to that of fossil diesel. This is due to the presence of fuel-

bound oxygen content of in the range of 9.7-14.4% by weight for biodiesel.

2.2 Swirl Burner System

Fig. 1 illustrates the schematic diagram for the experimental setup. A gas turbine type
swirl burner was used to establish a steady liquid spray flame. The axial swirler placed
concentrically at the burner outlet consists of 6 straight vanes with the angle of 45°, forming

the geometric swirl number of 0.84 based on Eq. 1 [24].

2
SNzg—tanG (1)

where D;, and D, are the diameters of the swirler hub and the swirler, respectively. The angle
of the swirl blade from the centreline is denoted by 6. A swirling air flow that envelopes the

atomised spray is formed when the main air passes through the swirler, forming a combustible
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mixture. The swirler generates a high intensity recirculating flow to assist in fuel-air mixing
and flame stabilisation.

The liquid fuel was delivered by a peristaltic pump (Longer BQ50-1J) and a flow
damper was utilised to damp out the pulsating flow ripple caused by the peristaltic motion.
Silicone tube with an inner diameter of 4 mm was used for the peristaltic pump to transfer the
fuel. Prior to mixing with main swirling air, the fuel was atomised by a commercial twin-fluid
atomiser (Delavan: SN type-30610-1). The atomising air and fuel orifice diameters are 1.73
and 0.50 mm, respectively. The supply of the atomising air and combustion air were controlled
by air mass flow controllers (Sierra SmartTrak 50).

For the preheating of the main air, three rope heaters (Omega: FGR-100-240V) with a
rated output of 500 W were used. The burner’s plenum was insulated with heat resistant
ceramic wool to minimise heat loss. A 1.5 mm K-type thermocouple was placed 10 mm
upstream of the burner to measure the temperature of the preheated main air flow. This
thermocouple provides feedback to the Proportional-Integral-Derivative (PID) controller to
regulate the heating process. Flue gas from the combustion was directed to the exhaust by a

400 mm long, 130 mm diameter flame tube made from carbon steel, as depicted in Fig. 1.

23 Measurement techniques
2.3.1 Flame Imaging

A Canon EOS 600D digital camera was utilised to acquire the global flame images
through a quartz wall that is optically accessible. Focal length and exposure time of 4 mm and

1/15 s, respectively, were used to capture the flame images.

2.3.2 Gas analyser



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

A gas analyser (KANE; KM9106 Quintox) was used to measure the concentrations of
post-combustion NO, CO and CO, products in the flue gas at the outlet of combustor. The
sampling was carried out by placing the probe 13 mm inward from the combustor exit.
Emissions were measured at 5 spatial locations that were radially and equally spaced.
Calibration gases were used to check the accuracy of the gas analyser before measurements.
The sampling probe is 5 mm in diameter and the gas analyser sampled the flue gas at the rate
of 2 L/min. The NO and CO emissions were measured via chemical sensors in the gas analyser,
while the CO, emissions were calculated based on the measured oxygen (O;). The probe
sampled for 90 seconds at each spatial location to ensure steady state readings. The final global
emissions for each test case were obtained by averaging the spatial readings using the area-
weighted averaging method. The measurement range, resolution and propagated error for NO,

CO, CO, and O, are summarised in Table 3.

2.4  Operating conditions

The liquid fuels and atomising air were independently delivered to the burner outlet at
room temperature. The main combustion air was preheated to 250 °C prior to its mixing with
the liquid fuel spray. Fuel flow rate was adjusted for each fuel to achieve a fixed power output
of 9.3 kW. The atomisation air-to-liquid ratio (ALR) was varied at 2.00, 2.25 and 2.50 by
regulating the flow rate of atomising air while holding the fuel flow rate constant. The ALR of
2.00 was chosen as the lower limit as it is near the limit of ALR where atomising air is adequate
to produce proper spray [26]. For each of the ALR, the equivalence ratio was varied from 0.65
to 0.90 to simulate lean combustion regime in gas turbine. The mass flow rates for combustion

air and fuel at equivalence ratio 0.65 are shown in Table 4 for different fuels.

3. Results and Discussion



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

3.1 Reacting Spray Imaging

The flame appearances for diesel, PME, SME and CME established at ALR=2.50 for
equivalence ratios of ¢=0.90 and 0.65 are shown in Fig. 2. It is shown that downstream region
of the diesel main reaction zone is occupied by a distinct orange-yellow luminous flame, while
biodiesels show mainly bluish flames. The orange-yellow luminous flame is due to the burning
of soot particles in this region. Soot consists of aromatic structure, therefore fuels that contain
substantial amount of aromatics structure in its chemical composition, such as diesel, is
expected to be sootier than those from biodiesels [27]. Soot production was shown to increase
linearly with increasing aromatic contents in the fuel [27]. On the other end, bluish flame at the
verge of nozzle outlet is equivalent to the premixed flame caused by internal mixing between
the atomising air and fuel. The presence of bulk oxygen increases oxidation rate of soot
particles, resulting in reduced luminous orange-yellow sooty flame [28].

In contrast to diesel, biodiesels show distinctively different spray flame appearance
with the notable absence of sooty orange at their post-reaction zones for the higher ALR cases.
The absence of aromatics structure in biodiesels also greatly reduces the soot formation
tendencies in biodiesels, due to the lack of the soot precursors. The fuel-bound oxygen content
for the fatty acid methyl ester molecules also promotes soot oxidation, which is another reason
for lower soot production in biodiesel spray flames [28]. By reducing the ALR to 2.0, inferior
atomisation results in poorer mixing between reactants and air. This consequently incurs
substantial soot formation due to incomplete combustion. The increase of soot formation at
lower ALR is shown in Fig. 3 by the distinctively larger orange-yellow flame brush for all
fuels.

Apart from the fuel properties, the dynamics of the flow also affects the flame
appearance. A notable structure in a typical swirl stabilised flame is the presence of central

toroidal recirculation zone (CTRZ) [29]. CTRZ plays essential role in stabilising the flame as
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it recirculates the hot flue gas back into the reaction zone to constantly heat up the reactants.
The presence of CTRZ directs the fuel spray towards the radial direction, forming a dual shear
layer. The shear layer is the region where mixing and reaction of the reactant and oxidiser take
place [29]. The presence of dual shear layer is notable for biodiesels spray flame. For diesel,
however, the appearance of shear layer is overshadowed by the sooty orange-yellow flame. At
lower equivalence ratio, greater amount of air flow generates a more concentrated CTRZ that
subsequently moved the stagnation point towards upstream position to form a heart-shape

reaction flame core.

3.2 Post-combustion Emissions

3.2.1 Effect of Main Swirl Air Temperature

The emissions of NO as a function of equivalence ratio at elevated main air temperature
of 30 and 250 °C are shown in Fig. 4. Higher level of NO emission was shown for all fuels
tested at elevated main air temperature. The energy provided from the preheated air assists the
species molecules to surpass the energy threshold easier for chemical reactions, thus enabling
greater amount of energy release with higher flame temperature that subsequently leads to
higher NO [30]. Fuel wise, biodiesels exhibit generally higher NO emission as compared to
that of diesel for both 250 °C and 30 °C main air temperatures. The main exception would be
the highly saturated CME. This is postulated to be due to biodiesels possessing larger droplets
size and lower volatility as compared to diesel, leading to longer droplets residence time [24].
Longer droplets residence time subsequently promotes thermal NO formation. Apart from
thermal NO, prompt NO constitutes another portion of NO emission. The formation of prompt
NO depends very much on methylidyne (CH) radical, which serves as the precursor for prompt
NO formation [30]. It was shown that biodiesels produced more CH radical than diesel, which

10
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inherently elevates prompt NO formation as compared to diesel [30,31]. The elevation of both
thermal and prompt NO result in higher NO emission for biodiesel as compared to diesel.

It can be observed that SME produced the highest NO, followed by PME and CME for
the preheated main air temperature cases at ALR = 2.5 and power output of 9.3 kW. The trend
of NO emission was found to correlate with unsaturation degree of the biodiesels, where highly
unsaturated biodiesel (SME) produces more NO emissions as compared to that of the saturated
biodiesel (CME). This is in due to the double bond in unsaturated biodiesel that releases more
energy when breaking up as compared to single bond, thus inherently increased adiabatic flame
temperature and thermal NO formation [32]. In addition, highly unsaturated biodiesels also
promote the formation of CH radicals that serve as the precursor for prompt NO formation,
which is another reason that contributes to higher NO emissions [31]. Such trends were not
observed for the non-heated main air flow cases where PME produced greater NO emissions
than that of the more unsaturated SME.

The CO emissions from biodiesels were generally higher than that of diesel throughout
the equivalence ratios investigated for both non-heated and preheated main air conditions, as
shown in Fig. 5. Larger fuel droplets and lower fuel volatility of biodiesel inhibit complete
combustion, which consequently results in greater CO emission as compared to that of diesel.
SME and PME that possess higher viscosity and lower volatility result in higher CO emission
as compared to CME. This is due to the higher viscosity and lower fuel volatility slowing down
droplet vaporisation rate, subsequently hindering the complete combustion process. At higher
preheating temperature, the CO emission level is lower than non-heated case by approximately
a factor of 2, which is a reverse trend of NO (Fig. 4). This is expected as preheated air promotes
higher efficiency in combustion with higher flame temperature that increases NO but lowering

the CO.
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The effect of equivalence ratio on the NO and CO emissions are elucidated in Fig. 4
and Fig. 5, respectively. At ¢ = 0.9, the relatively lower main air flow reduces the turbulence
intensity that consequently weakens the CTRZ. This causes poorer mixing and increases the
CO emission. As more air is introduced, the overall mixture equivalence ratio is reduced, hence
strengthening the CTRZ due to increased swirl intensity that promotes the mixing between the
reactants and oxidiser. A more complete combustion is achieved whereas CO emission is
reduced substantially. Minimum CO typically occurs at equivalence ratios between 0.7 and 0.8.

Increasing the main air further generates an even stronger CTRZ that recirculates post
combustion products back to the flame root. As a consequent, a lower temperature region is
formed around the central region of the flame that is in contact with the recirculated gases [29].
The rate of chemical reaction is suppressed in this region due to the lower temperature. CTRZ
now weakens the chemical reaction rate instead of promoting the combustion, as indicated by
slight CO increment below ¢ = 0.7. As shown in Fig. 4, maximum NO is produced within the
equivalence ratio range, where minimum CO is produced for all fuels. It is hence observable
that NO-CO has a distinct trade-off relationship.

The effect of main air temperature on CO, emissions is shown in Fig. 6 for diesel and
biodiesels. Overall, elevating the main air temperature leads to increase of CO, emissions, as a
result of increased flame temperature and enhanced CO oxidation rate into CO,. [30]. As the
fuel/air mixture approaches stoichiometric condition, CO, concentration increases due to
conversion of more carbon from the fuel into CO,. Higher CO, was shown by biodiesels as
compared to diesel, partly in due to the increased mass flow rate of fuel to compensate for the
lower energy density, as more carbon on a mass basis from the heavier biodiesel chain
contributes to the formation of CO, during reaction. Among the biodiesels, the unsaturated
SME shows higher CO, emissions as compared to PME and CME, similar to the trend of NO

emissions.
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3.2.2 Effect of Air-Liquid Ratio (ALR)

Variation of the ALR imposes significant effects on the emissions. The NO emission is
reduced by up to a factor of 2 for the three biodiesels when the ALR is increased from 2.0 to
2.5, as shown in Fig. 7a. The reduction of NO emissions for diesel is less pronounced than
those from biodiesel fuels. At lower ALR, inadequate supply of atomising air results in inferior
atomisation due to relatively low momentum of air in breaking up the spray. Formation of
dense fuel-rich mixture in the spray core inhibits effective heat transfer to the droplets [33].
Fuel droplets that are not fully vaporised are dispersed away by the surrounding air flow. As a
consequent, flammable mixture is formed at some distance away from the spray periphery,
causing it to burn in diffusional mode which leads to the increase of local flame temperature
that promotes thermal NO formation [30]. Conversely, at higher ALR, strong atomising air
momentum imparted on the liquid jet produces fine droplets. The sparsely distributed droplets
allow greater amount of oxygen to penetrate into the drops cloud [34], where the turbulent flow
subsequently accelerates droplet vaporisation rate [33].

A uniform reduction trend of CO emission for all fuels tested was seen with increasing
ALR as shown in Fig. 7b. Atlower ALR, inferior atomisation forms dense fuel-rich spray with
minimum oxygen penetration, causing locally fuel-rich combustion due to the lack of oxygen
for complete combustion, thus leading to the increase of CO formation. Fig. 7c shows that CO,
concentration tends to be slightly higher at ALR=2.0 as compared to ALR=2.5. This could be
due to higher combustion temperature at ALR=2.0 that accelerates the oxidation rate from CO
into CO; [30]. The higher O, at ALR=2.5 (Fig. 7d) contributes to the lower NO as lower flame
temperature is attained at the spray centreline region. Better mixing was achieved at ALR=2.5

that contributes to the reduction of CO as more efficient combustion is enabled.
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Interestingly, biodiesels exhibit higher NO, CO and CO, than baseline diesels at all
ALR tested, which corroborates with the results shown in previous section. SME shows higher
NO, CO and CO, among all biodiesels, indicating the effect of unsaturation in the molecule is
evident during reaction. CME shows the lowest NO and CO emissions among biodiesels but
still displaying higher amount than that of baseline diesel. Despite the higher emissions
characteristics for biodiesels, increasing the ALR is an effective way of reducing NO and CO

to the level comparable to diesel.

4. Conclusion

In this experimental study, the emission characteristics of PME, SME and CME were
compared against that of fossil diesel under the same output flame power of 9.3 kW. The main
findings from the study are:

a. diesel flame shows a distinct luminous orange-yellow flame at the downstream of the
main reaction zone, whereas all of the biodiesels tested show mainly bluish flames. The
luminous orange-yellow flame indicates the presence of soot in the diesel spray flame,
which is almost absent in biodiesel spray flames.

b. by increasing the main air temperature, chemical reaction rate accelerates and
subsequently increases the production of NO. Conversely, CO emission is reduced due
to incomplete combustion.

c. comparison of the NO emission profiles shows that biodiesels produce higher NO
compared to diesel. The NO formation in biodiesel is due to higher adiabatic flame
temperatures and prolonged droplet residence time that give rise to the thermal NO

formation.
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. NO and CO emissions comparison among the three biodiesels shows that highly

unsaturated biodiesel (SME) exhibits higher NO production tendency than saturated
biodiesel (CME).

from a physical property perspective, biodiesel with higher viscosity and lower fuel
volatility such as SME produces greater amount of CO as compared to that of CME.

a clear trade-off characteristic between NO-CO can clearly be observed when varied

against equivalence ratio at a fixed ALR and air temperature.

. by varying the ALR, the emission profiles are altered, whereby an increase of ALR

leads to the simultaneous reduction of NO, CO and CO,. The study shows that
atomisation method and fuel properties directly influence the combustion behaviour,

which consequently affects the formation rate of final emissions products.

. biodiesels have been shown to be suitable supplemental fuels in combustion systems

that employ swirl flames such as gas turbines, furnaces and boilers. The higher
emissions of biodiesels can be effectively mitigated by utilising the strategy of higher

ALR in a twin-fluid atomiser based combustor.
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Abstract
The spray combustion characteristics of coconut (CME), palm (PME) and soybean

(SME) biodiesels/methyl esters were compared with diesel by using an axial swirl flame burner.
Atomisation of the liquid fuels was achieved via an airblast-type nozzle with varied atomising
air-to-liquid ratios (ALR) of 2-2.5. The fully developed sprays were mixed with strongly
swirled air to form combustible mixtures prior to igniting at the burner outlet. Under fuel-lean
condition, biodiesel spray flames exhibited bluish flame core without the yellowish sooty flame
brush, indicating low sooting tendency as compared to baseline diesel. Increasing the atomising
air led to the reduction of flame length but increase in flame intensity. Measurements of post-
combustion emissions show that SME produced higher NO as compared to CME and PME due
to higher degree of unsaturation, while the most saturated CME showed the lowest NO and CO
emissions amongst the biodiesels tested across all equivalence ratios. By preheating the main
swirl air to 250 °C, higher emissions of NO, CO and CO, were observed for biodiesels. Higher
ALR led to reduced NO and CO emissions regardless of the fuel used, making it a viable
strategy to resolve the simultaneous NO-CO reduction conundrum. This work shows that
despite different emission characteristics exhibited by biodiesels produced from different
feedstock, they are in principle potential supplemental fuels for practical combustion systems.
The higher pollutant emitted can be mitigated by operating at higher ALR in a twin-fluid based

swirl combustor.
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1. Introduction

The recent energy outlook report by the International Energy Agency (IEA) has
projected the energy dependent on biodiesels to grow from 0.83 EJ in 2015 to 5.97 EJ by the
year 2035 [1]. The growing importance of biodiesel stems from the global decarbonising
efforts, as the renewable fuel forms a closed-carbon cycle as opposed to the open-carbon cycle
when utilising petroleum diesel [2]. Additionally, the use of biodiesel in combustion
applications is comparatively cleaner than that of fossil diesel in terms of lower particulate
matter (PM), sulphur dioxide (SO,) and unburnt hydrocarbon (UHC) emissions [3,4]. While
there are other alternative fuels that are also cleaner than fossil diesel in combustion application,
biodiesel stands in the forefront as it can use existing diesel infrastructures and distribution
channels [5]. This is due to its similar caloric value, viscosity and cetane number with
diesel [6,7]. This has led to the widespread interest of applying biodiesel in reciprocating
combustion engine for the transportation sector [8—10].

Fuel-flexible gas turbine is envisaged from the standpoint of reducing operating cost,
while also meeting emissions targets. Biodiesel has been identified as one of the prospective
alternative fuels for gas turbines. Biodiesel-fuelled gas turbines have been experimentally
studied using lab-based swirl flame burners or actual gas turbine engines. A study on the spray
and combustion properties of rapeseed biodiesel using a gas turbine-type burner concluded
that, biodiesel spray exhibited longer spray penetration length and smaller spray cone angle as
compared to that of diesel [11]. The phenomena are attributed to the higher density, viscosity,
surface tension and boiling point of biodiesel as compared to that of conventional diesel fuel.
It has also been found that biodiesel produced lower NOy (nitrogen oxides) emissions by 21%
when compared to that of diesel at an axial distance of 60 mm from the nozzle. This suggested
that spray atomisation plays an important role in NO, emissions. In another study using gas

turbine swirl flame burner, it was again demonstrated that higher atomisation pressure resulted
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in finer spray with smaller droplet size and subsequently lower NOy emissions [12]. The NOx
emissions level was decreased from 13 ppm to 9 ppm as atomising pressure was increased from
0.4 to 0.8 MPa. The increase in droplet size causes larger number of droplets to be transported
downstream of the flame, thus requiring longer evaporation time. Consequently, the ratio of
combustion in diffusion mode to premixed mode increases, leading to greater incidences of the
local regions with high temperatures, in turn causing greater amount of NOy formed [12,13].

In a study that examined rapeseed biodiesel with swirl flame burner, it was
demonstrated that rapeseed biodiesel’s nitric oxide (NO) emissions were reduced by
approximately 22% as compared to that of diesel, at 6 kW output power. It was postulated that
the higher heat of vaporisation of the biodiesel spray and the presence of oxygen in the fuel
may partially suppress the prompt NO formation mechanism [14]. In other related studies,
carbon monoxide (CO) emission for biodiesel derived from soybean was reported to reduce by
50% as compared to that of diesel under fuel-mass specific by using a swirl burner equipped
with an airblast type atomiser [15]. By utilising a flow blurring injector, it was demonstrated
that mixing was improved and CO emissions of biodiesel flame could be reduced by 2-3 times
when ALR was varied from 2.0 to 2.4 [16].

Applications of biodiesel in micro gas turbine (MGT) have been conducted by several
other groups. In a study using a Capstone C30 MGT, soybean biodiesel was reported to cut
down NO, emissions by 60% as compared to that of fossil diesel [17]. However, in another
study that utilised the same MGT model, soybean biodiesel was found to produce higher NOy
against that of diesel [18]. The higher NO, emission from biodiesel was attributed to the larger
biodiesel droplet size that led to the longer evaporation time scale that promotes NO, emission
[18]. In addition, the performances of soybean, canola, recycled rapeseed biodiesel and hog-
fat biofuel against Jet A fuel were also investigated using a 30 kW gas turbine engine [19]. It

was found that NO emissions for biodiesel were consistently lower than that of diesel for
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equivalence ratio range of 0.15 to 0.30, with a maximum reduction of up to 75%, in spite of
the similar turbine inlet and exhaust gas temperature for both biodiesel and diesel. Hence, it
was postulated that NO, formation in that instant was not dominated by thermal NO mechanism.
CO emissions were found to be lower for biodiesels as the fuel-bound oxygen in the biodiesel
assists in converting CO into CO, [19,20].

The thermal performance and emissions of a 30 kW MGT when fuelled with highly
viscous castor biodiesel were compared with baseline diesel [21]. It was demonstrated that CO
emission increased by 50% as compared to diesel at 14 kW engine output power, due to the
inferior atomisation as a result of the high viscosity of castor biodiesel [21]. The authors also
opined that the lower NO, emissions achieved in the MGT tests are partly contributed by the
same factor which results in lower combustion temperature. The size of castor biodiesel liquid
droplets and primary-zone equivalence ratio are larger when compared with that of diesel. The
reduction of temperature in the primary combustion zone (due to higher equivalence ratio)
reduced the emission levels of the NOy pollutants for biodiesel [21]. The emissions of 15% and
25% jatropha biodiesel-diesel blends were compared with neat diesel using a Rover gas turbine
IS/60 test rig, where the blends showed higher emissions of NO, by 34-42% as compared to
that of diesel at the same power output [20]. It was postulated that the higher oxygen content
in biodiesel led to higher flame temperature and subsequently higher level of NO, emissions
[20].

Applications of biodiesel in actual gas turbines have been conducted by several groups.
The ignition, combustion dynamics and emissions of biodiesel in an industry gas turbine
(Siemens SGT-100) were conducted by Liu et al. [22]. The NO, emissions for biodiesel were
found to be lower than that of diesel for all operating conditions tested. In another study,

Moliere et al. [23] reported no smoke and sulphur oxide were emitted when the industrial gas
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turbine (GE 6531B) was fuelled with biodiesel. These field tests indicate the positive effects
of biodiesel towards the environment.

The variations in biodiesel feedstock, combustion chamber geometries, interaction
between fuel spray and swirling air from the aforementioned studies have led to conflicting
reports on the combustion and emissions characteristics of biodiesel usage in gas turbines.
Additionally, most of the studies were conducted for the single feedstock biodiesel in isolation
and without direct comparison against biodiesel from other feedstock within the same
experimental studies.

Thus, this study adopts a multi-feedstock approach for an experimental investigation
of biodiesel produced from coconut (CME), palm (PME) and soybean (SME) using a lab-based
gas turbine type swirl burner operated at atmospheric condition. The study mainly investigates
the effects of preheated air temperature, atomiser air-to-liquid (ALR) ratio, global equivalence
ratio (@) and degree of unsaturation level in biodiesels on the combustion and emissions
characteristics of a model gas turbine swirl flame burner fitted with a twin-fluid nozzle. Fossil

diesel is used as baseline fuel in this study.

2. Experimental setup
2.1 Operating fuels

The fuels used in this experimental study were coconut (CME), palm (PME) and
soybean (SME) biodiesels, with fossil-based diesel as the baseline. Diesel was procured from
a local gas station, while the tested biodiesels were produced from their respective vegetable
oil counterparts in the lab via the transesterification process. The vegetable oils were reacted
with methanol catalysed by potassium hydroxide (KOH) for 2 hours using a magnetic stirrer,
with temperature maintained at 60 °C. The mass ratio of the vegetable oil:methanol:KOH was

fixed at 113.75:50:1. Decanting was carried out to allow for the separation of reaction products
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to remove glycerol and catalyst from the biodiesel. The produced biodiesel was then heated up
to 120 °C for 4 hours to allow the evaporation of residual water and methanol.

A gas chromatograph (Agilent 7820A) was used to characterise the biodiesel. The
composition for the CME, PME and SME produced are shown in Table 1. It can be observed
that SME contains a substantial amount of unsaturated fatty acid with double bond at 83.87
wt%, while CME is mostly composed of saturated fatty acid with single bond at 92.82 wt%.

Physical properties for the tested fuels are shown in Table 2. Biodiesel is more viscous
and less volatile as compared to diesel. The higher flash point of biodiesel results in lower
volatility than diesel. Biodiesels also have lower calorific value of around 12.2-17.3% by mass,
and 9.1-14.3% by volume as opposed to that of fossil diesel. This is due to the presence of fuel-

bound oxygen content of in the range of 9.7-14.4% by weight for biodiesel.

2.2 Swirl Burner System

Fig. 1 illustrates the schematic diagram for the experimental setup. A gas turbine type
swirl burner was used to establish a steady liquid spray flame. The axial swirler placed
concentrically at the burner outlet consists of 6 straight vanes with the angle of 45°, forming

the geometric swirl number of 0.84 based on Eq. 1 [24].

2
SNzg—tanG (1)

where D;, and D, are the diameters of the swirler hub and the swirler, respectively. The angle
of the swirl blade from the centreline is denoted by 6. A swirling air flow that envelopes the

atomised spray is formed when the main air passes through the swirler, forming a combustible
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mixture. The swirler generates a high intensity recirculating flow to assist in fuel-air mixing
and flame stabilisation.

The liquid fuel was delivered by a peristaltic pump (Longer BQ50-1J) and a flow
damper was utilised to damp out the pulsating flow ripple caused by the peristaltic motion.
Silicone tube with an inner diameter of 4 mm was used for the peristaltic pump to transfer the
fuel. Prior to mixing with main swirling air, the fuel was atomised by a commercial twin-fluid
atomiser (Delavan: SN type-30610-1). The atomising air and fuel orifice diameters are 1.73
and 0.50 mm, respectively. The supply of the atomising air and combustion air were controlled
by air mass flow controllers (Sierra SmartTrak 50).

For the preheating of the main air, three rope heaters (Omega: FGR-100-240V) with a
rated output of 500 W were used. The burner’s plenum was insulated with heat resistant
ceramic wool to minimise heat loss. A 1.5 mm K-type thermocouple was placed 10 mm
upstream of the burner to measure the temperature of the preheated main air flow. This
thermocouple provides feedback to the Proportional-Integral-Derivative (PID) controller to
regulate the heating process. Flue gas from the combustion was directed to the exhaust by a

400 mm long, 130 mm diameter flame tube made from carbon steel, as depicted in Fig. 1.

23 Measurement techniques
2.3.1 Flame Imaging

A Canon EOS 600D digital camera was utilised to acquire the global flame images
through a quartz wall that is optically accessible. Focal length and exposure time of 4 mm and

1/15 s, respectively, were used to capture the flame images.

2.3.2 Gas analyser
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A gas analyser (KANE; KM9106 Quintox) was used to measure the concentrations of
post-combustion NO, CO and CO, products in the flue gas at the outlet of combustor. The
sampling was carried out by placing the probe 13 mm inward from the combustor exit.
Emissions were measured at 5 spatial locations that were radially and equally spaced.
Calibration gases were used to check the accuracy of the gas analyser before measurements.
The sampling probe is 5 mm in diameter and the gas analyser sampled the flue gas at the rate
of 2 L/min. The NO and CO emissions were measured via chemical sensors in the gas analyser,
while the CO, emissions were calculated based on the measured oxygen (O;). The probe
sampled for 90 seconds at each spatial location to ensure steady state readings. The final global
emissions for each test case were obtained by averaging the spatial readings using the area-
weighted averaging method. The measurement range, resolution and propagated error for NO,

CO, CO, and O, are summarised in Table 3.

2.4  Operating conditions

The liquid fuels and atomising air were independently delivered to the burner outlet at
room temperature. The main combustion air was preheated to 250 °C prior to its mixing with
the liquid fuel spray. Fuel flow rate was adjusted for each fuel to achieve a fixed power output
of 9.3 kW. The atomisation air-to-liquid ratio (ALR) was varied at 2.00, 2.25 and 2.50 by
regulating the flow rate of atomising air while holding the fuel flow rate constant. The ALR of
2.00 was chosen as the lower limit as it is near the limit of ALR where atomising air is adequate
to produce proper spray [26]. For each of the ALR, the equivalence ratio was varied from 0.65
to 0.90 to simulate lean combustion regime in gas turbine. The mass flow rates for combustion

air and fuel at equivalence ratio 0.65 are shown in Table 4 for different fuels.

3. Results and Discussion



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

3.1 Reacting Spray Imaging

The flame appearances for diesel, PME, SME and CME established at ALR=2.50 for
equivalence ratios of ¢=0.90 and 0.65 are shown in Fig. 2. It is shown that downstream region
of the diesel main reaction zone is occupied by a distinct orange-yellow luminous flame, while
biodiesels show mainly bluish flames. The orange-yellow luminous flame is due to the burning
of soot particles in this region. Soot consists of aromatic structure, therefore fuels that contain
substantial amount of aromatics structure in its chemical composition, such as diesel, is
expected to be sootier than those from biodiesels [27]. Soot production was shown to increase
linearly with increasing aromatic contents in the fuel [27]. On the other end, bluish flame at the
verge of nozzle outlet is equivalent to the premixed flame caused by internal mixing between
the atomising air and fuel. The presence of bulk oxygen increases oxidation rate of soot
particles, resulting in reduced luminous orange-yellow sooty flame [28].

In contrast to diesel, biodiesels show distinctively different spray flame appearance
with the notable absence of sooty orange at their post-reaction zones for the higher ALR cases.
The absence of aromatics structure in biodiesels also greatly reduces the soot formation
tendencies in biodiesels, due to the lack of the soot precursors. The fuel-bound oxygen content
for the fatty acid methyl ester molecules also promotes soot oxidation, which is another reason
for lower soot production in biodiesel spray flames [28]. By reducing the ALR to 2.0, inferior
atomisation results in poorer mixing between reactants and air. This consequently incurs
substantial soot formation due to incomplete combustion. The increase of soot formation at
lower ALR is shown in Fig. 3 by the distinctively larger orange-yellow flame brush for all
fuels.

Apart from the fuel properties, the dynamics of the flow also affects the flame
appearance. A notable structure in a typical swirl stabilised flame is the presence of central

toroidal recirculation zone (CTRZ) [29]. CTRZ plays essential role in stabilising the flame as
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it recirculates the hot flue gas back into the reaction zone to constantly heat up the reactants.
The presence of CTRZ directs the fuel spray towards the radial direction, forming a dual shear
layer. The shear layer is the region where mixing and reaction of the reactant and oxidiser take
place [29]. The presence of dual shear layer is notable for biodiesels spray flame. For diesel,
however, the appearance of shear layer is overshadowed by the sooty orange-yellow flame. At
lower equivalence ratio, greater amount of air flow generates a more concentrated CTRZ that
subsequently moved the stagnation point towards upstream position to form a heart-shape

reaction flame core.

3.2 Post-combustion Emissions

3.2.1 Effect of Main Swirl Air Temperature

The emissions of NO as a function of equivalence ratio at elevated main air temperature
of 30 and 250 °C are shown in Fig. 4. Higher level of NO emission was shown for all fuels
tested at elevated main air temperature. The energy provided from the preheated air assists the
species molecules to surpass the energy threshold easier for chemical reactions, thus enabling
greater amount of energy release with higher flame temperature that subsequently leads to
higher NO [30]. Fuel wise, biodiesels exhibit generally higher NO emission as compared to
that of diesel for both 250 °C and 30 °C main air temperatures. The main exception would be
the highly saturated CME. This is postulated to be due to biodiesels possessing larger droplets
size and lower volatility as compared to diesel, leading to longer droplets residence time [24].
Longer droplets residence time subsequently promotes thermal NO formation. Apart from
thermal NO, prompt NO constitutes another portion of NO emission. The formation of prompt
NO depends very much on methylidyne (CH) radical, which serves as the precursor for prompt
NO formation [30]. It was shown that biodiesels produced more CH radical than diesel, which
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inherently elevates prompt NO formation as compared to diesel [30,31]. The elevation of both
thermal and prompt NO result in higher NO emission for biodiesel as compared to diesel.

It can be observed that SME produced the highest NO, followed by PME and CME for
the preheated main air temperature cases at ALR = 2.5 and power output of 9.3 kW. The trend
of NO emission was found to correlate with unsaturation degree of the biodiesels, where highly
unsaturated biodiesel (SME) produces more NO emissions as compared to that of the saturated
biodiesel (CME). This is in due to the double bond in unsaturated biodiesel that releases more
energy when breaking up as compared to single bond, thus inherently increased adiabatic flame
temperature and thermal NO formation [32]. In addition, highly unsaturated biodiesels also
promote the formation of CH radicals that serve as the precursor for prompt NO formation,
which is another reason that contributes to higher NO emissions [31]. Such trends were not
observed for the non-heated main air flow cases where PME produced greater NO emissions
than that of the more unsaturated SME.

The CO emissions from biodiesels were generally higher than that of diesel throughout
the equivalence ratios investigated for both non-heated and preheated main air conditions, as
shown in Fig. 5. Larger fuel droplets and lower fuel volatility of biodiesel inhibit complete
combustion, which consequently results in greater CO emission as compared to that of diesel.
SME and PME that possess higher viscosity and lower volatility result in higher CO emission
as compared to CME. This is due to the higher viscosity and lower fuel volatility slowing down
droplet vaporisation rate, subsequently hindering the complete combustion process. At higher
preheating temperature, the CO emission level is lower than non-heated case by approximately
a factor of 2, which is a reverse trend of NO (Fig. 4). This is expected as preheated air promotes
higher efficiency in combustion with higher flame temperature that increases NO but lowering

the CO.

11



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

The effect of equivalence ratio on the NO and CO emissions are elucidated in Fig. 4
and Fig. 5, respectively. At ¢ = 0.9, the relatively lower main air flow reduces the turbulence
intensity that consequently weakens the CTRZ. This causes poorer mixing and increases the
CO emission. As more air is introduced, the overall mixture equivalence ratio is reduced, hence
strengthening the CTRZ due to increased swirl intensity that promotes the mixing between the
reactants and oxidiser. A more complete combustion is achieved whereas CO emission is
reduced substantially. Minimum CO typically occurs at equivalence ratios between 0.7 and 0.8.

Increasing the main air further generates an even stronger CTRZ that recirculates post
combustion products back to the flame root. As a consequent, a lower temperature region is
formed around the central region of the flame that is in contact with the recirculated gases [29].
The rate of chemical reaction is suppressed in this region due to the lower temperature. CTRZ
now weakens the chemical reaction rate instead of promoting the combustion, as indicated by
slight CO increment below ¢ = 0.7. As shown in Fig. 4, maximum NO is produced within the
equivalence ratio range, where minimum CO is produced for all fuels. It is hence observable
that NO-CO has a distinct trade-off relationship.

The effect of main air temperature on CO, emissions is shown in Fig. 6 for diesel and
biodiesels. Overall, elevating the main air temperature leads to increase of CO, emissions, as a
result of increased flame temperature and enhanced CO oxidation rate into CO,. [30]. As the
fuel/air mixture approaches stoichiometric condition, CO, concentration increases due to
conversion of more carbon from the fuel into CO,. Higher CO, was shown by biodiesels as
compared to diesel, partly in due to the increased mass flow rate of fuel to compensate for the
lower energy density, as more carbon on a mass basis from the heavier biodiesel chain
contributes to the formation of CO, during reaction. Among the biodiesels, the unsaturated
SME shows higher CO, emissions as compared to PME and CME, similar to the trend of NO

emissions.
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3.2.2 Effect of Air-Liquid Ratio (ALR)

Variation of the ALR imposes significant effects on the emissions. The NO emission is
reduced by up to a factor of 2 for the three biodiesels when the ALR is increased from 2.0 to
2.5, as shown in Fig. 7a. The reduction of NO emissions for diesel is less pronounced than
those from biodiesel fuels. At lower ALR, inadequate supply of atomising air results in inferior
atomisation due to relatively low momentum of air in breaking up the spray. Formation of
dense fuel-rich mixture in the spray core inhibits effective heat transfer to the droplets [33].
Fuel droplets that are not fully vaporised are dispersed away by the surrounding air flow. As a
consequent, flammable mixture is formed at some distance away from the spray periphery,
causing it to burn in diffusional mode which leads to the increase of local flame temperature
that promotes thermal NO formation [30]. Conversely, at higher ALR, strong atomising air
momentum imparted on the liquid jet produces fine droplets. The sparsely distributed droplets
allow greater amount of oxygen to penetrate into the drops cloud [34], where the turbulent flow
subsequently accelerates droplet vaporisation rate [33].

A uniform reduction trend of CO emission for all fuels tested was seen with increasing
ALR as shown in Fig. 7b. Atlower ALR, inferior atomisation forms dense fuel-rich spray with
minimum oxygen penetration, causing locally fuel-rich combustion due to the lack of oxygen
for complete combustion, thus leading to the increase of CO formation. Fig. 7c shows that CO,
concentration tends to be slightly higher at ALR=2.0 as compared to ALR=2.5. This could be
due to higher combustion temperature at ALR=2.0 that accelerates the oxidation rate from CO
into CO; [30]. The higher O, at ALR=2.5 (Fig. 7d) contributes to the lower NO as lower flame
temperature is attained at the spray centreline region. Better mixing was achieved at ALR=2.5

that contributes to the reduction of CO as more efficient combustion is enabled.
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Interestingly, biodiesels exhibit higher NO, CO and CO, than baseline diesels at all
ALR tested, which corroborates with the results shown in previous section. SME shows higher
NO, CO and CO, among all biodiesels, indicating the effect of unsaturation in the molecule is
evident during reaction. CME shows the lowest NO and CO emissions among biodiesels but
still displaying higher amount than that of baseline diesel. Despite the higher emissions
characteristics for biodiesels, increasing the ALR is an effective way of reducing NO and CO

to the level comparable to diesel.

4. Conclusion

In this experimental study, the emission characteristics of PME, SME and CME were
compared against that of fossil diesel under the same output flame power of 9.3 kW. The main
findings from the study are:

a. diesel flame shows a distinct luminous orange-yellow flame at the downstream of the
main reaction zone, whereas all of the biodiesels tested show mainly bluish flames. The
luminous orange-yellow flame indicates the presence of soot in the diesel spray flame,
which is almost absent in biodiesel spray flames.

b. by increasing the main air temperature, chemical reaction rate accelerates and
subsequently increases the production of NO. Conversely, CO emission is reduced due
to incomplete combustion.

c. comparison of the NO emission profiles shows that biodiesels produce higher NO
compared to diesel. The NO formation in biodiesel is due to higher adiabatic flame
temperatures and prolonged droplet residence time that give rise to the thermal NO

formation.
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. NO and CO emissions comparison among the three biodiesels shows that highly

unsaturated biodiesel (SME) exhibits higher NO production tendency than saturated
biodiesel (CME).

from a physical property perspective, biodiesel with higher viscosity and lower fuel
volatility such as SME produces greater amount of CO as compared to that of CME.

a clear trade-off characteristic between NO-CO can clearly be observed when varied

against equivalence ratio at a fixed ALR and air temperature.

. by varying the ALR, the emission profiles are altered, whereby an increase of ALR

leads to the simultaneous reduction of NO, CO and CO,. The study shows that
atomisation method and fuel properties directly influence the combustion behaviour,

which consequently affects the formation rate of final emissions products.

. biodiesels have been shown to be suitable supplemental fuels in combustion systems

that employ swirl flames such as gas turbines, furnaces and boilers. The higher
emissions of biodiesels can be effectively mitigated by utilising the strategy of higher

ALR in a twin-fluid atomiser based combustor.
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Table 1 Composition by mass for CME, PME and SME

No of Composition (wt%)
Fatty Carbon:
. Structure
Acid double PME SME CME
bond
o
Caprylic /\/\/\)LOH C8:0 - - 6.78
O
Capric /\/\/\/\)LOH C10:0 - - 5.61
(0]
Lauric /\/\/\/\/\)LOH C12:0 - - 51.00
(0]
Myristic /\/\/\/\/\/\JLOH C14:0 0.93 - 18.51
O
Palmitic /\/\/\/\/\/\/\J’LOH Cl16:0 39.85 11.62 9.26
O
Stearic /\/\/\/\/\/\/\/\)LOH C18:0 3.55 4.51 1.66
o
Oleic \/\/\/\f:\/\/\/\)LOH C18:1 43.14 23.03 6.06
0]
Linoleic /\/\/‘\/—v\/\/\/\JLOH C18:2 12.53 54.22 1.12
o
Linolenic C18:3 - 6.62 -




Table 2 Physical properties for diesel and biodiesels [24,25]

Properties Unit Diesel PME SME CME
C [% wt] 85.0 76.0 77.2 73.9
H [% wt] 15.0 12.2 11.8 12.2
O [% wt] - 11.9 11.0 14.0
Lower heating value [MJ/kg] 42.6 37.4 37.0 35.2
Density [kg/m3] 843.3 867.7  882.0 874.0
Molecular Weight [g/mol] 226.0 270.1 2922 229.1
Cetane number [-] 52.0 62.0 51.3 59.3
Flash point [°C] 66 163 159 113
Kinematic viscosity (40°C) [mm?/s] 2.5 4.6 4.3 2.8




Table 3 Gas analyser specification
Sensor/ Range Resolution Uncertainty Propagated

Instrument Error

CO 0-4000 ppm 1 ppm <100 ppm; = 5 ppm +16.0%
>100 ppm; + 5%

NO 0-5000 ppm 1 ppm <100 ppm; £+ 5 ppm +7.5%
>100 ppm; £+ 5%

CO, 0-20% 0.1 % + 5.0% of reading +4.2%

0, 0-30% 0.01% +0.2% +1.3%




Table 4 Operating conditions for all fuel types at ¢ = 0.65

.. . Main air
Fuel mass Atomising air
mass flow
Fuel (A/F)gpicn* flow rate ALR mass flow rate rate*
(&5) (&s) @)
2.50 0.54 441
Diesel 14.80 0.22 2.25 0.49 4.46
2.00 0.43 4.51
2.50 0.61 4.03
PME 12.38 0.24 2.25 0.55 4.09
2.00 0.49 4.15
2.50 0.62 4.11
SME 12.40 0.25 2.25 0.56 4.17
2.00 0.50 4.23
2.50 0.67 431
CME 12.08 0.27 2.25 0.60 4.38
2.00 0.54 4.45

* Stoichiometric air/fuel ratio by mass
** The flow rates shown are for establishment of flame at global equivalence ratio of ¢=0.65.



