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Abstract

Global atmosphere pollution has become a serious problem for today. The emissions from the combustion of fossil fuels contribute
a notable part to this pollution. Given a wide spread of different biofuels available for combustion applications, the present study
concentrates on atomization spray characteristics of vegetable oils. In this study preheated vegetable oil (VO) is used to reduce the
kinematic viscosity, and thus, improve atomization. A commercial air-blast atomizer operated at ambient conditions of temperature
and pressure is used to atomize the VO. Flame spray characteristics are measured using a laser sheet visualization system and a
Phase Doppler Particle Analyzer system. Experiments are conducted for unheated and preheated VO at 100 °C for a given ALR of
2.0 in enclosed flame conditions simulate realistic gas turbine conditions. VO is combusted in an atmospheric pressure burner with
air blast atomizer and swirling combustion air around. The mean axial and RMS velocities, SMD and drop size distribution data
are acquired. The measurements are taken for preheated VO at 100 °C and 150 °C respectively. The transverse profiles of mean
axial velocity showed peaks at the center while they showed a decreasing trend at the outer edges of the spray. RMS axial velocity
increases for flame spray compared to cold spray. Higher VO inlet temperatures led to smaller droplets and higher mean axial
velocity for a given ALR. Results also suggest that insulated enclosure provide additional heat feedback from the flame to improve
the overall spray characteristics, an effect that has been quantified in the present study.
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1. Introduction

Global atmosphere pollution has become a serious problem for today. The emissions from the combustion of fossil
fuels contribute a notable part to this pollution. Environmental care together with the limited stock and growing prices
of fossil fuels has given alternative fuels the potential to supplant a significant portion of fuel for combustion
applications such as gas turbine engines and IC engines. Given a wide spread of different biofuels available for
combustion applications, the present study concentrates on atomization spray characteristics of vegetable oils.
Vegetable oils have energy density, cetane number, heat of vaporization and stoichiometric air/fuel ratio comparable
to diesel fuel. Different ttechniques have been employed so far to improve on the physical properties of bio-oils and
thus opening the doors to clean combustion. The high kinematic viscosity has an adverse effect on the combustion of
vegetable oils, posing problems in the associated fuel supply line and injector system, as discussed in chapters 2 and
3. Some well-known techniques to deal with high kinematic viscosity levels of neat vegetable oils include dilution,
pyrolysis, micro-emulsion and trans-esterification. These techniques however, require additional energy input to
improve the physical properties of the fuel. Preheating of the fuel is also one of the ways that reduces the kinematic
viscosity to improve the atomization. Preheating is employed in the present study to investigate the spray
characteristics in a non-evaporating spray as well as flame spray. The atomization and subsequent propagation of the
fuel droplets, their vaporization and combustion are the most important processes concerning the formation of
pollutants with the use of liquid fuels. For example in diesel engines, gas turbine engines, and oil burners, the
combustion rate of fuel is controlled by effective vaporization of the fuel. The liquid fuel atomization rate has a strong
influence on vaporization rates because the total surface area of the fuel is increased greatly by the atomization process.
The fundamental mechanisms of atomization have been under extensive experimental and theoretical study for more
than a century [1]. Still, one of the major thrusts in worldwide combustion research has been to gain insight into the
physics of liquid fuel combustion in the primary zone of the combustor [2].

Physical properties such as kinematic viscosity, surface tension and volatility are the key parameters that affect the
process of fuel atomization and evaporation. The liquid kinematic viscosity affects not only the drop size distribution
of the spray but also the fuel injector pressure drop. An increase in kinematic viscosity lowers the Reynolds number,
hindering the development of any natural instabilities in the fuel jet or sheet, which help to further disintegrate the
drops. These combined effects delay any further disintegration thus increasing the droplet sizes in the spray. Many
alternative fuels are expected to have high kinematic viscosity which makes them difficult to atomize well and thus
affecting the combustion efficiency.

A comprehensive study on turbulent diffusion flames using intrusive probing techniques was made by [3]. They
suggested that the spray flame structure is similar to that of a gaseous diffusion flame in turbulent flow. The study
conducted by [4], used a non-intrusive detection technique to measure the Sauter Mean diameter (SMD), drop velocity,
and number density of air assisted spray and spray flames. A series of experimental and numerical studies of air
assisted sprays and spray flames have been made by [5, 6]. Their observations concluded that the presence of fuel
drops and reactions alters the structure of the gas-phase turbulence and that local clustering of drops exists for both
non-reacting and reacting cases. A large portion of the experimental research in liquid fuel combustion is focused on
pressure atomization mainly in the diesel engine applications. Relatively few studies have been reported on air blast
atomization and their potential optimum strategies in alternative fuel combustion. Moreover, very little attention has
been given to the evaporation characteristics of the air blast atomized sprays of alternative fuels. Detailed studies on
the characteristics of spray flames are necessary to mitigate environment problems and enhance the performance and
efficiency of liquid bio fuel combustion systems.

The present work seeks to experimentally investigate the spray characteristics of the fuel droplets in a non-
evaporating as well as flame spray conditions using the Phase Doppler Particle Analyzer. An air blast atomizer is
selected for the present investigation to generate the spray. The objective of the present work is to investigate the
effects of combustion on enclosed spray flames of bio-oil for which little experimental data are available. Experiments
are conducted using an insulated enclosure as well as VO heated at 100 °C and 150 °C. The mean axial and RMS
velocities, SMD and drop size distribution data are acquired. The primary focus is placed on liquid fuel spray
characteristics, and their effects on emissions. It can be envisioned that smaller droplets in the spray would lead to
premixed combustion and hence lower emissions. The inferences from this study would aid in designing future liquid
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fuel combustors. Hereafter the details of the experimental set-up, results and discussion, and conclusions are presented
in this study.

2. Experimental Setup and Procedure

Figure 1a shows the experimental setup with inlets for primary combustion air, atomizing air, and liquid fuel. The
primary air entered the combustion system through a plenum filled with marbles to breakdown the large vortical
structures. The primary air passes through a swirler into the mixing section, where gaseous fuel is supplied during the
startup. Then, the primary air (or reactants) enters the combustor through a swirler with six vanes positioned at 28 °C
to the horizontal to produce swirl number of about 1.5. The bulk axial inlet velocity of the primary air varies from 1.9
to 2.1 m/s, which results in Reynolds number between 5960 and 6750.The combustor is 46 cm long pentagonal
enclosure, shown schematically in Fig. 1b. The enclosure is made with two sides of quartz glass and remaining three
sides of steel plates. The enclosure is insulated with four layers of Alumina blanket to minimize the heat loss to the
surroundings. A small window of insulation, 10.2 cm by 10.2 cm, on the two quartz glass plates was removed for
optical access. The primary airflow rate was measured by a laminar flow element with reported calibration error of £5
liters per minute (Ipm). The fuel temperature at the injector inlet was measured by a K-type thermocouple.

A 2D Phase Doppler Particle Analyzer (PDPA) was used to measure drop diameter and velocity simultaneously.
PDPA is a point sampling device based on the light scattering interferometry principle. The laser beams from the
transmitter probe intersect to form a sample measurement volume. The laser beam from a 2-W water-cooled argon-
ion laser is separated into a pair of 514.5 nm green beams and a pair of 488 nm blue beams using a beam separator
assembly. One beam of each pair is shifted by a 40 MHz Bragg cell. Facilitated by the pentagonal combustor design,
the PDPA receiver is set at a constant angle of 144 degrees from the transmitter to collect the refracted light intensities
from the spray. The detected signal is acquired by a data acquisition system, and analyzed using the TSI Flow Sizer
software to obtain mean and RMS velocities, SMD, and drop velocity and 6 diameter distributions. Measurements are
obtained by moving the PDPA system using a three way traversing system, while the combustor is kept stationary.
PDPA system was traversed to acquire radial profiles at axial planes between from z = 5 mm and 40 mm in 5 mm
intervals. Data rates of up to 30-40 kHz were obtained near the center of the spray, but they decreased to nearly zero
as the detection volume approached the outer edge of the spray. Experiments were conducted for fixed VO flow rate
of 12 mlpm. Atomizing airflow rate was kept constant at 25 lpm, which corresponds to air to liquid ratio (ALR) by
mass of 2.5. The primary airflow rate was 125 lpm and the total airflow rate was constant at 150 Ipm, which resulted
in equivalence ratio of 0.79, also verified from oxygen and carbon dioxide concentration measurements in combustion
products. Experiment was started with methane-air combustion before the liquid fuel was gradually introduced. Steady
state was reached after two hours of continuous operation on liquid fuel, when the outer surface temperature of
insulation was about 130 °C.
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Fig. 1. (a) Experimental Set-up; (b) Pentagonal Combustor; (c) Fuel Injector.
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3. Results and Discussion

Experiments were done to study the effect of enclosure on flame spray characteristics and combustion emissions.
The enclosure was insulated to provide thermal feedback to the VO flame and maintain a stable VO flame during all
experimental conditions. It required about 2 hours to preheat the enclosure with a stable VO flame before the methane
flow rate was reduced to about 3.8 SLPM which corresponds to ¢ = 0.89. This mode of operation resulted in no
condensation of the droplets on the glass window of the enclosure. Practically in the continuous combustion operations
of gas turbine applications the enclosed flames are used, and hence the present work also incorporates insulated
enclosure effect on the spray characteristics and emissions.

3.1. Transverse Profiles of Mean and RMS Axial Velocity

Figure 2 shows the mean axial velocity profiles for enclosed flames of VO preheated to 100 °C and 150 °C. As
seen in figure 6 (a), at Y = 5 mm, mean axial velocity shows a peak at the center and gradual decrease towards the
edge of the spray. The peak mean axial velocity for both cases is nearly the same. For both cases, the axial velocity
peaks at 70 m/s, and both the profiles almost overlap each other, with slight difference towards the edge of the spray.
AtY =10 mm and 15 mm the profiles are again observed to be overlapping, although at higher fuel inlet temperature
the spread of the spray is observed to be narrower as compared to VO at 100 °C. The transverse spray for VO at 100
°C is extended widely from -40 mm to 30 mm while for VO at 150 °C, the spread narrows down to a -15 mm 20 mm
for Y =5, 10 ,and 15 mm axially. Farther downstream, the peak axial velocity decreased down to 60 m/s for VO at
150 °C and 50 m/s for VO at 100 °C. Unlike velocities, a significant difference is observed in the droplet sizes as
shown in the SMD profiles for the enclosed flame. In enclosure, the co-flow swirling air is the combustion air for the
flame without any ambient entrainment. In open flame there is no heat feedback but there is a lot of ambient
entrainment, while in enclosure heat feedback is there due to insulation.
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Fig 2.Transverse profiles of mean axial velocity for enclosed flame at axial location of (a) Y =5 mm, (b) Y = 10 mm, (¢) Y =15 mmand (d) Y =
20 mm

Figure 3 shows the RMS axial velocity profiles for enclosed flame. For VO at 100 °C at Y = 5 mm, the peak RMS
axial velocity is 22 m/s while for VO at 150 °C the peak RMS axial velocity is 20 m/s. For VO at 100 °C, the profiles
show a local minima at the jet center line while double peaks at flame locations i.e. X =-30 mm to 15 mm, and Y =
10 mm to 35 mm. The magnitude of the RMS axial velocity range from about 2 m/s to 22 m/s for Y =5 mmto Y =
35 mm. Comparatively for VO at 150 °C, the RMS axial velocity profiles looks more symmetrical with local minima
dip in the centerline as well as double peaks on the flame locations. This result is attributed to the fact that the jet
center is subjected to the small turbulent fluctuations with lower RMS values compared to that at the edge of the spray.
Near the injector exit i.e. at Y = 5 mm to 15 mm, the peak RMS axial velocity for both the cases overlaps with no
significant difference in the velocity values. At locations farther downstream, the peak RMS axial velocities for 150°C
are higher at X = 20 mm, indicating higher velocity fluctuations compared to VO at 100 °C.
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Fig 3.Transverse profiles of RMS axial velocity for enclosed flame at axial location of (a) Y =5 mm, (b) Y =10 mm, (¢) Y =15mm and (d) Y =
20 mm

3.2. Transverse Profiles of Mean and RMS Axial Velocity

Fig. 4 shows the transverse profiles of SMD for enclosed VO flame at 100 °C and 150 °C. Fig. 9 (a) shows the
SMD profile at Y = 5 mm. The profiles show peak SMD value at the center of the spray. The maximum SMD for VO
at 100 °C is 34um, while for VO at 150 °C is 32 pm. At Y = 15 mm and 20 mm, the range of SMD values decreases.
The profiles no longer show a well-defined central peak as compared to near the injector exit. SMD values range from
10 um to 25 pm for VO at 100 °C while for VO at 150 °C the SMD ranges from 18 pm to 28 um. Farther downstream,
at Y =25 mm to 35 mm, the larger droplets are observed to have moved towards the periphery of the spray causing
higher SMDs at the outer edge of the spray as seen in figurer 10 (e and f).The profiles show a central depression as
compared to central peak observed in the near injector locations (Y = 5 and 10 mm). For VO at 100 °C, the SMD
ranges from 16 pm to 25 pm, which is larger compared to 18 pm to 22 pm for VO at 150 °C. For VO at 150 °C, the
transverse distribution of SMD is narrower compared to VO at 100 °C. This result is attributed to the higher fuel inlet
temperature and improved vaporization of the droplets thus reducing the SMD at downstream locations in the flame.
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Fig 4. Transverse profiles of SMD for enclosed flame at axial location of (a) Y =5 mm, (b) Y =10 mm, (¢) Y = 15 mm and (d) Y =20 mm.

3.3. Droplet Diameter Distribution Profiles

Figure 5 shows the droplet size distribution profiles for enclosed VO flame at 100 °C and 150 °C respectively. At
Y =5 mm, X = 0 mm, the largest diameter for VO 100 °C is 150 pm while that for VO at 150 °C is 60 um. For VO at
150 °C, a narrow distribution profile is observed with greater number of smaller droplets. 90 % of the droplet sizes are
in the range of < 50 um. The presence of few large drops highly influences the SMD in case of lower fuel inlet
temperature, i.e. VO at 100 °C. The SMD for VO at 150 °C is 28 um while for VO at 100 °C is 32 pm. The lower fuel
inlet temperature i.e. VO at 100 °C, has more large droplets compared to that for VO at 150 °C. The SMD for VO at
100 °C is 27 pm and for VO at 150 °C is 25 pm. Largest diameter for VO at 150 °C is of about 60 pm and for VO at
100 °C is of about 80 pm respectively.
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35 mm, X =0 mm

The respective SMDs for both the cases are 20 um and 18 pm which are influenced by the presence of few large
droplets in the case of VO at 150 °C. At Y = 35 mm, X = 0 mm, the largest diameter for VO at 150 °C is 60 pm
whereas for VO 100 °C is 55 pm. The respective SMDs for both the cases are 16 pm and 20 um, which is attributed
to the fact of larger percentage of smaller droplets for higher fuel inlet temperature i.e. VO at 150 °C compared to that
of lower fuel inlet temperatures. As the axial distance increases the droplet distribution is observed to be narrower and
also more number of smaller droplets is observed for both the cases. Comparatively the higher fuel inlet temperature
shows improved atomization with higher percentage of smaller drops compared to that of lower fuel inlet temperature.

3.4. Effect of Enclosed Spray on Combustion Emissions

The emissions of CO and NOx were measured for three different axial locations in the flame. The radial profiles
are plotted for axial locations at Y =43.5 cm, 41.0 cm and 38.0 cm. Figure 6(a) shows the CO profile for VO at 100
°C and 150 °C at Y = 43.5 cm, 41.0 cm and 38.0 cm at the combustor exit plane. At 100 °C, the CO emissions are
seen to be higher on negative transverse location of the flame as compared to positive transverse location as seen in
the plot. The CO emissions for VO at150 °C range from 2 to 5 ppm while those of VO at 100 °C range from 4 to 12
ppm. The CO emissions show a minor decreasing trend in axial direction but mostly they are in similar range. The
decrease in emissions for VO at 150 °C is about 8 ppm compared to VO at 100 °C, which is attributed to the smaller
droplet diameter for flame with higher fuel inlet temperature. Figure 6(b) shows the NOx emissions profile at the
aforementioned axial locations in the flame. A significant reduction in NOx emissions is observed for VO at 150 °C
compared to VO at 100 °C. The NOx emissions for VO at 150 °C are constant at about 25 ppm, whereas for VO at
100 °C, the NOx emissions are significantly higher, in the range of 120 ppm to 160 ppm. Spray droplet characteristics
cannot be directly compared to the emissions, since the emissions data were taken at the axial locations farther
downstream near the combustor exit plane. Most of the droplets were consumed and vaporized in the flame and the
PDPA system could not detect the droplets, because of the low data rate after Y = 40 mm. near the injector exit, the
CO emissions could not be measured because it was not possible to quench the reactions consuming CO.

CO (ppm)
NOx (ppm)

Transverse location (em) Transverse distance (em)

@ (b)

Fig 6. Effect of fuel preheating on VO flame emissions (a) Transverse profiles of CO, and (b) Transverse profiles of NOx.
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4. Conclusion

The effect of enclosed flame was seen on two different fuel inlet temperatures with higher fuel inlet temperature
producing finer droplets lowering the SMD, increasing the mean and RMS axial velocity. The insulated enclosure
helped to provide heat feedback which enabled the PDPA measurements avoiding any fuel condensation in the
measurement area. The confinement of the flame due to enclosure reduced the radial spread compared to open flame
conditions. There was no significant difference in the mean axial velocities and SMD values. Based on this study we
conclude that the smaller drop size distribution results in lower emissions of CO and NOx. Larger droplets tend to
burn in diffusion mode compared to finer drops that lead to premix mode of combustion. Larger droplets that are
burning in diffusion mode results into higher local temperatures and higher flame temperatures result in increase in
NOx and the more likely chances of fuel pyrolysis, fuel coking problems and fuel decomposition resulting in higher
CO emissions. It can be seen from the present investigation, that the flame environment enhances the reduction of
droplet size and smaller droplet size distribution, significantly altering the mixing and entrainment due to high flame
temperature, as well as faster fuel vaporization as a secondary effect of high temperatures consuming larger droplets.
A significant change is not observed in the SMD and axial velocity for open and enclosed flame because of the addition
of large amount of methane to sustain a stable VO flame in open conditions which results, in significant heat feedback
in the near field region of the flame spray, thus neutralizing the influence of the insulated enclosure, effect that is
observed in other cases.
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