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ABSTRACT

Diminishing fossil fuel resources, ever-increasing energy cost, and the mounting
concerns for environmental emissions have precipitated worldwide research on alternative
fuels. Biodiesel, a popular renewable energy source, is produced from the transesterification
process of source oils such as vegetable oil (VO) requiring processing cost and energy input.
However, highly viscous glycerol produced as the waste byproduct also decreases the
economically viability of biodiesel. Previous studies show that without fuel preheating or
hardware modification, high viscosity fuels such as VO and glycerol cannot be burnt cleanly
with the application of the typical air blast (AB) injector due to the high viscosity. However,
extremely low emissions of diesel, kerosene, biodiesel, straight VO and glycerol flames at the
combustor exit are reported using a novel flow blurring (FB) injector.

The PDPA

measurements in the FB sprays at least 1.0 cm downstream of the injector exit quantitatively
show the superior fuel-flexibility and atomization capability of the FB injector as compared
to the AB atomizer. This study seeks to gain insight into the detailed flame structure of both
conventional and alternative fuels atomized by the FB injector. The atomization mechanism
in the FB injector near field is also investigated using a high speed imaging technique and
particle image velocimetry (PIV) to explore the FB spray characteristics in the near field of
the injector.
First, the combustion of diesel, biodiesel and straight vegetable oil (VO) using a Flow
Blurring (FB) injector is investigated. Measurements of gas temperature and CO and NOx
concentrations at various axial and radial locations of the combustor are acquired using
custom-designed thermocouple and gas sampling probes.
ii

Heat loss rate through the

combustor is estimated from wall temperatures measured by an infra-red camera. A simple
droplet model is used to predict fuel vaporization behaviour in the dark-region near the
injector exit. Results show that the FB injector produced low-emission clean blue flames
indicating mainly premixed combustion for all three fuels. Matching profiles of heat loss rate
and product gas temperature show that the combustion efficiency is fuel independent.
Next, a fuel-flexible dual-fuel combustor to simultaneously burn methane and/or
straight glycerol without preheating either glycerol or air is investigated by utilizing a FB
liquid fuel injector. Product gas temperature, NOX and CO emissions at multiple locations
inside the combustor are measured to quantitatively assess the flame structure, related to
liquid atomization, droplet evaporation, and fuel-air mixing in the near field. The impact of
fuel mix and air to liquid mass ratio (ALR) on combustion performance is investigated. Pure
glycerol flame is also investigated to demonstrate the fuel flexibility and ease of switching
between gas and liquid fuels in the present system.

Results show that the methane

combustion can assist glycerol vaporization to results in its rapid oxidation. In spite of the
differences in the flame structure, profiles of product gas temperature and emissions at the
combustor exit reveal that complete and mainly lean premixed combustion with low
emissions is achieved for all of the test cases indicating excellent fuel flexibility of the
present combustor using the FB injector.
Next, high-speed visualization and time-resolved Particle Image Velocimetry (PIV)
techniques are employed to investigate the FB spray in the near field of the injector to
delineate the underlying mechanisms of atomization. Experiments are performed using water
as the liquid and air as the atomizing gas. Flow visualization at the injector exit focused on
field of view with the dimension of 2.3 mm x 1.4 mm, spatial resolution of 7.16 µm per pixel,
exposure time of 1 µs, and image acquisition rate of 100 k frames per second (fps). Image
sequence illustrates mostly fine droplets indicating that primary breakup by FB atomization
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occurs within the injector. Few larger droplets appearing at the injector periphery undergo
secondary breakup by Rayleigh-Taylor instabilities. Time-resolved PIV technique is applied
to quantify the droplet dynamics in the injector near field. Plots of instantaneous, mean, and
root-mean-square droplet velocities are presented to reveal the secondary breakup process.
Results show that the secondary atomization process to produce fine and stable spray is
complete within a short distance of about 5.0 mm from the injector exit. These superior
characteristics of the FB injector are desirable to achieve clean combustion of different fuels
in practical systems. The impact of ALR shows that the increase in ALR improves both
primary FB atomization and secondary atomization in the near field.
Next, glycerol atomization in the near field of the FB injector is investigated in detail.
Time-resolved PIV with exposure time of 1 ms and laser pulse rate of 15 kHz is utilized to
probe the glycerol spray at spatial resolution of 16.83 µm per pixel. PIV results describe the
droplet dynamics in terms of the instantaneous, mean, and root-mean-square (RMS)
velocities, and space-time analysis and probability distribution profiles of the axial velocity.
In addition, high-speed imaging (75 kHz) coupled with backside lighting is applied to reveal
the glycerol breakup process at spatial resolution of 7.16 µm per pixel and exposure time of 1
µs. Results show that the primary breakup by FB atomization or bubble explosion within the
injector results in a combination of slow-moving streaks and fast-moving droplets at the
injector exit. Then, the secondary breakup by Rayleigh-Taylor instability occurs at farther
downstream locations where the high-velocity atomizing air stretches the streaks into thin
streaks that disintegrate into smaller streaks, and subsequently, into fine droplets. Thus,
within a short distance downstream of the injector exit (< 30.0 mm), most of the glycerol is
atomized into fine droplets demonstrating excellent atomization performance of the FB
injector. Both primary FB atomization and secondary atomization process improve with the
increasing ALR.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
In recent years, due to the limited amount of fossil fuels and the dramatically
increasing demand for energy, discovering and using alternative fuels to replace the
conventional nonrenewable fuels have become an extremely significant issue for our modern
world. Biodiesel is one of the available source to satisfy our present energy demand, which
does not contribute to global warming due to its closed carbon cycle and ease of use in diesel
vehicles. However, the transesterification process of biodiesel production from source oils
such as vegetable oil (VO) requires processing cost and energy input. It also results in
glycerol as the byproduct of biodiesel production process. Volumetrically, around 10 units of
glycerol is produced for 100 units of biodiesel (Metzger, 2007). Some of the glycerol is
consumed in cosmetics, food and/or beverage industry. However, most of the glycerol is
considered as waste product. Glycerol has a moderate low heating value of around 16MJ/kg.
Glycerol may cost as little as $0.04–0.11/kg or $0.02–0.05/lb (Bohon et al., 2010). Based on
this economic benefit, available energy content and the sufficient amount of glycerol
produced as waste every year, it will be desirable to utilize it as an alternative fuel to fulfill a
portion of the present energy demand. However, kinematic viscosity of glycerol is extremely
high, up to around 700 cSt at room temperature, as shown in Table 1.1, which is more than
two hundred times greater than the kinematic viscosity of diesel (Panchasara et al., 2009).
High viscosity makes it harder to atomize and prevaporize the fuel, which results in higher
emissions of NOx, CO, and soot (Lefebvre, 1989; Lefebvre, 1992; Ferreira, 2001; Sheng et
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al., 2006; Birouk et al., 2007). Therefore, it is important to obtain fine atomization of
glycerol before utilizing it as an alternative fuel.
1.2 COMMON ATOMIZERS AND LIMITATIONS
Clean and efficient combustion of liquid fuels highly depends on the effective
atomization to generate a fine spray, and thus, facilitate fuel prevaporization, fuel-air mixing,
and low-emission premixed combustion. A variety of atomization techniques are utilized for
the purpose of producing a spray.
Pressure atomizers simply supply high pressure liquid through the injector exit to
generate a spray as shown in Fig. 1.1(a). Pressure swirl atomizer, illustrated in Fig 1.1(b),
injects liquid at a high pressure and radially accelerates the liquid inside the injector to
increase the radial spread to generate a wide-angle hollow spray. The atomizer designs are
simple, although fine sprays of viscous liquids cannot be obtained from them (Shepard,
2011).
Electrostaic and ultrasonic injectors do not employ fluid interations for droplet
formation. Figure 1.2(a) shows an electrostaic rotary atomizer. The liquid is charged with a
positive electric potential by contact with the rotating disc (Lefebvre, 1989). The charged
fluid in the injector is electrically driven to flow towards an outside electrode with a lower
electric potential producing droplets. Ultrasonic injector, illustrated in Fig. 1.2(b), employs a
mechanically vibrating nozzle to generate a fine spray with a narrow droplet size distribution
(Tsai et al., 2006). Both types of injectors can result in very fine atomization only for very
low flow rate applications, limiting their widespread utilization.
Air blast (AB) injector, shown in Figure 1.3 (Lefebvre, 1989), introduces high
velocity air through the injector to introduce shear layer instabilities, which tears up a low
velocity fuel flow into droplets (Lefebvre, 1980). However, the shear layer instabilities are
suppressed by high kinematic viscosity of the fuel, which limits the ability of the AB injector
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to produce a spray with fine droplets. Previous research has shown that pure glycerol can be
burnt continuously and stably even though it has extremely high viscosity utilizing AB
atomizers with the assistance of fuel and/or air preheating to decrease glycerol viscosity, or
higher swirling number to improve atomization (Metzger, 2007; Bohon et al., 2010; Simmons
et al., 2010.) Brian Metzger (Metzger, 2007) used a Delavan Siphon type SNA air-blast (AB)
injector to atomize glycerol at room temperature using pressurized air. Due to the high
viscosity, liquid fuel pump was used to pump the glycerol to the fuel line with much higher
atomizing airflow rates (up to 30 SLPM), compared to that required for kerosene and diesel,
supplied through the nozzle. The swirl number of 2 to 10 was utilized to improve the
atomization. Likewise, an air-assist atomizer (Delavan model 30609-3) was used by Myles et
al. (Bohon et al., 2010), whereby glycerol was preheated to 93°C before entering the fuel tube
of the nozzle and atomizing air was preheated to 150°C.

Preheating of glycerol can

dramatically decrease its viscosity to values comparable to conventional fuel oils. However,
fuel preheating consumes energy to decrease the fuel viscosity. Thus, the AB injector for
alternative fuel applications requires high energy input to pump the fuel and to pressurize the
atomizing air.
Effervescent atomization (EA) has been developed for highly viscous liquid fuel
applications using a two-phase flow concept to overcome the limitation of conventional
injectors (Sovani et al. 2001; Shepard 2011; Linne et al. 2011). The working principle of EA
is shown in Fig. 1.4. In an effervescent atomizer, atomizing gas is pressurized into the liquid
flow via pores on the mixing chamber wall to form two-phase flow upstream of the injector
body (Sovani et al. 2001; Shepard 2011). Gas bubbles expand and explode near the injector
exit to break down the surrounding liquid phase into fine spray. However, the internal twophase flow regime might transit from bubbly flow to slug flow with large bubbles or annular
flow with no bubbles. The slug flow regime produces a pulsating spray because of the
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intermittent flow of large gas voids followed by liquid slugs (Shepard 2011; Sarkar et al.
2007). For example, the annular flow has no bubbles and thus, no bubble explosion or liquid
breakup is feasible at the injector exit.

Thus, widespread application of effervescent

atomization has been limited because of the two-phase flow instabilities caused by the
injector and the high energy input required for pressurizing the gas into the liquid flow in the
mixing chamber (Gadgil et al. 2011; Shepard 2011; Sovani et al. 2001).
1.3 TWO-PHASE FLOW-BLURRING INJECTOR
A two-phase atomization concept, called flow-blurring (FB) atomization, has been
reported by Gañán-Calvo (2005). For a set atomizing air flow rate, the FB injection concept
created “five to fifty times” more fuel surface area than a plain-jet AB atomizer. This liquid
atomization method utilizes two-phase concept as shown in Figure 1.5. It consists of a fuel
tube and an exit orifice both of diameter, d. There is a gap of height H, between the fuel tube
tip and the orifice. If the ratio H/d is less than 0.25, the atomizing air bifurcates as it reaches
the gap between exit orifice and the fuel tube tip. A portion of the air flows into the fuel tube,
while the rest leaves the injector through the orifice. The turbulent two-phase flow created
inside the fuel tube, then flows out of the injector through the injector orifice. Due to the
significant decrease of pressure across the orifice, bubbles in the two-phase flow downstream
of the injector orifice expand and shatter the liquid into fine droplets. FB atomization
eliminates the unstable internal two-phase flow downstream of the mixing chamber in an
effervescent atomizer and it does not require the atomizing gas at very high supply pressures.
1.3.1 COMBUSTION APPLICATION OF A FB INJECTOR
Panchasara et al. (2009) first built a FB injector and applied it for combustion of
conventional fuels, i.e. diesel and kerosene.

The FB concept, shown in Fig. 1.6 was

implemented by replacing the air swirler with a spacer in a commercial AB atomizer
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(Delavan Siphon type 30609-2 SNS-0.20 nozzle). Compared to the AB injector application,
for given fuel and air flow rates, the FB injector produced 3 to 5 times lower nitric oxides
(NOx) and carbon monoxide (CO) emissions at the combustor exit. Simmons and Agrawal
(2010) combusted biodiesel, and viscous straight VO using a FB atomizer with diesel flame
investigated for comparison. The results showed that with the application of the FB injector,
low emissions of CO and NOx were obtained for all the three fuels including the straight VO
without fuel preheating or preprocessing. For air to liquid mass ratio (ALR) through the FB
injector of 2.0 to 4.0, CO concentration was less than 15 parts per million (ppm) at the
combustor exit. NOx emissions of the VO flame were around 60 ppm, 15 – 20 ppm, and 7 –
10 ppm, respectively for ALR = 2.0, 3.0, and 4.0. In comparison, for the same fuel and
atomizing air flow rates, the AB injector resulted in straight VO emissions that were beyond
the measurement limit of the gas analyzer. Simmons et al. (2010) also utilized the FB
injector for glycerol combustion. Glycerol, with its high viscosity, and high vaporization and
ignition temperatures, was supplied at the room temperature without heating. In order to
sustain the stable flame, an insulated quartz cylinder was utilized to enclose the reaction zone
which was preheated by methane combustion. Emissions of CO and NOx were measured at
the combustor exit. Complete, stable and clean combustion of straight glycerol with/without
methane addition was obtained with the CO concentrations of around 20-140 ppm and NOx
emissions of around 6 ppm.
Overall, clean and stable combustion of conventional fuels such as diesel and
kerosene, as well as alternative fuels including biodiesel, viscous straight VO and glycerol
has been obtained using the FB atomization without either fuel preheating or preprocessing,
or system modification. This signifies the great atomization capability of the FB injector for
application with a wide range of fuel properties.
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1.3.2 SPRAY CHARACTERISTICS OF A FB INJECTOR
Research to understand the spray characteristics has been driven by the superior
combustion performance of the FB injector.

In order to document the FB spray

characteristics, Simmons and Agrawal (2010) utilized laser sheet visualization to compare
water sprays produced by an AB injector and a FB injector, shown in Fig. 1.7. Droplet size
and velocity distributions were quantitatively characterized by a 2D Phase Doppler Particle
Analyzer (PDPA) system at 1.0 cm, 2.0 cm, and 3.0 cm downstream the injector orifice.
Compared to the AB atomizer, the FB injector can create smaller droplets and a narrower
range of diameters with lower energy input since it incurs a lower pressure drop in the
atomizing air line. Figure 1.8 shows the size distributions and atomizing air pressure drop for
both FB and AB injectors.
Cold sprays of straight VO (soybean oil) and diesel, for comparison, were also
investigated by Simmons (2011) using PDPA system at the axial plane of 2.0 cm downstream
of the FB injector exit. The study found that the flow-weighted SMD of the VO spray at an
axial plane is similar to that of the diesel spray produced by the FB injector. The weighted
SMD was 38 µm and 34 µm at ALR = 2.0, respectively, for VO and diesel sprays. It
decreased to 33 µm at ALR = 4.0 for the VO sprays. Larger droplets in the VO sprays were
confined to the spray center where the liquid flow rate was found to be very small. The
similarity of the flow-averaged SMD for combustion of both VO and diesel sprays
consistently explains the ultra-low emissions obtained for both straight VO and diesel.
Emission measurements at the combustor exit also showed that clean glycerol flame
has been achieved using the novel FB injector (Simmons et al., 2010). Simmons (2011) also
characterized the reacting glycerol spray by PDPA measurements at the axial plane of 10.0
cm downstream of the injector exit to explain the measured low emissions. Glycerol spray
features were investigated in the co-combustion of glycerol and methane while keeping
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constant values of the total air flow rate, total heat release rate and atomizing gas through the
injector. Three cases of G68, G45, and G45-29 flames were tested with G68 representing
68% heat from glycerol and G45-29 denoting that 29% of the total methane flow supplied as
atomizing gas. SMD values in reacting glycerol sprays were lower than those in VO cold
sprays. G68, G45, and G45-29 flames resulted in flow-weighted SMDs of 40, 35, and 37 μm,
separately, indicating that the FB injector was effective for atomization and combustion of
glycerol and presumably other high viscosity liquid fuels.
1.4 MOTIVATION OF THE PRESENT STUDY
Previous studies have applied the FB injector for combustion of liquid fuels with a
wide range of thermo-physical properties. Results show that the FB atomizer can produce
stable and clean flames of both conventional and alternative fuels without fuel preheating or
hardware modification regardless of the fuel properties. Even viscous VO and glycerol can
be finely atomized and cleanly combusted by using the FB injector, which was unachievable
directly by the AB injector. Previous studies however provide emissions data of CO and
NOx emissions, only at the combustor exit and thus the details of the flame structures, e.g.
temperature and product gas concentrations within the combustor, combustor surface
temperature distributions, etc., are currently lacking to fully characterize the flames of FB
sprays.
In order to understand the low emissions measured at the combustor exit, researchers
have also strived to gain insights in the FB spray characteristics by taking PDPA
measurements in FB sprays involving water, diesel, VO and glycerol. The investigation was
conducted at locations farther downstream of the FB injector exit. However, the atomization
mechanism and the spray features in the injector near field, within 1.0 cm downstream of the
injector exit are not available. Insight into the FB atomization process therefore requires
detailed measurements and analysis in the near field.
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The present study investigates the detailed flame structures of the combustion of both
liquid and gaseous fuels to assess the ease of switching fuels in a combustor utilizing the FB
injector. Flame structure is described by the product gas temperature and emissions data at
various axial and radial locations within the combustor. Diesel, biodiesel, straight VO and
glycerol with/without methane flames are investigated to assess the fuel flexibility of the FB
injector. The surface temperatures of combustor wall are measured to report the heat loss.
Acrolein and acetaldehyde concentrations at the combustor exit are measured for the glycerol
flame. In addition, atomization mechanism and droplet dynamics in the FB injector near field
are investigated using high speed imaging techniques and time-resolved particle image
velocimetry (PIV) technique. Water and glycerol sprays are observed to reveal the impact of
the viscosity on the spray features in the injector near field. The effect of ALR on spray
features is also investigated for both water and glycerol. The overall goal is to improve the
understanding of the FB atomization process that can lead to practical applications with a
wide range of fuels. An overview of the dissertation is provided in the following:
Chapter 2 investigates flames of diesel, biodiesel and straight VO sprays produced by
a FB injector in an uninsulated combustor. Gas temperature and CO and NOx concentrations
at various axial and radial locations of the combustor are acquired to reveal the detailed flame
structure. Heat loss through the combustor is estimated from wall temperatures measured by
an infra-red camera. A simple droplet model is used to predict fuel vaporization behaviour in
the dark-region near the injector exit.
Chapter 3 presents a fuel-flexible dual-fuel combustor to simultaneously burn
methane and/or straight glycerol without preheating either glycerol or air by utilizing the FB
injector. Product gas temperature, NOX and CO emissions at multiple locations inside the
combustor are measured to quantitatively assess the flame structure, related to liquid
atomization, droplet evaporation, and fuel-air mixing in the near field. The effect of fuel
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composition and ALR on the flame structure is investigated. Pure glycerol flame is also
studied to demonstrate the fuel flexibility and ease of switching between gas and liquid fuels
in the present system.
In Chapter 4, high-speed visualization and time-resolved PIV techniques are
employed to investigate the FB water spray in the near field of the injector to delineate the
underlying mechanisms of atomization. Experiments are performed using water as the liquid
and air as the atomizing gas for air to liquid mass ratio (ALR) of 2. Flow visualization at the
injector exit is focused on field of view with the dimension of 2.3 mm x 1.4 mm with spatial
resolution of 7.16 µm per pixel, exposure time of 1 µs, and image acquisition rate of 100 k
frames per second (fps). Chapter 5 investigates the effect of different ALRs in the near field
of FB water sprays to delineate the break-up mode, and further quantify the effect of ALR on
the spray dynamics.
Chapter 6 quantitatively reveals the details of glycerol atomization in the near field of
the FB injector. Time-resolved PIV with exposure time of 1 µs and laser pulse rate of 15 kHz
is utilized to probe the glycerol spray at spatial resolution of 16.83 µm per pixel. PIV results
describe the droplet dynamics in terms of the instantaneous, mean, and root-mean-square
(RMS) velocities, and space-time analysis and probability distribution profiles of the axial
velocity. In addition, high-speed imaging (75 kHz) coupled with backside lighting is applied
to reveal the glycerol breakup process at spatial resolution of 7.16 µm per pixel and exposure
time of 1 µs. Chapter 7 compares the glycerol sprays at three ALRs: 2.0, 2.5, and 3.0 to
reveal the ALR impact on the atomization in the near field.
Finally, conclusions from this research and recommendations for future work are
discussed in Chapter 8.
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Table 1.1 Physical properties of diesel and glycerol
Property
Density [kg/m3], 25°C
Kinematic Viscosity [mm2/s], 25°C
Low Heating Value (LHV) [MJ/kg]
Auto-ignition Temperature[°C]
Vaporization Temperature [°C]
Surface Tension at 25 °C [mN/m]
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Diesel
834.0
3.88
44.6
260
160-370
28.2

Glycerol
1260
741
16
370
290
62.5

(a)

(b)

Figure 1.1 Diagram of (a) pressure atomizer (Lefebvre, 1989) and (b) pressure-swirl atomizer
(Jones, 1982)
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Figure 1.2 Diagram of (a) electrostatic rotary atomizer (Lefebvre, 1989) and (b) ultrasonic
atomizer (Liu, 2000)
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Figure 1.3 Diagram of siphon air atomizing nozzle (Lefebvre, 1989)
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Figure 1.4 Diagram of an effervescent atomizer (Shepard, 2011)
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Figure 1.5 Working principle of the flow blurring injector
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(b)

(a)

(d)

(c)

Figure 1.6 Radial profiles of emissions in diesel flame: a) CO and b) NOx emissions, and in
kerosene flames: c) CO and d) NOx emissions (Panchasara et al., 2009).
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(a)

(b)
Figure 1.7 Laser sheet water spray images for (a) FB injector and (b) AB injector (Simmons
and Agrawal, 2010).
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(b)

(a)

(c)

(d)

Figure 1.8 SMD for FB and AB atomizers: (a) y = 1.0 cm, (b) y =2.0 cm, (c) y = 3.0 cm, and
(d) pressure drop in the atomizing air line (Simmons and Agrawal, 2010).
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CHAPTER 2
CLEAN COMBUSTION OF DIFFERENT LIQUID FUELS USING A NOVEL INJECTOR
2.1 BACKGROUND
The limited fossil fuel resources and increasing demand for energy have become
major issues for our modern world leading to the discovery and exploration of new ways to
utilize alternative fuels to replace the conventional non-renewable fuels. Biodiesel is one of
the common alternative biofuels intended to satisfy some of the energy needs. Biodiesel is
considered a “drop-in” fuel for combustion systems operating on conventional diesel fuel
(Raghavan et al., 2009; Pan et al., 2011; Park et al., 2011; Wang et al., 2011; Metzger, 2007).
Biodiesel is produced through the trans-esterification process of triglycerides from sources
such as vegetable oils (VOs) and/or animal fats. Trans-esterification of triglycerides into
biodiesel decreases the kinematic viscosity by almost an order of magnitude as shown in
Table 2.1. Thus, biodiesel can be atomized by existing fuel injection systems, e.g., an airblast (AB) injector, to achieve relatively clean combustion with low emissions of carbon
monoxide (CO), nitric oxides (NOx), and particulate matter (PM) (Panchasara and Agrawal,
2009; Sharp et al., 2002; Graboski et al., 1998; Szybist et al., 2007; Szybist et al., 2007;
Cheng et al., 2006). However, the trans-esterification process to produce biodiesel consumes
substantial energy and generates glycerol in large quantity as unintended by-product
(Thompson and He, 2006; Demirbas and Balat, 2006), even though it has a moderate heating
value (Soares et al., 2006; Silva et al., 2010; Thamsiriroj et al., 2010; Lide, 1999). Glycerol
can be converted into value-added chemicals (Dasari et al., 2005; Demirbas, 2000; Pachauri
and He, 2006; Wang et al., 2003; Quispe et al., 2013; López et al., 2009) but refining crude
glycerol from the biodiesel industry can be costly. An economic option would be to simply
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combust glycerol for heat generation. However, glycerol has extremely high viscosity, high
ignition temperature, and low heating value, which makes it difficult to stably combust
glycerol without acrolein formation (Metzger, 2007; Bohon et al., 2011).
Recent research has shown that glycerol can be successfully and stably combusted in
continuous flow combustion system such as burners, furnaces (Metzger, 2007; Bohon et al.,
2011; Queirós et al., 2013; Steinmetz et al., 2013). Bohon et al. (2011) used an air-assist
atomizer (Delavan model 30609-3) to create glycerol spray and preheated the burner with
propane combustion before introducing U.S. Pharmacopeia (USP) grade glycerol into the
combustion system. In this study, glycerol was preheated to 93°C and atomizing air was
preheated to 150°C before the two fluids were supplied to the fuel injector. Preheating
glycerol dramatically decreases its viscosity to levels similar to conventional fuels, which is
important to create a fine spray.

Queirós et al. (2013) co-combusted natural gas and

hydrogen together with crude glycerol that was atomized by two commercial air-assist fuel
injectors. Crude glycerol was preheated to 80°C and atomizing air was supplied at the room
temperature. Results showed higher CO and Unburned Hydrocarbon (UHC) emissions than
those from pure gaseous fuel combustion, and undetectable amounts of acrolein. However,
deposits containing Na, K and Cl, evidently from the sodium or potassium based catalysts
and strong acid (e.g., HCl) used in the biodiesel production process, were found at the burner
exit.

Steinmetz et al. (2013) combusted crude glycerol atomized by Delavan air-assist

injectors, but by preheating both fuel and atomizing air, which requires energy input. The
present study focuses on clean combustion of biodiesel feedstock, i.e., straight VO (soybean
oil in this study), to enhance the economic and environmental benefits of liquid bio-fuels. In
particular, we seek to develop a fuel-flexible, low-emission combustion system that can
utilize liquid fuels with a wide range of physical and chemical properties without modifying
the combustor hardware or processing the fuel or preheating the fuel or atomizing air.
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It has been reported that fuel’s physical properties, especially kinematic viscosity,
have significant impact on the characteristics of sprays generated by existing injectors such as
AB atomizer, and consequently, on combustion performance (Panchasara et al., 2009; Yao et
al., 2012; Liu et al., 2011). A typical fuel injector breaks-up the liquid fuel into droplets in
the spray by creating shear layer instabilities, without or with the atomizing air introduced
through the injector (Vijaykant and Agrawal, 2007; Lefebvre, 1980). However, the high
kinematic viscosity of the fuel suppresses the shear-layer instabilities, which limits the ability
of the fuel injector to produce a fine spray for viscous fuels such as straight VO (Simmons et
al., 2010).

Recently, Gañán-Calvo (2005) reported the concept of Flow Blurring (FB)

injection claimed to create “five to fifty times” more fuel surface area than a plain-jet AB
atomizer. FB injection concept is based on aerodynamically creating two-phase flow near the
injector exit as shown in Figure 2.1. The fuel tube and discharge orifice both of inside
diameter D are separated by the gap H. For H < = 0.25D, the atomizing air bubbles into the
liquid fuel to create a two-phase flow near the tip of the fuel tube. Pressurized two-phase
fuel-air mixture exits through the discharge orifice, which results in expansion and breakup of
air bubbles yielding a continuous spray with fine droplets.
Phase Doppler Particle Analyzer (PDPA) measurements show that the FB injector
produces finer spray than that produced by an AB injector for the same atomizing air and
liquid mass flow rates (Simmons et al., 2010). Depending upon the design, a FB injector can
also incur smaller pressure drop compared to an AB injector (Simmons et al., 2010; Simmons
and Agrawal, 2010). For a given overall equivalence ratio, heat release rate (HRR) and
atomizing air-to-liquid fuel mass ratio (ALR), FB atomization in a swirl-stabilized combustor
resulted in three to five times lower CO and NOx emissions in diesel and kerosene flames
compared to those employing AB atomization (Panchasara et al., 2009).

Emissions

measurements at the combustor exit have demonstrated that the FB injector can also results in
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clean combustion of straight VO (Simmons and Agrawal, 2010). FB injector yields fine
spray right at the injector exit rather than a liquid jet produced by the air-assist injector (Jiang
et al., 2014), signifying the greatly improved atomization capability of the former.
Previous studies with FB injector have mainly reported measurements at the
combustor exit plane (Panchasara et al., 2009; Simmons and Agrawal, 2010). In the present
study, a custom-designed gas sampling probe and a thermocouple probe are utilized to obtain
measurements within the combustor at several axial and radial positions. Experiments are
conducted at the same heat release rate (HRR) to compare the flame structure for the FB
injector operated on diesel as baseline fuel and biodiesel and straight VO as alternative fuels.
Measurements of product gas temperature, CO and NOx concentrations, and surface
temperature are acquired in a quartz combustor operated at atmospheric pressure.
Experimental setup, results and discussion and conclusions of the study are presented in the
following sections.
2.2 EXPERIMENTAL SETUP
Figure 2.2(a) shows the schematic of the experimental setup. After passing through
filters and water traps, the compressed air is separated into primary air and atomizing air lines
to meet the experimental requirements. Primary air enters into the mixing pipe through a
plenum filled with marbles to breakdown large vortical structures. Methane is introduced
into the mixing pipe during start-up, and the primary air or the fuel-air mixture pass through a
section filled with steel wool to further homogenize the flow. This flow is introduced into the
combustor through a swirler with axial curved vanes at 30 degree angle with the transverse
plane and swirler number of approximately 1.5. The fuel injector consists of a central port
with a sidewise inlet attachment and multiple openings around the peripheral region to supply
the atomizing air flow. Liquid fuel is supplied by a high performance peristaltic metering
pump (Cole Parmer Model 7523-90) with an accuracy of ± 0.25% of the reading. Liquid fuel
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enters the injector via tubing connected with the injector holder and atomizing air is supplied
from the bottom of the injector holder. The FB injection concept is implemented by placing a
spacer of width H = 0.25D between the fuel tube tip and injector discharge orifice as shown
in Figure 2.1; D is the inside diameter of the fuel tube and injector discharge orifice. In this
study, D = 1.5 mm and H = 0.375 mm are used.
Mass flow rates of air and methane are controlled by Sierra Smart Track 2 Series 100
mass flow controllers with accuracy of ± 1% of the reading. The product gas temperature is
measured by an R-type thermocouple insulated by ceramic tubes to minimize the axial heat
conduction. The thermocouple wire diameter was 0.25 mm and the bare bead diameter was
1.5 mm. The temperature distribution on the external surface of the quartz combustor was
measured by an infrared camera (FLIR-T620) calibrated for temperatures up to 2000 K. Free
convection coefficient of 12 W/m2 K for air and surface emissivity of quartz were used to
estimate the heat loss from the combustor outer wall respectively by convection and
radiation.
For accurate emissions measurements within the flame zone, an in-house built,
helium-cooled probe illustrated in Figure 2(b) was utilized. This probe is made up of two
coaxial quartz tubes that enable mixing of product gas extracted through the tip of the inner
tube and the helium gas supplied to the outer tube. Helium with its high specific heat
capacity cools down the gas sample to quench reactions near the probe tip. The helium flow
rate is controlled by a needle valve to ensure that it does not exit through the probe tip to
disturb the flame structure.

The helium concentration in the sampled products was

approximately 20% (by volume), and it was measured by a real-time Airsense High Speed
Multi-component Gas Analyzer with accuracy of ± 2% of the reading. Nova model 376WP
gas analyzer with accuracy of ± 2 ppm of the reading is used to measure the CO and NOx
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emissions. Emissions measurements were corrected for helium dilution and are reported as
such.
The experiment was started with methane combustion to preheat the system and then,
operation was gradually switched to liquid fuel combustion. The total airflow rate, including
primary air flow rate through the swirler and atomizing air flow rate through the injector, was
kept constant at 150 standard litres per minute (slpm). For comparison, experiments with
different fuels were conducted at constant HRR = 7 kW (based on the lower heating value of
each fuel) and ALR = 3.0. The fuel flow rate is 11.3, 12.7 and 12.3 ml/min, respectively, for
diesel, biodiesel and straight VO with corresponding equivalence ratio of 0.77, 0.76 and 0.79.
Chemkin-pro software was used to compute the adiabatic flame temperature (Tad) at
equilibrium for the experimental conditions listed above.

Commercial diesel fuel was

represented by a four-component model denoted as DF1 (Mati et al., 2007; Glaude et al.,
2010).

Biodiesel composition was taken from gas chromatography-mass spectroscopy

measurements for 1st generation soybean biodiesel from Allied Energy Company
(Panchasara et al., 2009). The straight VO (edible soybean oil in this study) was represented
using a five-component model (Schwab et al., 1988). The chemical formulae for fuels are
listed in Table 2.1.
Figure 2.3 shows the calculated Tad for diesel, biodiesel and straight VO as function
of air to fuel mass ratio. For the present test conditions, denoted by the symbols in Figure
2.3, the computed Tad is 2030 K, 2010 K and 2050 K, respectively, for diesel, biodiesel, and
straight VO. Note that Tad pertains to complete combustion without heat loss from the
combustor. However, the quartz combustor employed to observe the flame in this study
results in unavoidable heat loss to the ambient, which can be significant. In addition, the
local flame temperature is related to the local equivalence ratio, which can vary greatly
throughout the combustor because of the fuel atomization affecting initial droplet size
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distribution, fuel pre-vaporization and fuel-air mixing processes. Product gas temperature
and emissions measurements were taken at 10 axial planes with 11 transverse data acquired at
each axial plane, yielding 110 data points for temperature and emission measurements for
each fuel. The axial coordinate is defined as the z axis with the flow direction as the positive
direction, starting from the dump plane of the combustor. The transverse coordinate is
defined as the y axis measured from the axis.
2.3 RESULTS AND DISCUSSIONS
2.3.1 GLOBAL FLAME CHARACTERISTICS
Figure 2.4 shows visual flame images of diesel, biodiesel, and straight VO acquired
by a digital camera with the same settings. All flames exhibit remarkably similar features in
spite of the significant differences in the fuels’ physical properties. Mixture preparation
processes including fuel atomization, fuel pre-vaporization, and fuel-air mixing occur in the
dark near-injector region, i.e., z < 5.0 cm. The visual flame is located at axial plane, z > 5.0
cm. In Figure 2.4, the visual flame of diesel is encompassed between z = 6.0 cm and 15.0
cm, the biodiesel visual flame extends from z = 8.0 cm to 20.0 cm, while that for straight VO
resides between z = 6.0 cm and 18.0 cm.
From Figure 2.4(a), it is clear that the diesel visual flame zone is relatively compact,
intense and dominated with blue colour likely indicative of CH* chemiluminescence and
clean burning lean premixed (LPM) combustion (Turns, 2000). Figure 2.4(b) shows that in
comparison to the diesel flame, the biodiesel visual flame zone is located slightly downstream
and is wider and longer. The biodiesel flame is located farther downstream, possibly because
of the slightly higher fuel flow rate required in this case to achieve the same HRR. Figure
2.4(c) shows the slender elongated straight VO visual flame, also dominated with blue CH*
chemiluminescence. No soot was detected visually during the experiments. Thus, reactions
occur mainly in the premixed mode with local equivalence ratios determined by the initial
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droplet diameter distribution, fuel pre-vaporization rate, and fuel-air mixing processes near
the injector exit and possibly within the flame zone. Note that the flame images provide only
qualitative information about the flame structure, and they are subject to significant variations
because of the turbulent fluctuations. Quantitative measurements presented next address
some of these limitations.
Figure 2.5(a) shows the three radial profiles of the product gas temperature
(uncorrected) at the combustor exit, which nearly overlap each other. Thus, the actual HRR
and hence, combustion efficiency is the same in each fuel. This result is testament to the FB
injector producing effective fuel atomization for combustion. Note that the temperature is
highest in the combustor mid-section and slightly lower near the combustor wall because of
the heat loss to the ambient. The measured temperature is noticeably smaller than the
computed adiabatic flame temperature in Figure 2.3 for the following reasons: (1) heat loss
from the thermocouple bead by radiation and heat conduction through the wires, both of
which can be difficult to quantify precisely, and (2) heat loss from the combustor wall to the
ambient by convection and radiation.

Regardless, overlapping product gas temperature

profiles at the combustor exit for fuels with very different physical properties is an important
finding of this study.
The NOx emissions at the combustor exit in Figure 2.5(b) range between 9 and 12
ppm, i.e., NOx concentrations for different fuels are within the measurement uncertainty of ±
2 ppm. Lacking fuel bound nitrogen the NOx in this study is formed mainly by the thermal
mechanism in the high-temperature reaction zone. Radial profiles in Figure 2.5(c) show that
the CO emissions in the mid-section at the combustor exit are nearly the same for diesel and
biodiesel fuels and only slightly higher for straight VO. Higher CO emissions near the wall
for straight VO result from phenomena such as: (1) higher inertia causing some larger VO
fuel droplets to migrate towards the wall, (2) lower temperatures near the wall decreasing the

26

fuel pre-vaporization rate and thus, the chemical reaction rates to result in incomplete
combustion of the larger droplets. Since insulation and operating conditions determine these
wall effects, measurements in the mid-section only represent an actual combustor. In this
region, both CO and NOx emissions are minimally affected by the fuel.

Emissions

measurements at the combustor exit acquired for multiple experiments at different times
indicate repeatability of about 2 ppm for all three fuels, as shown in Figures 2.5(b)-(c).
Emissions data in the current study agree with results presented by Simmons and Agrawal
(2010), and show excellent and consistent performance of the FB injector operated with
different fuels in combustors with different hardware.

While the overall combustor

performance can be judged from these results, detailed insight into the reaction zones requires
thermal and emissions measurements inside the combustor presented in the following
sections.
2.3.2 THERMAL CHARACTERISTICS
Figure 2.6 shows product gas temperature (uncorrected) contours inside the
combustor for the three fuels. These results locate the high-temperature reaction zone at the
mid-length of the flame, which matches with the visual flame images. In comparison with
biodiesel and straight VO flames, the high temperature reaction zone for the diesel flame is
closer to the injector exit, which is consistent with the shorter dark zone in Figure 2.4
signifying faster fuel pre-vaporization for the latter case. Note that uncorrected temperature
data are presented in this study to highlight the differences in the flame structure, while
recognizing that the actual gas temperature would be higher when the heat loss by
thermocouple bead radiation and heat conduction loss in thermocouple wires is accounted for
(Hindasageri et al., 2013). The estimated radiation correction is about 280 K, and thus, the
actual gas temperature could be more than 300 K greater than the uncorrected temperature in
Figure 2.6.
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The axial profiles of combustor outer surface temperature in Figure 2.7(a), acquired
by an infra-red digital camera, substantiate relative differences in reaction zone location for
the three fuels. The surface temperature peaks around the mid-length of the visual flames in
Figure 2. 4, i.e., z = 10 cm for diesel flame and slightly downstream for biodiesel and straight
VO flames.

In Figure 2.7(a), the surface temperature increases as the local HRR by

combustion exceeds the local heat loss rate. After reaching the peak, the surface temperature
decreases as combustion reactions approach completion, combustion products homogenize by
thermal mixing, and thus, the heat loss rate dominates. Figures 2.7(b)-(c) show axial profiles
of local and cumulative heat loss rates, respectively, as percentage of the total HRR. Note
that the heat loss rate accounts for both convection and radiation heat transfer from the
combustor outer surface to the ambient. The surface temperature and the local heat loss rate
profiles follow the same trend as expected, and they overlap each other for different fuels. A
significant fraction of the total HRR, approximately one-third, is lost to the ambient for all
three fuels. These similarities in thermal characteristics of flames of different fuels further
substantiate that the spray produced by the FB injector and consequently the combustion
process are relatively independent of fuel’s physical properties.
2.3.3 EMISSIONS CHARACTERISTICS
Previous studies show that diesel and biodiesel can combust with AB atomization
with acceptable emission levels, while straight VO produced unacceptably high emissions
beyond the gas analyzer range (Panchasara et al., 2009). However, FB injector used in this
study results in efficient combustion with low emissions for all three fuels. Figure 2.8 shows
the axial profiles of NOx emissions at three radial locations along the combustor; centreline,
mid-radius, and near the wall. These profiles reveal two distinct regimes; an initial NOx
formation regime in the high-temperature reaction zone and a frozen downstream regime with
no NOx production. The differences among fuels can therefore be attributed to the NOx
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formation regime, which would be affected by two distinct but interdependent mechanisms:
(1) local equivalence ratio depending upon fuel preparation, i.e., the initial droplet diameter,
fuel pre-vaporization and fuel-air mixing processes, and (2) chemical kinetics affected by
fuel’s molecular structure, for example, the presence of the oxygen in biodiesel and straight
VO. Figure 2.8 shows that the NOx formation zone for biodiesel is shorter than that for
diesel, and hence, NOx concentrations are lower for the former case. This result is likely
caused by the differences in chemical kinetics of the two fuels since the initial droplet
diameter and hence, fuel preparation processes are similar for diesel and biodiesel.
Specifically, chemical kinetics seems to favour lower NOx production for the oxygenated
biodiesel fuel. However, lower NOx emissions are not observed for straight VO, which is
also an oxygenated fuel. Straight VO’s adverse physical properties are expected to result in
slightly larger fuel droplets that pre-vaporize slowly (as discussed in the next section) to
produce local fuel-air mixtures closer to the stoichiometric value (and thus, higher
temperature) which offsets the potential benefits of fuel oxygenation. NOx concentrations at
the centreline are slightly higher than those near the wall where heat loss decreases the local
gas temperature. Higher NOx concentration levels are expected in an insulated combustor
without the heat loss. Relatively small differences in NOx emissions for the three fuels
suggest that a properly designed combustor with FB atomization can concurrently utilize
fuels with significantly different physical and/or chemical properties.
Figure 2.9 shows the axial profiles of CO emissions at different radial locations;
combustor centreline, mid-radius, and near the wall. These profiles indicate two distinct
regimes: an initial fuel oxidation regime where the CO is formed and a post-flame regime
where the CO is oxidized. Results show that the CO formation and post-flame oxidation
regimes are fuel dependent even though CO concentrations at the combustor exit are nearly
fuel independent. The peak CO concentration is highest for straight VO and lowest for
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diesel. Again, these observations are linked to the differences in the physical and chemical
properties of the fuel, and these individual effects are difficult to distinguish. However,
based on fuels’ physical properties, the initial droplet diameter is expected to increase slightly
from diesel to biodiesel to straight VO. Larger fuel droplets would produce fuel-air mixtures
closer to stoichiometric values, and thus, higher CO concentrations in the fuel oxidation
regime for straight VO as compared to diesel. Thus, the observed trends can be attributed
mainly to fuel’s physical properties. The simplified analysis presented in the next section
offers insight into this explanation and further demonstrates that the evaporation constant of
the fuel is a parameter of significant importance.
2.3.4 DROPLET CHARACTERISTICS
The initial droplet diameters for diesel, biodiesel and straight VO atomized by the FB
injector were first estimated from the correlation developed by Gañán-Calvo (2005) based on
experiments with water and ethanol.

Computed values were compared with detailed

measurements of droplet diameter distribution for cold sprays of diesel and straight VO
obtained by Simmons and Agrawal (2011) using PDPA. The computed results revealed
discrepancies with PDPA measurements signifying that the Gañán-Calvo correlation (GañánCalvo, 2005) is not valid for diesel and straight VO. For example, for straight VO, calculated
Mass Median Diameter (MMD) of about 93 µm is much greater than the measured value of
around 40 µm for liquid volumetric flow rate of 12 mL/min, ALR of 2.0, and total air flow
rate of 150 slpm. At the same conditions, the computed MMD for the diesel droplet was
about 25 µm, which is smaller than the measured value of approximately 35 µm.
Considering the limitation of the known correlation to estimate the initial droplet diameter,
the PDPA measurements by Simmons and Agrawal (2011) are used in this study to estimate
the critical droplet diameter (Dc). The critical droplet diameter is defined as the diameter of
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the largest droplet which will completely evaporate within the dark region near the injector
exit, as shown in Figure 2.10.
Simmons and Agrawal (2011) presented measurements of Sauter Mean Diameter
(SMD) for diesel and straight VO sprays at various axial and radial locations. The SMD was
largest at the centre of the spray, where the fuel mass flow rate is rather small. Interestingly
and significantly, the majority of the fuel passed through the annular region between r = 5
mm and 10 mm, while the fuel flow rates in the outer and centre regions of the spray are
small or even negligible. Simmons and Agrawal (2011) reported that SMD of diesel and
straight VO are similar in this annular region and that the average SMD weighted by the fuel
flow rate is only slightly different for the two fuels. Specifically, the average SMDs for
diesel and straight VO cold sprays for fuel flow rate corresponding to HRR of 7.4 kW are 34
and 38 µm, respectively, for ALR of 2.0. For ALR of 4.0, the average SMD for straight VO
spray was 33 µm while the diesel spray was fine beyond the measurement limits of the PDPA
system.
In the fuel intense region of the cold sprays tested, the average axial velocity (Uf) was
around 5 m/s for both diesel and straight VO (Simmons and Agrawal, 2011). Thus, the
critical droplet diameter can be estimated from Eq. 1 (Turns, 2000; Langmuir, 1918):
√

(1)

where K is the evaporation constant which varies considerably with the ambient temperature,
correlates with density and heat of vaporization of the liquid fuel, and the specific heat
(Burcat, 2012) and thermal conductivity of the fuel vapour and ambient air. The droplet
residence time in the dark region tr is given by Eq. 2:
⁄

(2)
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Here L is the length of the dark zone for fuel pre-vaporization and fuel-air mixing and Uf = 5
m/s for most of the fuel droplets as discussed before. From visual flame images in Figure 5,
L is approximated to be 60 mm for all three fuels, which results in tr = 12 ms.
Figure 2.10(b) plots the critical droplet diameter versus the gas temperature in the prevaporization zone which, according to Figure 6, varies between 850 K and 1200 K. For
diesel, the critical droplet diameter is about 55 µm assuming average gas temperature of
about 1100 K. According to Figure 2.10(a) nearly 90% of the diesel fuel mass is contained in
droplets smaller than the critical droplet diameter. This percentage would be even higher for
the present measurements taken at a higher ALR = 3.0 as opposed to the cold diesel spray
data in Figure 2.10(c) for ALR = 2.0. Thus, nearly all of the diesel fuel is expected to prevaporize in the near injector region upstream of the flame. For straight VO, the critical
droplet diameter at gas temperature of 1100 K is about 40 µm. Figure 2.10(c) reveals that
only about 50% of the total mass of the straight VO fuel is contained in droplets smaller than
the critical droplet diameter. This percentage will however be higher for ALR = 3.0. Still,
larger droplets of straight VO would pre-vaporize only partially within the dark near injector
region. Consequently, fuel vaporization and fuel-air mixing are expected to continue within
the flame zone, where combustion likely occurs at conditions closer to stoichiometric value to
locally produce higher CO and NOx emissions. Lack of soot in the visual flame images in
Figure 2. 5 signifies the absence of diffusion mode burning for all fuels in this study. Figure
2.10(b) shows that diesel and biodiesel fuels have nearly the same critical droplet diameter.
Thus, it is likely that the biodiesel fuel is also completely pre-vaporized within the dark near
injector region.
2.4 CONCLUSIONS
In this study, low-emission combustion of diesel, biodiesel and straight VO (soybean
oil) has been achieved by utilizing a fuel-flexible FB injector to yield fine sprays for fuels
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with significantly different physical properties. Visual images illustrate clean blue flames
indicating premixed combustion for all three fuels.

Radial profiles of the product gas

temperature at the combustor exit overlap each other signifying that the combustion
efficiency is independent of the fuel. Overlapping axial profiles of heat loss rate from the
combustor wall for the three fuels are also consistent with this result. At the combustor exit,
the NOx emissions are within the measurement uncertainties, while CO emissions are slightly
higher for straight VO as compared to diesel and biodiesel. NOx production zone within the
combustor is the shortest for biodiesel suggesting favourable chemical kinetics for an
oxygenated fuel. However, this beneficial aspect is not realized with straight VO because of
VO’s adverse physical properties (mainly higher boiling point and higher heat of vaporization
or smaller evaporation constant) resulting in a much smaller critical fuel droplet diameter.
Consequently, larger straight VO droplets are not completely pre-vaporized within the dark
zone upstream of the flame. Still, the NOx emissions for straight VO are comparable to those
for diesel, while the CO emissions are slightly higher than those for diesel and biodiesel.
Considering the large variations in physical and chemical properties of fuels considered in
this study, the small differences observed in CO and NOx emissions show promise for fuelflexible, clean combustion systems. Further improvements are feasible by increasing the gas
temperature in the dark zone, for example, by recirculating the combustion products to
increase the droplet evaporation rates. In summary, the FB injector has proven to be very
effective in atomizing fuels with very different physical properties, and it offers a path
forward to utilize both fossil and alternative liquid fuels in continuous flow combustion
systems for industrial burners, furnaces and gas turbines. In particular, straight VO can be
cleanly combusted without the need for chemical processing or preheating steps, which can
result in significant economical and environmental benefits.
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Table 2.1 Physical and chemical properties of diesel, biodiesel and straight vegetable oil
Property
Chemical Formula
Density [kg/m3], 25°C
Kinematic Viscosity [mm2/s],
25°C
Low Heating Value (LHV)
[MJ/kg]
Auto-ignition Temperature[°C]
Vaporization Temperature [°C]
Surface Tension at 25 °C
[mN/m]
Heat of Vaporization [kJ/kg]

Diesel
Biodiesel
C11.125H19.992 [Mati C18.71H34.71O2
et al., 2007]
[Panchasara et al.,
2009]
834.0 ±9.2
880.0 ±8.3
3.88 ±0.02
5.61 ±0.02

Vegetable Oil
C17.78H32.51O2
[Schwab et al.,
1988]
925.0 ±8.6
53.74 ±0.22

44.6

37.66

37

260
160-370
28.2 ±0.6

177
100-170
31.1 ±0.6

406
327 °C
30.1 ±0.6

250

200

665
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Figure 2.1 Working principle of the flow blurring injector
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Figure 2.2 (a) Experimental setup schematic (left) and (b) Helium cooled sampling probe
(right)
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Figure 2.3 Calculated adiabatic flame temperature for diesel, biodiesel and straight VO
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Figure 2.4 Visual flame images: (a) diesel (b) biodiesel (c) straight VO
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(c)

Figure 2.6 Gas temperature (uncorrected) contours inside the combustor: (a) diesel (b)
biodiesel (c) straight VO
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Figure 2.7 (a) Temperature distributions at the combustor outer wall, (b) Local heat loss rate
per unit length (0.08 cm), and (c) Cumulative heat loss rate
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Figure 2.8 Axial profiles of NOx concentrations in the combustor
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Figure 2.9 Axial profiles of CO concentrations in the combustor
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Figure 2.10 (a) Schematic of fuel atomization and reacting flow at the near field of a FB
injector, and (b) Critical droplet diameter versus pre-vaporization zone temperature and (c)
Cumulative volume distribution in fuel intensive region of the spray as measured by
Simmons et al (Simmons and Agrawal, 2011)
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CHAPTER 3
COMBUSTION OF STRAIGHT GLYCEROL WITH/WITHOUT METHANE USING A
FUEL-FLEXIBLE, LOW-EMISSIONS BURNER
3.1 BACKGROUND
Increasing worldwide demand for energy and depleting fossil fuel resources have
drawn attention to research on alternative fuels. Biodiesel is an attractive renewable drop-in
fuel because it can replace diesel in existing combustion systems with minimal hardware
modifications (Graboski and McCormick, 1998; Sharp et al., 2002; Redel-Macías et al., 2012).
However, about 1 kg of crude glycerol is generated for 9 kg of biodiesel produced (Phan and
Phan, 2008; Szybist et al., 2005; Szybist et al., 2007). Even though pure glycerol finds
applications in food, cosmetics and pharmaceutical industries, it is too costly for biodiesel
producers to refine crude glycerol into high purity glycerol. Therefore, glycerol generated
during biodiesel production is often considered a waste product. Disposal of glycerol is an
emerging environmental issue in producing and utilizing biodiesel.

Glycerol could be

blended with gasoline to recover some of its chemical energy in the form of an alternative
fuel (Demirbas, 2000). Glycerol can also be an attractive feedstock for producing chemicals
such as 1, 3-propanediol with end uses for corterra polymers, solvents and anti-freeze, etc
(Pachauri and He, 2006; Wang et al., 2003). Using Enterobacter Aerogenes HU-101 to
convert glycerol into fuels such as hydrogen and ethanol has been studied for future portfolio
of alternative fuels (Ito et al., 2005). While the previous research offers routes to convert
glycerol into useful products, significant cost and energy is still required. For example,
anaerobic digestion of glycerol recovers only about three-fourth of the total available energy
(López et al., 2009).
Previous research has shown that glycerol is combustible, in spite of its low heating
value and high ignition temperature. Direct combustion of glycerol can be an economically
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viable solution to effectively utilize it to meet some of our energy needs. Recently, McNeil et
al. (2012) achieved glycerol combustion in a compression ignition engine by supplying air at
above 90°C and glycerol at around 144°C to decrease the kinematic viscosity and to
overcome the high ignition temperature characteristic of glycerol.

Results showed low

emissions of carbon monoxide (CO), nitric oxides (NOX), and particulates, and low emissions
of carbonyl such as acrolein from glycerol operation when compared to equivalent engines
operating on diesel or biodiesel fuel. For continuous flow applications such as gas turbines
and industrial burners, Bohon et al. (2011) used an air-assist atomizer (Delavan model 306093) to create the glycerol spray. Glycerol was cleanly and stably burned in a 7 kW swirlstabilized burner with a steel restrictor at the combustor exit to improve internal flow
recirculation in the combustion chamber. High swirl numbers of 2 to 10 were utilized to
create recirculation in the spray zone and to improve atomization. In this study, a larger scale
furnace with the capacity of 82 kW was also used, whereby crude glycerol was preheated to
93°C and atomizing air was preheated to 150°C before the two fluids were supplied to the
fuel injector.

Preheating glycerol decreases its kinematic viscosity to levels similar to

conventional fuel oils, which is important to create a fine spray. Queirós et al. (2013) used
two air-assist injectors to atomize crude glycerol preheated to 80°C and co-combusted it with
natural gas and hydrogen. Higher CO and unburned hydrocarbon (UHC) emissions were
detected than those from pure gaseous fuel combustion. Steinmetz et al. (2013) preheated
both air and crude glycerol atomized by Delavan air-assist fuel injectors. Crude glycerol
flames yielded negligible amounts of acrolein, but produced large quantities of submicron
particulate emissions and residues from the soluble catalysts contained in the crude glycerol,
suggesting multiple challenges in utilizing the crude glycerol fuel.
In prior studies, typically the glycerol was preheated to reduce the kinematic viscosity
so that it could be atomized by existing air-blast (AB) or air-assist fuel injectors that work on
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the principle of destabilizing the shear layer of the fuel jet to create the spray (Lefebvre,
1980; Lefebvre, 1992). However, the high kinematic viscosity of the fuel suppresses the
shear layer instabilities, which limits the ability of the existing injectors to produce a fine
spray for high viscosity fuels supplied at the room temperature (Panchasara et al., 2009). For
example, emissions from combustion of straight vegetable oil (VO) atomized by an AB
injector at room temperature were beyond the measurement range of the gas analyzer
(Panchasara et al., 2009). Cleaner combustion of straight VO using an AB injector was
obtained by preheating the fuel (Panchasara and Agrawal, 2010). Recently, our research
group has developed a fuel-flexible combustion system that not only allows sustainable
application of alternative fuels with wide range of physical and chemical properties, but also
makes it easier to switch from conventional fuels such as methane, kerosene, diesel, etc, to
alternative fuels such as biodiesel, VO, and glycerol (Panchasara et al., 2010; Simmons,
2011; Simmons and Agrawal, 2012; Simmons et al., 2010; Jiang et al., 2014).

The

combustion system relies upon the flow-blurring (FB) injector reported first by Gañán-Calvo
(2005) to create “five to fifty times” more fuel surface area than a plain-jet AB atomizer.
The fuel injector illustrated in Figure 3.1(a) consists of a fuel tube and an exit orifice
both of diameter, D and a gap H between the fuel tube tip and the orifice (Gañán-Calvo,
2005). For H/D < 0.25, the atomizing air bifurcates as it reaches the gap between the orifice
and the fuel tube tip. A portion of the atomizing air flows into the fuel tube, while the rest
leaves the injector through the orifice. The turbulent two-phase flow created inside the fuel
tube, also leaves the injector through the orifice (Gañán-Calvo, 2005). Significant decrease
of pressure in the orifice causes air bubbles in the two-phase mixture to expand and break
apart the surrounding liquid into fine droplets. Internal flow visualization has shown the
formation of air bubbles at the tip of the inside liquid supply tube of the FB injector (Agrawal
et al., 2013).
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Previous studies have shown that the FB injector, compared to an AB injector, creates
water spray with finer droplets with lower energy input, i.e. lower pressure drop in the
atomizing airline (Simmons et al., 2009; Simmons and Agrawal, 2010; Simmons and
Agrawal, 2011). Droplet size distributions measured by Phase Doppler Particle Analyzer
(PDPA) in non-reacting diesel and straight vegetable oil (VO) sprays as well as in reacting
sprays of highly viscous straight glycerol show that the FB injector produces fine sprays with
flow-weighted average Sauter Mean Diameter (SMD) of 30 to 40 µm at axial locations of 2.0
to 10.0 cm downstream of the injector exit (Simmons, 2011; Simmons and Agrawal, 2012;
Simmons and Agrawal, 2010; Simmons and Agrawal, 2011). Clean and stable combustion of
kerosene, diesel and biodiesel has been achieved using the FB injector in a 7 kW swirl
stabilized burner (Panchasara et al., 2009; Simmons, 2011; Simmons and Agrawal, 2012).
FB injector has been shown to produce stable and clean blue flames of high viscosity fuels
yielding very low CO and NOX emissions at the combustor exit (Simmons, 2011; Simmons
and Agrawal, 2012). Table 3.1 compares the key physical properties of diesel, biodiesel, and
glycerol fuels used in these studies. Recently, Niguse et al. scaled up the small scale burner
with the FB injector to industrial capacity of heat release rate (HRR) of up to 60 kW (Niguse
et al., 2013). Diesel and straight VO were stably combusted with low emissions in this scaled
up system signifying the versatility of FB atomization for industrial applications. High-speed
imaging technique and time-resolved Particle Image Velocimetry (PIV) have revealed that
the FB injector produces fine and stable sprays of water as well as glycerol in the near field of
the injector exit (Jiang et al., 2014; Jiang and Agrawal, 2014). The PIV image in Figure
3.2(b) illustrates that the glycerol is broken into fine streaks and droplets, with thickness or
diameter of less than 40 µm, immediately at the injector exit because of the primary FB
atomization within the injector (Jiang and Agrawal, 2014).
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The streaks are quickly

disintegrated into finer droplets by Rayleigh-Taylor instabilities resulting from interactions
with the high-velocity atomizing air at the injector exit (Jiang and Agrawal, 2014).
Prior studies have demonstrated combustor operation with glycerol including
emissions reported at the exit plane only (Simmons et al., 2010; Niguse et al., 2013). In this
research, combustion of straight (unheated) glycerol with and without methane gas is
investigated to assess the fuel flexibility and ease of switching fuels in a combustor utilizing
the FB injector. The product gas temperature and emissions data at various axial and radial
locations inside the combustor are acquired for a fix total air flow rate to quantify the flame
structure and thus, to infer liquid fuel atomization, droplet vaporization, and fuel-air mixing
processes. For a fixed total heat release rate (HRR), different amounts of methane and
glycerol fuels are introduced to compare the burner performance. For fixed fuel mix, the
effect of the air-to-liquid mass ratio (ALR) is investigated by varying the atomizing air flow
rate. The following sections describe the experimental approach, results, and conclusions.
3.2 EXPERIMENTAL SETUP
Figure 3.2 shows the schematic of the experimental setup. After passing through
filters and water traps, the compressed air is separated into primary airflow and atomizing
airflow lines. Primary airflow enters the mixing chamber through the plenum filled with
marbles to breakdown the large vortical structures. Methane is introduced into the mixing
chamber, and the fuel-air mixture or primary airflow pass through a section filled with steel
wool to further homogenize the flow. This flow is introduced into the open-ended insulated
quartz combustor through a swirler with axial curved vanes at 30 degree angle with respect to
the transverse plane providing swirl number of approximately 1.5. The cylindrical combustor
is insulated with 5.0 cm thick fiber glass layer. The fuel injector consists of a central fuel
port with sidewise fuel inlet attachment and multiple openings around the peripheral region to
introduce the atomizing air. Liquid fuel enters the injector via tubing connected with the
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injector holder and atomizing air is supplied from the bottom of the injector holder. FB
injection concept is implemented by placing a spacer of width H = 0.25D between the fuel
tube tip and injector orifice. In this study, D = 1.5 mm and H = 0.375 mm. Mass flow rates
of air and methane are controlled and measured by Sierra Smart Track 2 Series 100 mass
flow controllers with accuracy of ± 1% of the reading. Liquid fuel is supplied by a Cole
Parmer high performance peristaltic metering pump (Model 7523-90) with an accuracy of ±
0.25% of the reading.
R-type thermocouple insulated by ceramic tubes to minimize axial heat conduction is
used to measure the product gas temperature. The thermocouple wire diameter was 0.25 mm
and the bare bead diameter was 1.5 mm. The external surface temperature of the insulated
combustor is measured by an infrared camera (FLIP-T620) to estimate the heat loss through
the combustor wall. An in-house built, helium-cooled emission probe made of two coaxial
quartz tubes that enable mixing of combustion products and helium within the outer tube is
used to sample the product gas from inside the combustor. Helium with its high specific heat
capacity reduces the temperature of the sampled combustion products to quench reactions
near the probe tip. The helium concentration in the sampled product is approximately 20%
(by volume), and it is measured by a real-time Airsense High Speed Multi-component Gas
Analyzer with an accuracy of ± 2%. For combustion of 100% straight glycerol, the Airsense
gas analyzer is also utilized to detect the emissions of acrolein and acetaldehyde. The CO
and NOX emissions are measured using Nova model 376WP gas analyzer with accuracy of ±
2 ppm. The sampled gas is passed through an ice bath and filters to condense and remove the
water, before it is analyzed by the gas analyzers. The sampled data are corrected for helium
dilution and are reported as such.
The experiment is started with pure methane combustion to preheat the system and
then, glycerol (USP grade with 99+ % purity) is gradually introduced into the combustion
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system through the FB injector. The total airflow rate, which is the sum of the primary
airflow rate through the swirler and atomizing air through the injector, is kept constant at 150
standard liters per minute (slpm) for all test cases. For co-combustion of methane and
glycerol, the total HRR of 7.9 kW is kept constant. First, for a fixed ALR of 2.23, the flame
structure is investigated for two fuel mixes, G45 and G68, where G45 signifies that 45% of
the HRR is from glycerol and the rest is from methane. For the fuel mix with 68% of the
HRR from glycerol (i.e., G68), the effect of ALR is investigated for the case G68A with ALR
= 1.47. The detailed structure of the pure glycerol flame, i.e., G100 is also obtained for HRR
= 7 kW and ALR = 1.13 which pertains to the optimum operating conditions in the burner.
Table 3.2 lists the fuel and airflow rates for these four test cases. G45, G68/G68A and G100
represent equivalence ratio of 0.92, 0.90 and 0.77, respectively. The equivalence ratio for the
G100 fuel mix is smaller than the remaining cases because of the smaller heating value of the
glycerol fuel.

The Chemkin-pro software was used to compute the adiabatic flame

temperature (Tad) at equilibrium for the experimental conditions listed above. Results in
Figure 3.3 show that the computed Tad is 2156 K, 2134 K and 1972 K, respectively, for G45,
G68/G68A and G100 cases. Note that Tad represents temperature achieved for complete
combustion without heat loss from the combustor wall. However, the combustor used in the
present study results in unavoidable heat loss, which can be significant even with the
insulation layer. The estimated cumulative heat loss through the insulated combustor wall is
around 507 W, 486 W and 488 W, respectively for G45, G68 and G68A, and the respective
average outside combustor wall temperature is 442 K, 426 K, and 427 K. The local flame
temperature is related to the local equivalence ratio determined by fuel atomization, fuel prevaporization, and fuel-air mixing processes, which vary greatly throughout the combustor.
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3.3 RESULTS AND DISCUSSION
3.3.1 CO-COMBUSTION OF METHANE AND GLYCEROL
Figure 3.4 shows temperature (uncorrected) contours for flames with different fuel
mixes, inferred from thermocouple measurements at 10 axial and 11 transverse planes within
the combustor. Significant differences in the thermal structure are observed for the three test
cases. For G45 flame, the reaction zone is close to the combustor dump plane (or injector
exit) where uncorrected temperature of up to 1800 K is measured. Since methane enters the
combustor premixed with the combustion air, it reacts closer to the dump plane. Evidently,
methane lean premixed (LPM) combustion provides thermal feedback in the center region of
the burner to quickly vaporize glycerol droplets. The evaporated fuel subsequently mixes
with relatively hot products of methane combustion to result in rapid oxidation, yielding in
relatively narrow and short reaction zone between z = 0.0 and 10.0 cm. In G68 flame, a low
temperature region (or dark zone) representing fuel pre-vaporization and fuel-gas premixing
in the center region (y < +/- 1 cm) near the injector exit (z < 6 cm) is observed. Higher gas
temperatures in the annular region around the dark zone are indicative of LPM combustion of
methane. The high temperature region downstream of the dark zone, i.e. between z = 7.0 cm
and 20.0 cm represents the reaction zone for glycerol, mostly prevaporized upstream. The
lifted and elongated reaction zone of the G68 flame can be attributed to two factors that
increase the distance required to fully prevaporize the fuel: (a) higher glycerol and atomizing
air flow rates through the injector increase the droplet velocity in the spray, and (b) reduced
thermal feedback from methane combustion increases the droplet lifetime or the time to fully
vaporize the fuel droplet.

Downstream of the primary reaction zone, the product gas

temperature for both cases (G45 and G68) decreases as the oxidation reactions approach
completion, and hence, the heat loss rate to the ambient exceeds the heat release rate by
chemical reactions. Even though the primary reaction zone locations are different for the two
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cases, the product gas temperature profiles in the downstream region of the burner match
each other indicating excellent fuel-flexibility of the present combustor utilizing the FB
injector.
Next, the impact of ALR on methane/glycerol flame structure is investigated by
comparing G68 and G68A cases. In G68A case, approximately 1/3rd less atomizing airflow
is supplied through the injector to reduce the ALR to 1.47. Figure 3.4(c) shows the contours
of temperature (uncorrected) inside the combustor for the G68A flame. Compared to G68
case in Fig 4(b), G68A flame depicts a dark pre-vaporization and premixing zone with lower
temperatures. For G68A case, the low temperature region extends across the width of the
combustor indicating reduced thermal feedback from the now very lean LPM combustion of
methane at the dump plane. A compact primary reaction zone is observed between z = 5.0
cm and 12.0 cm, with peak temperatures occurring towards the periphery of the burner.
Lower ALR for G68A case results in larger but slower moving fuel droplets in the spray.
Both of these effects tend to increase the thermal energy required to pre-vaporize the fuel
droplets which decreases the gas temperature near the injector exit.

Increased thermal

feedback to the spray also prevents the stabilization of LPM methane flame at the dump
plane. Thus, both methane and pre-vaporized glycerol react mainly in the premixed mode in
the downstream reaction zone. Some larger droplets, usually located at the spray periphery,
might also burn in partially premixed or diffusion mode. In our previous studies, clean blue
flames were visualized through a transparent quartz combustor for diesel, biodiesel, straight
VO, and glycerol with/without methane as the result of excellent FB atomization and the
subsequent LPM combustion (Simmons et al., 2010; Jiang et al., 2014). In the present study,
with less heat losses through the insulated combustor wall, clean blue flames are also
expected for all test cases. Overall, G45 flame is the shortest as demonstrated by the thermal
structure in Figure 3.4(a). G68 flame is lifted and elongated because of greater glycerol
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component requiring longer residence time for pre-vaporization and fuel-air mixing.
Compared to G68 flame, G68A flame is expected to be wider because of the lower ALR
increasing the number of larger droplets migrating towards the spray periphery (Jiang et al.,
2014; Jiang and Agrawal, 2014).
Next, axial profiles of product gas temperature and NOX and CO emissions at various
transverse locations for the three test cases are shown in Figure 3.5. Transverse locations
represented include combustor centerline (y = 0.0 cm), combustor periphery (y = 3.24 cm)
and an in-between location at y = 2.30 cm. Figure 3.5a-1 quantitatively compares the gas
temperature profiles for the three test cases along the combustor centerline. For G45, high
gas temperatures of 1800 K to 2000 K near the dump plane, between z = 0.0 and 8.0 cm,
signify rapid methane LPM combustion assisting glycerol vaporization and combustion as
discussed previously. For z > 10 cm, a small increase in gas temperature signifies minor
secondary reactions before a gradual decline in temperature of about 200 K by the heat loss to
the ambient. For G68 case, the temperature is lower near the dump plane, and it peaks to
about 1800 K at z = 12.0 cm or the mid-point of the downstream reaction zone. For G68A
case, gas temperatures in the pre-vaporization and reaction zones are lower than those for the
G68 case. In spite of these near-field differences, the gas temperature profiles in the latter
one-third length of the combustor are nearly the same for the three test cases.
Figure 3.5a-2 presents the axial profiles of NOX concentration along the combustor
centerline for the three test cases. For G45 case, NOX concentration is about 25 ppm at z =
10.0 cm and it remains nearly constant in the remaining length of the combustor. Evidently,
NOX has already formed in the high temperature reaction zone near the dump plane. For G68
case, higher NOX concentration of about 33 ppm at z = 10.0 cm is observed than G45 case.
For G68 case, the NOX emissions also increase in the elongated reaction zone at z > 10.0 cm.
The NOX emission at z = 10.0 cm matches that for G68 case, but without the elongated

54

reaction zone, it remains nearly constant in the axial direction for the former case. For all
cases, most of the NOX is formed within z = 10.0 cm. Assuming thermal mechanism as the
dominant pathway, the NOX emissions would depend upon the residence time in the high
temperature region. Figs. 4 and 5a-1 show that high temperature region is the shortest for
G45 case and the longest for G68 case. Consequently, the NOX emissions are the lowest for
G45 case and the highest for G68 case and in between for G68A case. ALR affects the
methane-air equivalence ratio as well as glycerol vaporization and premixing with air, which
can also influence the NOX production. Further, the liquid and gas velocity ratio could affect
the atomization, but this parameter has not been explored in the present study. However, the
NOX emissions are very low for all cases, indicting clean combustion in the present fuelflexible burner utilizing the FB injector.
Figure 3.5a-3 shows the axial profiles of CO emissions along the combustor
centerline for the three test cases. The gas products are sampled starting from z = 10 cm
which represents the region after the fuel decomposition and oxidation in the main reaction
zone. For all cases, CO emissions are very low (< 40 ppm), especially in view of the adverse
physical properties of glycerol compared to diesel or biodiesel (see Table 3.2); extremely
high kinematic viscosity, very low heating value, high heat of vaporization, and high ignition
temperature. For all cases, an increase in CO emissions towards the combustor exit is likely
caused by the few larger droplets reaching farther downstream without fully vaporizing or
combusting. For G68A, CO emissions decrease in the secondary reaction zone between z =
10.0 cm and 20.0 cm, which is likely located upstream (z < 10 cm) for G45 and G68 cases.
Axial profiles of temperature, and NOX and CO emissions in Figs. 5b for y = 2.30 cm and in
Figs. 5c for y = 3.24 cm show similar trends.
Figure 3.6 presents the transverse profiles of product gas temperature (uncorrected)
and NOX and CO emissions at the combustor exit plane for the three test cases with the same
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HRR of 7.9 kW.

Two experimental data sets are shown in Figure 3.6 to depict the

repeatability of gas temperature and emissions measurements.

Results show that the

measurement uncertainties for temperature, NOX, and CO emissions are within 10 K, 3 ppm,
and 5 ppm, respectively. Even though the near field processes of fuel atomization, fuel
vaporization, fuel-air mixing, and chemical reactions are different, overlapping profiles of gas
temperature at the combustor exit plane in Figure 3.6(a) indicate complete combustion and
only minor effects of the fuel mix. For each case, NOX emissions (Fig 6b) are nearly uniform
across the combustor width except for a minor dip near the wall for G68 and G68A cases.
For all cases, CO emissions in the mid-section of the combustor (y < +/- 2.5 cm) are within
50 ppm, which is extremely low for combustion of straight glycerol. CO emissions are
higher around the combustor periphery because of the slower chemical reaction rates
resulting from the locally reduced product gas temperatures. Across the combustor width,
CO emissions are the lowest for G45 case and the highest for G68A case and in between for
G68 case. Evidently, CO emissions increase with increasing liquid fuel flow rate, and then,
for a given liquid fuel flow rate, by decreasing the atomizing airflow rate. Each of these
conditions increases the production of larger droplets that take longer to fully vaporize and
hence, glycerol from some of these larger droplets might not react completely within the
residence time of the combustor, especially near the low temperature wall region for G68A
case.
Even though there are slight variations with fuel mixes, both NOX and CO emissions
in the present study are quite low, especially compared to results of co-combustion of
glycerol/methane/hydrogen by Queirós et al. (2013). Even with glycerol preheated to 80°C
to decrease its kinematic viscosity by more than 10 times compared to that at room
temperature, CO emissions of three-digit ppm level were detected by Queirós et al. (2013)
and CO concentrations increased with the increasing glycerol percentage above 45% of the

56

total HRR. Queirós et al. (2013) found NOX emissions of around 10 – 20 ppm for operation
at equivalence ratio of 0.76 which is much lower than the equivalence ratio (and hence,
product gas temperature) of 0.90-0.92 in the present study. For a given fuel mix, NOX
emissions increased with an increase in ALR (Queirós et al., 2013) which agrees with the
present results.

In present study, particulate matter (PM) was visually absent in the

combustion products. PM is mainly generated from the pyrolysis process around large
droplets burning in the diffusion mode and/or inherent ash and residual catalysts in the
glycerol fuel. The absence of PM in this study is attributed to two reasons: (a) fine glycerol
spray resulting in the clean LPM combustion, and (b) ash content not included in the USP
grade glycerol. Overall, the present study shows that when co-fired with methane, most of
the glycerol supplied at room temperature is burned in clean LPM combustion mode,
demonstrating great atomization capability of the FB injector.
3.3.2 STRAIGHT GLYCEROL COMBUSTION
After successfully co-firing methane/glycerol, the fuel flexible burner is also
investigated by combusting straight glycerol, represented as G100 case. Similar to previous
cases, combustion performance of G100 case is documented by product gas temperature and
NOX and CO emissions measured at multiple axial and transverse locations within the
combustor.

Figure 3.7(a) shows lower temperatures at the injector exit where pre-

vaporization of glycerol droplets and subsequently, fuel-air mixing takes place.

The

temperature peaks in the mid-region of the reaction zone at around z = 12.0 cm. The
decrease in temperature by heat loss to the ambient is observed only towards the end of the
combustion (z > 35 cm) indicating a long secondary reaction zone, which is consistent with
the distributed glycerol flame zone in an un-insulated quartz combustor observed by
Simmons et al (2010). Except near the dump plane, the temperature is higher at the center
and lower at the periphery of the combustor, indicating a narrow reaction zone. Note that the
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equivalence ratio and HRR and hence, the product gas temperature for G100 case is much
lower than that for the previous cases.
Figure 3.7(b) shows that NOX emissions for G100 case are within 10 ppm at all
locations which is much lower than methane/glycerol cases but is consistent with the
measured gas temperature distributions. Higher fuel bound oxygen in G100 also contributes
to lower NOX emissions than those from the co-firing of methane and glycerol, which agrees
with the findings of Bohon and Roberts (2013). Figure 3.7(c) demonstrates that initially
higher CO emissions resulting from fuel decomposition decrease in the flow direction as
oxidation reactions take place at y = 0.0 cm and 2.3 cm. After reaching the minimum at
around z = 27.0 cm, CO emissions increase slightly in the flow direction, indicating
incomplete combustion of fuel from some of the larger droplets escaping from the primary
and secondary reaction zones. Similarly, CO emissions near the wall also increase in the
flow direction, suggesting that larger droplets reaching the combustor periphery might not
undergo complete vaporization and combustion.
At the center of the combustor exit plane, acetaldehyde emission of 0.45 ppm was
detected. Because of the high temperature within the combustor, much higher than 280°C at
which acrolein is generated from thermal decomposition of glycerol (Acrolein, 2014),
acrolein emissions were below the estimated detection limit of 10 ppb for the present
instrument. Overall, emissions results for straight glycerol combustion in the present study
compare well with those obtained from glycerol combustion in a 7 kW lab burner by Bohon
et al. (2011). Bohon et al (2011) detected NOX emissions of 7-10 ppm, acrolein within 17.5
ppb, and acetaldehyde of 2.25 ppm. CO emissions were below the detection limit of 100
ppm (Bohon et al., 2011). In contrast to Bohon et al. (2011) utilizing swirling effect to
improve AB shear-layer atomization, the temperature profiles and ultra-low NOX and CO
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emissions within the current combustor quantitatively demonstrate nearly complete, clean,
and mainly premixed combustion of straight glycerol by using the FB atomizer.
3.4 CONCLUSIONS
Low emission combustion of straight glycerol (unheated) with and without methane
has been achieved in a dual-fuel combustor using FB injector. The FB injector generates fine
spray near the dump plane, enabling clean combustion of straight glycerol.

Thermal

feedback from methane LPM combustion further improves glycerol vaporization, fueloxidizer mixing and hence, premixed combustion of glycerol. For the same HRR and ALR,
higher methane proportion results in a more intense and shorter reaction zone near the
combustor dump plane. Reduction in methane flow rate shifts and extends the main reaction
zone towards the downstream. For the same fuel mix reducing ALR results in larger, slowermoving droplets requiring greater thermal feedback which reduces the pre-vaporization zone
temperature.
In spite of the noticeable differences in the flame structure, nearly complete
combustion is achieved for the three test cases, revealed by matching profiles of gas
temperature in the latter one-third length of the combustor and low NOX and CO emissions.
NOX emissions are lowest for G45 flame with intense but shortest reaction zone and highest
for G68 flame. Still, for all cases, NOX concentrations are within 35 ppm which is very low
for the fuels considered. Low CO emissions (<40 ppm) are also obtained for all three flames
although a slight increase in the flow direction is likely caused by incomplete vaporization
and combustion of few larger droplets. Compared to the co-fired flames, straight glycerol
flame has longer and distributed reaction zone with lower temperature resulting in ultra-low
NOX and CO emissions, undetectable acrolein, and negligible acetaldehyde. Overall, the
dual-fuel burner system, with the application of the FB injector, provides clean combustion
with the flexibility to utilize gaseous and/or highly viscous liquid fuels that are difficult to
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atomize using conventional techniques. While a small scale burner has been investigated in
this study, the fuel injector concept can be scaled-up to larger burners with higher HRRs for
industrial applications.
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Table 3.1 Physical and chemical properties of diesel, biodiesel and straight glycerol.
Property

Diesel

Biodiesel

Glycerol

Chemical Formula

C11.125H19.992 C18.71H34.71O2 C3H8O3

Density [kg/m3], 25°C

834.0

880.0

1260

Kinematic Viscosity [mm2/s], 25°C 3.88

5.61

741

Low Heating Value (LHV) [MJ/kg] 44.6

37.66

16.2

Auto-ignition Temperature[°C]

260

177

370

Vaporization Temperature [°C]

160-370

100-170

290

Surface Tension at 25 °C [mN/m]

28.2

31.1

62.5

Heat of Vaporization [kJ/kg]

250

200

662
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Table 3.2 Fuel and air flow rates for all tested cases.
G45

G68

G68A

G100

Glycerol (mL/min)

10.69

16.15

16.15

21.00

Methane (slpm)

7.12

4.14

4.14

0.00

Atomizing air (slpm)

25.0

37.0

25.0

25.0

113.0

125.0

125.0

Combustion air (slpm) 125.0
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Figure 3.1 (a) Working principle of the flow blurring injector and (b) Visual image of
glycerol spray at ALR of 2 in the near field of a FB injector (Simmons and Agrawal, 2010)
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Figure 3.2 Schematic of the experimental setup of the combustion system
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combustor for pure glycerol combustion (G100)
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CHAPTER 4
WATER SPRAY FEATURES IN THE NEAR FIELD OF A FLOW-BLURRING
INJECTOR INVESTIGATED BY HIGH-SPEED VISUALIZATION AND TIMERESOLVED PIV
4.1 BACKGROUND
Increasing demand for energy, depletion of fossil fuel sources, and consciousness for
environmental protection are motivating pursuit of novel approaches to sustainably use both
conventional and renewable fuels (Mirsepassi et al. 2014; Kourmatzis et al. 2014; Sedarsky et
al. 2013; Rottenkolber et al. 2002; Dumouchel 2008; Tropea 2011). Recently, research in the
field of liquid fuel combustion has focused on the utilization of biodiesel and other viscous
fuels such as vegetable oils (VOs) and glycerol and on effective methods to atomize such
fuels (Raghavan et al. 2009; Szybist et al. 2007; Wang et al. 2011; Bohn et al. 2011; Quispe et
al. 2013; Steinmetz et al. 2013). Fine and stable atomization of liquid fuels is directly related
to the subsequent clean, efficient and stable combustion. A fine spray consists of multiple
small fuel droplets that can evaporate quickly and mix well with the oxidizer to promote
premixed combustion, minimizing emissions of soot, carbon monoxide (CO) and nitric
oxides (NOx) (Lefebvre 1980; Simmons et al. 2012; Jiang et al. 2012; Jiang et al. 2014). In a
conventional twin-fluid atomizer such as Air-Blast (AB) atomizer, the high-velocity fuel jet is
broken down into fine droplets by the shear layer instabilities created by the surrounding flow
of the atomizing air (Rayleigh 1883; Taylor 1950; Lefebvre 1980; Lefebvre 1989; Lefebvre
1992). The fineness of the spray in twin-fluid atomizers is affected by several factors such as
the kinematic viscosity and surface tension of the fuel and fuel’s interactions with the
atomizing air (Lefebvre 1992).

In addition, the atomizing air-liquid mass ratio (ALR)

through the injector plays a major role in the atomization process (Lefebvre 1992; Simmons
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et al. 2010). AB atomization fails to generate fine sprays and clean flames of alternative fuels
such as biomass derived oils that can be up to 10 to 20 times more viscous than conventional
diesel fuel (Panchasara et al. 2009). For example, emissions from combustion of straight VO
atomized by AB injector were beyond the gas analyzer range (Panchasara et al. 2009). Clean
combustion of viscous fuels such as VO using AB injector requires fuel preheating to reduce
the kinematic viscosity and/or the combustion air supply temperature must be increased to
provide sufficient heat transfer for rapid droplet vaporization (Bohn et al. 2011; Quispe et al.
2013; Steinmetz et al. 2013).
Effervescent atomization has been investigated to overcome the limitation of
conventional injectors for highly viscous liquid fuel applications (Sovani et al. 2001; Shepard
2011; Linne et al. 2011). In an effervescent atomizer, atomizing gas is pressurized into the
liquid flow via pores on the mixing chamber wall to form two-phase flow prior to it entering
the injector body (Sovani et al. 2001; Shepard 2011). Gas bubbles expand near the injector
exit to break-up the surrounding liquid phase into fine spray. However, the internal twophase flow regime might transition from bubbly flow to slug flow with large bubbles or
annular flow with no bubbles. The slug flow regime produces pulsating spray because of the
intermittent flow of large gas voids followed by liquid slugs (Shepard 2011; Sarkar et al.
2007). Annular flow has no bubbles and thus, no bubble explosion or liquid breakup is
feasible at the injector exit.

Thus, widespread application of effervescent atomization has

been limited because of the two-phase flow instabilities in the injector and the high energy
input required for pressurizing the gas into the liquid flow in the mixing chamber (Gadgil et
al. 2011; Shepard 2011; Sovani et al. 2001).
A novel concept, called flow blurring (FB) atomization, was first reported by GañánCalvo (2005). FB atomization utilizes the two-phase flow concept similar to effervescent
atomization, but it excludes the internal-mixing process within the mixing chamber. In FB
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atomizer, the two-phase flow forms at the tip of the liquid supply tube. The working
principle of the FB atomizer is illustrated in Fig. 4.1a. As reported by Gañán-Calvo (2005), a
portion of the atomizing gas flow enters into the liquid supply tube through the gap between
the tube tip and the injector orifice to form two-phase flow. For liquid supply tube inside
diameter, D, equal to the injector orifice diameter, the two-phase flow is created
aerodynamically if the gap between the liquid tube tip and the injector orifice, H, is less than
or equal to 0.25D. Visualization of the flow inside the FB injector has revealed the key
features including the penetration of the atomizing gas into liquid supply line, and the
formation of the turbulent bubble generation zone at the tip of the liquid supply as shown in
Fig. 4.1b (Agrawal et al. 2013). The two-phase flow exits through the injector orifice where
gas bubbles expand and explode because of the sudden pressure drop. The surrounding liquid
is therefore broken into fine droplets during the bubble explosion. FB injector produces
stable and fine spray without the need for very high pressure atomizing gas as demonstrated
in our previous studies without and with combustion (Simmons et al. 2012; Jiang et al. 2012,
2014; Simmons et al. 2009; Simmons et al. 2010; Panchasara et al. 2009; Simmons 2011).
FB atomization provides “five to fifty times” more liquid surface area than a typical
AB atomizer with less pressure drop across the injector (Simmons et al. 2009; Gañán-Calvo
2005; Simmon 2011). Figure 4.2 visually illustrates the differences in water sprays formed
by AB and FB injectors for identical flow inlet condition with ALR = 3.5. These images
represent a field of view (FOV) of 7 mm x 7 mm immediately downstream of the injector exit
albeit with different spatial and temporal resolutions to highlight the key features; higher
exposure time was necessary to acquire the image for the FB injector since it produced
smaller droplets, which limits the scattered light for visual imaging. Figure 4.2 reveals that
the AB injector produces the typical liquid core in the near field while the FB injector forms a
spray, illustrating the significantly improved atomization capability of the latter.
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Phase

Doppler Particle Analyzer (PDPA) measurements have also shown that for given liquid and
atomizing air flow rates, the FB injector produces finer spray than the AB injector (Simmons
et al. 2009; Simmons 2011). Radial profiles in the water spray with the FB injector showed
Sauter Mean Diameter (SMD) ranging from 7 to 25 µm and the largest droplet diameter of
about 30 µm. However, the AB injector produced SMD range of 7 to 45 µm and the largest
water droplet diameter of about 80 µm. PDPA measurements in cold sprays of diesel, viscous
VO and reacting glycerol spray quantitatively showed that the FB injector produces fine
sprays for all of these fuels with flow-weighted average SMD of about 30 to 40 µm measured
respectively at axial locations of 2 to 10 cm downstream of the injector exit (Simmons 2011).
In addition, previous combustion studies by our research group have shown that the
FB injector results in cleaner combustion of conventional fuels such as kerosene and diesel
(Jiang et al. 2014; Panchasara et al. 2009; Simmons et al. 2012; Simmons 2011). FB injector
decreased CO and NOx emissions in kerosene and diesel flames by 3 to 5 times than those
from AB injector (Panchasara et al. 2009). With FB injector, biodiesel, straight VO, and
glycerol were combusted, in the same system, stably and cleanly with ultra-low emissions of
CO and NOx, overcoming the limitation of the current AB atomizers (Simmons 2011;
Simmons et al. 2012; Jiang et al. 2012; Jiang et al. 2014).
In prior studies, measurements of droplet diameter and velocity in the spray were
acquired by the PDPA technique, at locations at least 1.0 cm downstream of the injector exit.
Droplet diameter distributions presented in these studies show excellent atomization
capability of the FB injector for liquids with wide range of viscosities including water, diesel,
biodiesel, VO, and glycerol (Simmons et al. 2009; Simmons et al. 2010; Simmons 2011).
However, no measurements have so far been acquired in the injector near-field, which is
important to understand the details of the liquid breakup processes (e.g., bubble explosion)
and eventually, to relate the spray properties to the FB injector geometry and operating
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conditions. In an AB injector, the near field measurements are difficult to acquire by PDPA
and other quantitative technique because of the presence of a dominant liquid core (see Fig.
4.2a). However, the fineness of the FB injector spray offers the opportunity to employ
advanced flow diagnostics techniques to understand the liquid breakup process in the near
field. Thus, this study seeks to characterize the near field of the FB injector using high-speed
imaging and time-resolved Particle Image Velocimetry (PIV) techniques.

The primary

objective is to gain insight into the FB spray features including droplet dynamics and droplet
breakup processes. Note that the PIV technique is sued to measure the droplet velocity rather
than the gas phase velocity.
4.2 EXPERIMENTAL SETUP
Figure 4.3 shows the schematic of the in-house built FB injector setup. The inside
diameter, D, of the liquid supply tube as well as that of the injector orifice is 1.5 mm. Gap
between the liquid supply tube tip and injector orifice, H = 0.375 mm is used to fulfill the
requirement for FB atomization. Water, chosen as the working liquid, is pumped by a Cole
Parmer high performance peristaltic metering pump (Model 7523-40) with an accuracy of ±
0.25% of the reading. Water enters the injector holder from the side before flowing into the
injector connected with the holder. Atomizing air (AA) is supplied from the upstream of the
injector holder at a preset flow rate measured by an Aalborg mass flow meter (Model
CFM47) with an accuracy of ± 1.5% of the reading. Air flow rate of 20 standard liters per
minute (slpm) and water flow rate of 12 ml/min are utilized to obtain ALR = 2.
A high-speed camera (Photron FASTCAM SA5) mounted with 100 mm focal-length
lens, a 2x extender and 130 mm length of extension tubes is used to acquire visual images for
rather small FOV with dimensions of 2.3 mm x 1.4 mm at the injector exit. For acquisition
rate of 100,000 frames per second (fps), the image renders spatial resolution of 7.16 µm per
pixel, to distinguish individual though stationary droplets.
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Background illumination is

provided by a very high intensity white light source (Energetiq LDLS) produced by laserdriven plasma to minimize the blurring caused by the droplet motion during the camera
exposure time of 1 µs; still a droplet at velocity of 100 m/s will move about 100 µm during
the camera exposure time.

Thus, only slow moving, larger droplets can be accurately

detected in practice.
The time-resolved PIV technique was used to measure the droplet velocity in the
injector near field. As shown in the schematic diagram in Fig. 4.4, a dual head Nd: YAG
laser (Quantronix Hawk-Duo 532-12-M laser with the wave length of 532 nm and average
power of 120 W) is used to produce two laser pulses with time interval of 1 µs at the
repetition rate of 15 kHz. TSI divergent sheet optics with -15 mm focal-length cylindrical
lens and 1000 mm spherical lens is used to form a 1 mm thick laser sheet to illuminate the
field of view. A high-speed camera (Photron FASTCAM SA5) with a microscopic lens set
perpendicularly focuses on the laser sheet with the total viewed area of 8.6 mm x 8.6 mm
yielding spatial resolution of 16.83 µm per pixel. The camera is synchronized with the time
setting of the laser pulses to acquire image pairs at interval of 1 µs and frame speed of 15,000
fps.
Frame-straddled images are analyzed using Insight software (version 4.0 TSI Inc)
with the cross-correlated sub-regions of image pairs to generate the velocity vectors of the
near-field FB spray. The initial interrogation window size of 64 x 64 pixels with 50% overlap
spacing is used to calculate the velocity vectors. Spurious vectors are eliminated using three
methods. First, a local median test is applied to filter out the vectors. When the difference
between the current velocity vector and the local median velocity of neighboring vectors
exceeds the given tolerance (two times of the local median value), the vector is rejected and
replaced by a valid secondary peak. Second, vector is valid when the signal to noise ratio
(SNR) is greater than 1.4. A range filter is applied to reject the vector exceeding reasonable
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limits in the axial (V) and radial (U) displacements. The holes in the vector field are filled
using a recursive filling procedure employing the local mean. It first fills the holes with the
most valid neighbors and then the ones with second most valid neighboring vectors.
4.3 RESULTS AND DISCUSSION
4.3.1 SPRAY VISUALIZATION
Figure 4.5 shows consecutive high-speed images of FB spray in the near field of the
injector. As explained above, the images are acquired at spatial resolution of 7.16 µm per
pixel, exposure time of 1 µs and frame speed of 100 kHz. In contrast with the low speed
image (30 fps at exposure time of 33 ms) of the FB spray shown in Fig. 4.2b, the very small
exposure time in the images of Fig. 4.5 make it experimentally feasible to visualize the
instantaneous spray in detail. Figure 4.5 depicts an air bubble at the injector exit that
expands, explodes, and shatters the surrounding liquid into droplets, visually illustrating the
liquid breakup by FB atomization. Surprisingly, the majority of the liquid has already been
atomized into fine droplets at the injector exit indicating that the liquid break-up by bubble
explosion or FB atomization occurs mainly upstream of the injector exit, and possibly within
the discharge orifice. This process is hereby denoted as the primary breakup by bubble
explosion or FB atomization. Most of the droplets cannot be spatially resolved in the images
because of the blurring caused by the droplet motion in spite of the small camera exposure
time.

However, larger droplets on the injector periphery are spatially and temporarily

resolved.

Note that the asymmetry in the images is the result of minor geometric

imperfections of the in-house built FB injector.

In Fig. 4.5, the diameter of the droplet A is

about 100 µm, droplet B is about 21 µm and that of droplet C is about 72 µm. These results
clearly demonstrate, for the first time, that the bubble explosion or primary breakup occurs
mainly within the FB injector and the larger droplets appear only occasionally at the injector
periphery.
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Figure 4.6 shows consecutive images for 200 µs to illustrate the secondary breakup of
the larger droplets in the injector near field. The larger droplets are observed away from the
spray center and are concentrated mostly near the periphery of the injector orifice, i.e., in the
shear layer region. These larger droplets gradually deform by Rayleigh-Taylor instabilities
between the liquid and the fast moving atomizing air flow and quickly breakup into smaller
droplets within a short distance from the injector exit. This external atomization is denoted as
the secondary breakup by Rayleigh-Taylor instabilities.

In order to characterize the

secondary breakup, Weber (We) number and Ohnesorge (Oh) number are quantitatively
estimated for the present flow conditions (Weber 1931; Ohnesorge 1936; Faeth 2002;
Batarseh 2008). Weber number represents the ratio of the kinetic force because of the relative
motion (at Ur) between droplets and atomizing air and the surface tension. Ohnesorge
number indicates the ratio of the viscous force to the surface tension. In the present study, the
atomizing air velocity is about 120 m/s and the relative velocity is estimated to vary from 20
m/s to 100 m/s. Figure 4.7a shows that the Weber number in the near field is less than 15
signifying the secondary atomization by vibration breakup mode (Faeth 2002; Batarseh
2008). Figure 4.7b illustrates that the Ohnesorge number decreases as the droplet diameter
increases, indicating that the viscous force is easier to overcome in larger droplets to help
with the secondary atomization.
In summary, the spray visualization experiments show that most of the liquid is
atomized by bubble explosion within the FB injector to produce fast moving, fine droplets at
the center of the spray. Slow moving, larger droplets with diameter ranging from 20 µm to
100 µm are observed at the periphery of the spray. These larger droplets quickly disintegrate
into smaller droplets (within a few mm of the injector exit) because of secondary atomization
by the Rayleigh-Taylor instabilities.

The secondary atomization would be even more
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effective in practical systems where, in addition to the atomizing air, the droplets can also
interact with the combustion air.
4.3.2 PIV MEASUREMENTS
The spray visualization results clearly revealed the atomization process in the FB
injector and preliminarily reflected the inverse relationship between the droplet diameter and
the droplet velocity.

Fine droplets move fast while larger droplets travel slower. PIV

technique is utilized to measure the droplet velocity and to quantitatively explore the spray
dynamics in the near field of the FB injector. The measurements are obtained by positioning
the laser sheet and camera focus at a plane across the center of the spray. The analysis is
based on 1500 frame-straddled image pairs.
Figures 4.8a-b shows a PIV image pair with the time interval of 1 µs. The images are
captured with the FOV of 7.6 mm x 7.6 mm at frame speed of 30 kHz (15k image pairs per
second) and spatial resolution of 16.83 µm per pixel. The high laser intensity and image
exposure time of < 150 ns determined by the laser pulse duration essentially freezes the fast
moving droplets which could not be spatially and temporally resolved at the camera exposure
time of 1 µs in the flow visualization experiment discussed above. PIV images also reveal
that the FB spray contains mainly fine droplets in the near field. Similar to the previous
results, some larger droplets indicated by brighter spots also appear near the injector
periphery. These larger droplets interact with the atomizing air and breakup into smaller
droplets at farther downstream locations as discussed before. Overall, PIV images vividly
illustrate the excellent performance of the FB injector in the near field. PIV image pair in
Figures 4.8a-b is used to compute the instantaneous droplet velocity field shown in Fig 4.8c.
Results show that the droplet velocity increases in the flow direction indicating that the larger
droplets at the injector exit move slowly and subsequently, the liquid phase is accelerated by
the gas phase to produce smaller droplets by the secondary atomization. The atomized fine

78

droplets at downstream locations travel faster as they streamline with the high-velocity
atomizing air flow.
Next, the droplet dynamics in the near field is explored in Fig 4.9 using space-time
plots of droplet axial velocity at three different axial planes; near the injector exit (Y = 0.30
mm), farther downstream or at the end of the FOV (Y = 6.75 mm), and in between (Y = 2.25
mm). Closest to the injector, the nearly band shape plot in Fig. 4.9a signifies the stable
motion of the droplets produced by bubble explosion, mainly within the injector. Air bubbles
formed at the liquid supply tube tip expand and explode stably and quickly after passing
through the short gap, H = ¼ D (see Fig. 4.1a), between the tip end and the discharge orifice.
Since FB atomization is nearly complete at the injector exit, the bubble explosion process is
expected to occur at the injector orifice. The short distance and hence, small residence time
between formation and explosion of bubbles in the FB injector prevents the two-phase flow
to transition among different regimes. Thus, unlike effervescent atomization resulting in a
pulsating spray, stable spray is produced by the FB injector. Figures 4.9b-c show the spacetime plots of droplet axial velocity at axial planes, Y = 2.25 mm and Y = 6.75 mm. Highvelocity atomizing air accelerates the droplets and disintegrates them in smaller droplets by
Rayleigh-Taylor instabilities, as discussed previously. Radial extent of the spray increases at
downstream locations, which is a typical feature of the jet spray. Random fluctuations in
droplet axial velocity in Fig. 4.9 are attributed to the turbulent nature of the flow.
Next, the average droplet velocity field is computed using instantaneous data from
1500 frame-straddled image pairs to characterize the droplet dynamics in the FB injector near
field. Figure 4.10a shows that the average droplet velocity increases in the flow direction and
decreases from the center to the periphery of the spray. This result is consistent with the
spray visualization results showing some slower moving larger droplets at injector periphery
that disintegrate into smaller, faster moving droplets by secondary atomization at downstream
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locations. The average axial and radial velocity contours respectively in Figs. 4.10b-c offer
quantitative details of the droplet dynamics. At any axial plane, the axial velocity is highest
at the center and it decreases in the radial direction. As expected, the radial extent of the
spray increases in the flow direction. Figure 4.10c illustrates that the droplet radial velocity
is generally an order of magnitude smaller than the droplet axial velocity. In Fig. 4.10, the
droplet velocity increases in the flow direction until about Y = 5.00 mm indicating that the
secondary atomization at this axial location is complete and droplets have streamlined with
the atomizing air flow.
Radial profiles of droplet axial and radial velocities at various axial planes in Figs.
4.11a-b provide quantitative insight into the evolution of the spray in the near field. At the
center of spray, the average axial velocity ranges between 70 m/s and 100 m/s, while away
from the center, at X = 1.00 mm, this range widens to 30 m/s and 80 m/s. This result
illustrates that in comparison to the spray periphery, a greater number of faster moving
smaller droplets is present at the spray center, and it is consistent with the radial profiles of
the SMD measured by Simmons and Agrawal (2010) using the PDPA technique. The average
droplet radial velocity is the highest in the shear layer region around X = 1.00 mm. The
nearly overlapped profiles of both axial and radial velocities at farther downstream locations
(Y > 5.00 mm) signify that the droplet breakup process by the secondary atomization is
complete within a short distance of the injector exit.
Next, contour plots of root mean square (RMS) axial and radial velocities are
presented in Fig. 4.12 to further illustrate the droplet dynamics. Figure 4.12a shows that the
RMS droplet axial velocity is the highest at the spray periphery where large but slow moving
droplets appear and disintegrate into finer fast moving droplets. Moreover, the greatest
fluctuations in the axial velocity occur at the injector exit where primary breakup by FB
atomization is nearly complete. Figure 4.12b shows that the RMS radial velocity is higher at
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the spray periphery, especially at the injector exit. RMS droplet axial and radial velocities are
nearly independent of the axial location for Y > 5.00 mm, again signifying that the secondary
atomization by Rayleigh-Taylor instabilities is complete within a short distance of about 5
mm.
Next, Fig. 4.13 shows the probability distribution profiles of the axial velocity at
several locations to statistically quantify the droplet movement in the near field. Results are
presented near the injector exit (Y 0.75 mm) and at the end of the FOV (Y = 6.75 mm) for
three transverse locations; spray center (X = 0.0 mm), periphery (X = 0.8 mm) and an inbetween position (X = 0.4 mm). At the injector exit, Fig. 4.13a, majority of the droplets in
the mid-region of the spray (X = 0.0 mm and 0.8 mm) have axial velocity of about 75 m/s,
which indicates finer droplets that tend to follow the high-speed atomizing air flow.
However, at the periphery, a wider distribution is obtained with majority of the droplet
moving at about 55 m/s, which signifies larger droplets. Farther downstream (Y = 6.75 mm),
the probability distribution profiles, shown in Fig. 4.13b, have shifted towards higher
velocities, indicating the accelerated finer droplets resulting from the secondary breakup by
the Rayleigh-Taylor instabilities. The axial velocity of the majority of the droplets at all of
three radial locations is approximately 100 m/s.

The nearly overlapping probability

distributions of droplet axial velocity at the three radial locations further confirms that the
secondary atomization is complete at this downstream axial location.
4.4 CONCLUSIONS
Detailed dynamic features in the near field of FB injector using water are visualized
by high-speed imaging technique and quantitatively characterized using time-resolved PIV
technique. The atomization process consists of the primary breakup by bubble explosion or
FB atomization and the secondary breakup by the Rayleigh-Taylor instabilities between the
liquid and high-velocity atomizing air. Spray images show that most of the liquid at the
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injector exit has already been atomized into fine droplets, indicating that the bubble explosion
takes place within the injector. Few larger droplets with diameter ranging from around 20 µm
to 100 µm appear in the shear layer region at the injector exit. These larger droplets quickly
disintegrate into smaller droplets by secondary breakup.
PIV measurements are consistent with the flow visualization results and reveal the
inverse relationship between the droplet diameter and droplet velocity.

Fine droplets

streamline with the high-velocity atomizing air and move faster, while larger droplets travel
at slower speed. Space-time analysis of the instantaneous droplet axial velocity shows a
stable FB water spray, attributed to the short residence time between bubble formation and
explosion with the injector.
The time-averaged velocity field shows that the droplet velocity increases in the flow
direction and decreases from the center to the periphery of the spray. This trend is associated
with the size of the droplets in different regions of the spray as revealed from flow
visualization experiments. RMS axial and radial velocities show greatest fluctuations at the
spray periphery of the injector exit. The probability distribution profiles of droplet axial
velocity at different radial and axial locations confirm the appearance of larger droplets at the
injector exit, but mainly at the injector periphery. PIV results quantitatively reveal that the
secondary atomization is complete within a short distance of about 5 mm downstream of the
injector exit.
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(a)
(b)
Figure 4.1 (a) Working principle of the flow blurring injector (Jiang and Agrawal 2014) and
(b) the internal visualization of a FB injector (Agrawal et al. 2013).
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Figure 4.2 Water spray at ALR = 3.5 for (a) an AB injector with spatial resolution of 20
µm/pixel and exposure time of 1 ms and (b) a FB injector with spatial resolution of 33
µm/pixel and exposure time of 10 ms.
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Figure 4.3 Schematic of the experimental setup.
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Figure 4.4 Schematic of the time-resolve PIV measurement set-up.
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Figure 4.5 Spray visualization in the injector near field for ALR = 2 at spatial resolution
of 7.16 µm/pixel and exposure time of 1 µs.
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µm/pixel, exposure time of 1 µs and frame speed of 100 kHz. ALR = 2.
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Figure 4.8 A FB spray image pair of (a) and (b) captured at 15 kHz and 16.83 µm/pixel, and
(c) the computed instantaneous droplet velocity field. ALR =2.
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Figure 4.9 Space time plot of droplet axial velocity at (a) Y = 0.30 mm (b) Y = 2.25 mm and
(c) Y = 6.75 mm for FB water spray at ALR = 2.
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Figure 4.10 Time-averaged field: (a) velocity vectors, (b) axial velocity contour and (c) radial
velocity contour.
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Figure 4.11 Profiles of time-averaged (a) droplet axial velocity and (b) droplet radial velocity.
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CHAPTER 5
IMPACT OF AIR TO LIQUID MASS RATIO ON THE WATER SPRAY FEATURES IN
THE NEAR FIELD OF A TWO-PHASE ATOMIZER
5.1 BACKGROUND
In recent years, discovering and using alternative fuels to replace conventional
nonrenewable fuels has become an extremely significant issue for our modern world because
of the limited amount of fossil fuels and the dramatically increasing demand for energy.
Biodiesel is one of the liquid biofuels to satisfy a portion of our present energy demand
without contributing to global warming because of biodiesel’s closed carbon cycle and ease
of use in diesel engines (Raghavan et al., 2009; Szybist et al., 2007; Wang et al., 2011).
However, biodiesel production can result in an abundance of glycerol as the waste byproduct
of biodiesel production process (Raghavan et al., 2009; Szybist et al., 2007; Wang et al.,
2011; Bohn et al., 2011; Quispe et al., 2013). Instead of disposing the undesired highly
viscous glycerol, researches have been focused on how to effectively utilize it for combustion
(Bohn et al., 2011; Quispe et al., 2013; Steinmetz et al., 2013; Simmons, 2011; Jiang et al.,
2012; Jiang and Agrawal, 2014). Previous studies show that glycerol can be atomized using
a conventional air blast (AB) injector by preheating it to decrease its viscosity and then burn
with preheated air (Bohn et al., 2011; Steinmetz et al., 2013). Previous researches by our
research group have used a flow blurring (FB) injector to effectively atomize glycerol and
stably burn it with extremely low emissions without preheating neither fuel nor air (Simmons,
2011; Jiang et al., 2012; Jiang and Agrawal, 2014).
Clean combustion of diesel, biodiesel and straight VO are also achieved using the FB
atomization indicating the great atomization performance and the fuel-flexibility of the FB
concept (Simmons and Agrawal, 2012; Jiang and Agrawal, 2014). The FB concept provides
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“five to fifty times” more liquid surface area than a typical AB atomizer as reported first by
Gañán-Calvo (Lefebvre, 1980; Lefebvre, 1989; Lefebvre, 1992; Gañán-Calvo, 2005). The
working principle of the FB atomizer is illustrated in Fig. 5.1(a). As reported by GañánCalvo (2005), the atomizing gas flow enters the liquid supply tube through the gap, H,
between the tube tip and the nozzle orifice to form a two-phase flow. Air bubbles in the two
phase flow expand and explode while traveling through the injector orifice because of the
dramatic pressure drop, thereby shattering the surrounding liquid into fine droplets. Two key
requirements must be fulfilled to produce the FB effect: (a) the liquid supply tube inside
diameter, D, must be same as the injector orifice diameter, and (b) H <= 0.25D. Internal
visualization of the FB injector internal flow has revealed the key features including the
penetration of the atomizing air into liquid supply line, and the formation of the two-phase
flow at the tip of the liquid supply tube (Agrawal et al., 2013). Effervescent atomization
(EA) also employs a similar two-phase flow concept but the pressurized gas is introduced
into the liquid to form the two phase flow in a mixing chamber located farther upstream of
the discharge orifice (Sovani et al., 2001). EA can produce fine spray however, high energy
input required to pressurize the atomizing gas and the two-phase flow instabilities in the flow
path between mixing tube and orifice exit have limited its widespread application (Sovani et
al., 2001). In contrast, FB injector produces stable and fine spray without the need for high
pressure atomizing gas as demonstrated in our previous studies without and with combustion
(Simmons, 2011; Jiang et al., 2012; Simmons and Agrawal, 2012; Jiang and Agrawal, 2014;
Simmons et al., 2009; Simmons and Agrawal, 2010).
Phase Doppler Particle Analyzer (PDPA) measurements downstream of an AB
injector and a FB injector by our research group have shown that for given flow rates of air
and water, the FB injector produces a finer and more evenly distributed spray and with less
pressure drop across the injector than the AB injector (Simmons, 2011; Simmons and
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Agrawal, 2010; Simmons et al., 2009).

Radial profiles in the FB spray, at 1.0 cm

downstream of the injector, showed Sauter Mean Diameter (SMD) ranging from 9 to 13 µm
(Simmons, 2011; Simmons and Agrawal, 2010; Simmons et al., 2009). PDPA measurements
in reacting sprays of viscous VO and glycerol showed that the FB injector produced fine
sprays with flow-weighted average SMD of around 30 to 40 µm measured respectively at
axial locations of 2.0 to 10.0 cm downstream of the injector exit, which also resulted in clean
combustion of these highly viscous fuels (Simmons, 2011; Simmons and Agrawal, 2010).
Previous studies have visualized the two-phase flow inside the FB injector, and have
applied the PDPA technique to quantify droplet distributions and fineness of the spray at
downstream locations. And also, the effect of the FB nozzle exit geometry on the droplet size
distribution and spray cone angle were investigated at 50 mm downstream of the injector
orifice (Azevedo et al., 2013).

However, the spray dynamics and the physics behind,

involving droplet breakup mechanism, droplet velocities, and temporal spray behavior,
between these upstream and downstream locations, i.e., in the injector near-field remain
unknown.

Recently, Jiang and Agrawal have investigated the FB sprays of water and

glycerol in the near-injector region for a fixed air to liquid mass ratio (ALR) of 2 (Jiang et al.,
2014; Jiang and Agrawal, 2014). These studies have revealed that most of the liquid is
already broken down into fine droplets by primary FB atomization supposedly occurring
within the discharge orifice of the injector. Some large droplets or viscous streaks (for
glycerol) formed by the primary FB breakup undergo the secondary disintegration by the
Rayleigh-Taylor instabilities in the near nozzle region. Thus, a relatively fine spray is formed
in the near-field for both liquids indicating superior atomization capability and tolerance to
high viscosity of the FB injector. Figure 1(b) shows the visual image of water flow of the FB
injector for ALR = 2 to illustrate a relatively fine spray in the near-field. In the present study,
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the ALR effect on the water spray features will be characterized by high-speed imaging
technique and time-resolved Particle Image Velocimetry (PIV) diagnostics.
5.2 EXPERIMENTAL SETUP
Figure 5.3 shows the schematic of the in-house manufactured FB atomizer setup. The
inside diameter, D, of the liquid supply tube is 1.5 mm, equal to that of the injector orifice.
The gap, H, between the liquid tube tip and injector orifice is 0.375 mm, i.e. 0.25D, for FB
atomization. Water is chosen as the working liquid and it is pumped by a Cole Parmer high
performance peristaltic metering pump (Model 7523-40) with an accuracy of ± 0.25% of the
reading. Atomizing air (AA) is supplied from the upstream of the injector holder at a preset
flow rate measured by an Aalborg mass flow meter (Model CFM47) with an accuracy of ±
1.5% of the reading. Liquid enters the injector holder from the side and then flows into the
injector connected at the downstream of the holder. Air flow rates of 15 standard liters per
minute (slpm), 20 slpm, 25 slpm and the constant water flow rate of 12 ml/min are utilized to
obtain atomizing air to liquid mass ratio (ALR) of 1.5, 2 and 2.5, respectively.
Figure 5.4 shows the high speed flow visualization experimental setup. A high speed
camera (Photron FASTCAM SA5) equipped with a 2x extender, 130 mm length of extension
tubes and 100 mm focal-length lens, is utilized to acquire visual images in the field of view
(FOV) with dimensions of 2.3 mm x 1.4 mm at the injector exit. For the frame speed of
100,000 frames per second (fps), the image renders spatial resolution of 7.16 µm per pixel to
visualize individual droplets. The viewed area is illuminated by a high intensity white light
source (Energetiq LDLS) generated by laser-driven plasma to freeze the droplet motion at
exposure time of 1 µs; a droplet at velocity of 100 m/s will move only 0.1 mm during the
camera exposure time.
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With the same injector setup and flow conditions, the time-resolved PIV technique is
applied to quantify spray features in the near region of the FB atomizer by characterizing the
droplet velocity and turbulence characteristics. Figure 5 shows the schematic diagram of the
PIV system setup. A dual head Nd: YAG laser (Quantronix Hawk-Duo 532-12-M laser with
the wave length of 532 nm and average power of 120 W) is employed to produce two laser
pulses, each with pulse duration of less than 1.5 ns, at the interval of 1 µs and laser pulse
repetition rate of 15 kHz. TSI divergent sheet optics with -15 mm focal-length cylindrical
lens and 1000 mm spherical lens is utilized to form a 1 mm thick laser sheet to illuminate the
field of view. A high speed camera (Photron FASTCAM SA5) with a microscopic lens set
perpendicularly focuses on the laser sheet with the total viewed area of 8.6 mm x 8.6 mm at
spatial resolution of 16.83 µm per pixel. The camera is synchronized with the time setting of
the laser pulses to acquire frame-straddled image pairs at 15 kHz.
Frame-straddled image pairs are analyzed using Insight software (version 4.0 TSI Inc)
with the cross-correlated sub-regions of image pairs to generate the instantaneous and
average flow fields of the near-field FB sprays. The initial interrogation window size of 64 x
64 pixels with 50% overlap spacing is used to calculate the velocity vectors. Three methods
of local median test, a range filter and a signal to noise ratio (SNR) are applied to eliminate
the spurious vectors. In the local median test, when the difference between the current
velocity vector and the local median velocity of neighboring vectors exceeds the given
tolerance (two times of the local median value), the vector is rejected and replaced by a valid
secondary peak. A range filter is applied to reject the vector exceeding reasonable limits in
the axial (V) and radial (U) displacements. A vector is valid when the signal to noise ratio
(SNR) is greater than 1.4. A recursive filling procedure is used to fill the holes in the vector
field by employing the local mean after the field passed through the procedure of eliminating
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erroneous vectors. It first fills the holes with the most valid neighbors and then the ones with
second most valid neighboring vectors.
5.3 RESULTS AND DISCUSSION
5.3.1 HGH-SPEED VISUALIZATION
The effect of ALR on the FB spray is illustrated by the images in Figs. 5.3 to 5.5. The
images were acquired at framing rate of 100 k fps, exposure time of 1 µs, and in the view
area of 2.3 mm x 1.4 mm at the spatial resolution of 7.16 µm per pixel. In spite of these
superior temporal and spatial resolutions, the majority of the drops in the spray cannot be
visualized individually because of the blur cause by the droplet motion. For example, to
freeze the droplet motion during the exposure time of 1 µs to within 1 pixel resolution, a
droplet must move at a velocity of less than 7.2 m/s. Thus, only the slow-moving large
droplets can be detected in the image, while the fast-moving small droplets in a cloudy
pattern. Figs. 5.3 to 5.5 show that for all the ALRs, clouds of fine droplets, albeit with some
relatively large droplets mainly at the spray periphery appear immediately at the FB injector
exit. These observations signify that the majority of the liquid is atomized into small droplets
and few larger droplets, by the primary FB atomization, i.e., air bubble explosions upstream
of the injector exit.
For ALR = 1.5, in Fig. 5.3, a cloud of fine droplets is observed at the spray center,
where large structures of size up to 350 µm also appear occasionally. These structures
circled in Fig. 5.3 are non-periodic and emerge irregularly at time intervals of 900 µs to about
2200 µs. The large structures quickly breakup into smaller droplet as inferred from the image
sequence in Fig. 5.3. The larger droplets at the spray periphery also undergo a similar
breakup process. The breakup process denoted as secondary atomization can be related to the
Rayleigh-Taylor instabilities between slow-moving liquid surrounded by fast-moving
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atomizing air flow. Note that the average atomizing air velocity at the injector exit for this
case is about 95 m/s.
Figure 5.4 shows that increasing the ALR to 2.0 results in a smaller spray, a finer
droplet cloud in the center region, and fewer large droplets at the periphery. Higher ALR
signifies higher atomizing air flow rate (average velocity at the injector exit of 115 m/s)
which reduces the radial spread of the jet flow to produce a narrow spray. A finer droplet
cloud at the spray center signifies a more effective primary FB atomization at a higher ALR.
Higher ALR requires higher atomizing air flow rate and thus, higher air supply pressure
resulting in more vigorous air-bubble explosions at the injector exit. Higher air supply
pressure could also enhance turbulence and two-phase mixing within the injector, and reduce
the residence time of bubble generation, expansion and explosion. Thee internal processes
would reduce the size, and increase the frequency of occasional large structures for ALR =
2.0 at the spray center. Fig. 5.4 shows that the structures at the spray center are smaller
compared to those for ALR = 1.5, and the time interval between the occurrences of these
structures is reduced to between 400 µs and 1000 µs. Structures at the spray center and large
droplets at the spray periphery undergo secondary atomization by Rayleigh-Taylor
instabilities as discussed previously.
Figure 5.5 shows that increasing ALR to 2.5 results in similar trends, i.e., the spray
angle decreases, an even finer droplet cloud is formed at the spray center, the structures at the
spray center are virtually replaced with somewhat larger droplets, and fewer large drops are
produced at the spray periphery. Structures appear more frequently at the spray center at time
interval of 250 µs to about 400 µs. Results demonstrates that increasing the ALR improves
primary FB atomization, and the droplets thus produced at the injector exit probably undergo
secondary atomization by the Rayleigh-Taylor instabilities.
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5.3.2. PIV MEASUREMENTS AND ANALYSIS
The PIV measurements quantitatively provide the complementary details of spray
features in terms of temporal analysis of the droplet velocity, probability distributions, timeaveraged and RMS velocities in the near field of the injector which cannot be obtained by the
spray visualization. In this study, PIV measurements represent droplet velocity, and in the
absence of external seed particles, no direct measurements of the air velocity are available.
As discussed by Jiang et al. (2014), an inverse relationship exists between the droplet velocity
and the droplet size, although a precise correlation between the two is unknown.
Temporal Analysis of Drop Dynamics
First, the instantaneous axial velocity is presented to understand the spray features in
Figs. 5.6 to 5.8, referring to ALR = 1.5 to 2.5. Measurements are shown for time span of 50
ms representing a series of 750 data points at the center and periphery of the spray at axial
planes of y = 0.50 mm, y = 2.00 mm, y = 3.50 mm, and y = 6.50 mm. Note that the images in
Figs. 5.3-5.5 span the axial extent between y = 0.0 and 1.80 mm only, and thus, PIV data at
only the first plane (y = 0.50 mm) can be related to the flow visualization images.
For ALR = 1.5, Fig. 5.6 shows that the axial velocity at the spray center (x = 0.00
mm) near the injector exit (y = 0.50 mm) varies generally between 40 and 60 m/s, although
values of 20 m/s or even lower are obtained occasionally. Referring to the spray images in
Fig. 5.3, the high velocity range of 40 to 60 m/s represents the cloud of fine droplets, while
velocities of 20 m/s or less pertain to larger structures or droplets at the spray center. At the
spray periphery (x = -0.75 mm), from Fig. 5.6, the axial velocity varies between 20 and 50
m/s with occasional occurrences of 10 m/s or even smaller. Again, the smaller velocities
signify larger droplets at the spray periphery, which is consistent with Fig. 5.3. Examining
velocity measurements at a downstream location of y = 2.00 mm reveals interesting trends.
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At the spray center (x = 0.00 mm), the velocity has increased slightly, but more importantly,
data points with low velocity (< 20 m/s), referring to slow-moving structures/droplets, have
all but disappeared. Evidently, the high-velocity atomizing air exiting the injector at an
average velocity of about 95 m/s has accelerated the liquid phase.

Rayleigh-Taylor

instabilities during acceleration result in secondary atomization which can be quantified by
the Weber number depending on the droplet diameter and the square of the relative velocity,
the velocity difference between the droplet and the atomizing air (Weber, 1931; Faeth, 2002),
i.e.,

(1)

where ρg is the gas phase density (kg/m3); Urel is the relative velocity (m/s), i.e. the velocity
difference, between the atomizing air and water droplets. d is the droplet diameter and σ is
the surface tension (N/m) of water. Weber number represents the ratio of the kinetic force
because of the relative motion between a droplet and the atomizing air and the surface tension
force (Weber, 1931; Faeth, 2002; Batarseh, 2008; Girin, 2014; Zheng and Marshall, 2011).
Secondary atomization is important when the Weber number is greater than 12 (Weber 1931;
Pilch and Erdman, 1987; Batarseh 2008; Faeth et al., 1995; Faeth, 2002). Higher Weber
number signifies that the relative kinetic force could easily overcome the surface tension
force to assist droplet breakup by the secondary atomization.
In this study, the primary FB atomization results in droplets of different diameter and
velocity and hence, the Weber numbers varies significantly at the injector exit. Weber
number of larger droplets will be higher (and vice versa) because of their larger diameter and
slower velocity (or larger relative velocity). Thus, larger droplets with higher Weber number
are more susceptible to secondary atomization, whereby larger droplets breakup into smaller
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droplets. Fig. 5.6 depicts that nearly all of the large droplets at y = 0.50 mm (with axial
velocity < 40 m/s) breakup into small droplets by secondary atomization at y = 2.00 mm.
The shift in the velocity range of 40 to 60 m/s at y = 0.5 mm to about 45 to 65 m/s at y = 2.00
mm signifies droplet acceleration accompanied with the secondary atomization by RayleighTaylor instabilities. Fig. 5.6 indicates that some larger droplets are still present at the spray
periphery at y = 2.00 mm, which can also be inferred from the images in Fig. 5.3. Assuming
droplet diameter range of around 20 to 210 µm, and relative velocity between 30 and 80 m/s,
the estimated Weber number range for this case is about 0.30 to 22.

Weber number

effectively provide assessment of breakup of a single droplet. However, in a spray droplets
with Weber number less than 12 could still breakup probably because of droplet collisions.
In such cases, secondary atomization is not dominant but still present.
Farther downstream at y = 3.50 mm, the velocity range has shifted to about 50 to 80
m/s at the spray center and to about 45 to 65 m/s at the periphery, indicating that droplets are
still accelerating while undergoing secondary atomization. Measurements at y = 6.50 mm
show that the acceleration of droplets is less significant between y = 3.50 and 6.50 mm, and
thus, secondary atomization is not important after a short axial distance of about 4 mm from
the injector exit. However, in a practical swirl-stabilized combustion system, combustion air
supplied in swirling motion, in addition to the axial flow of the atomizing air, could introduce
other instability mechanisms of secondary atomization to further disintegrate the droplets.
Similar trends with different features are observed at higher ALR = 2.0, as shown in
Fig. 5.7. In this case, majority of the droplets in the near field of the spray center travel in the
velocity range of 60 to 80 m/s, while few larger droplets with lower velocity of about 20 m/s
are also observed. Again, these results are consistent with the images in Fig. 5.4, and indicate
that the primary FB atomization at a higher ALR produces finer droplets at the spray center,
together with the larger droplets appearing more frequently than the ALR =1.5 case. In the
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injector near field, the droplet velocity range at the spray periphery is much wider (20 to 60
m/s) and supports the previous observation of fewer larger droplets. At the downstream
locations of y = 2.00 mm, secondary atomization has disintegrated all of the larger droplets at
the spray center and a majority of such droplets at the spray periphery. At both locations, the
range of droplet velocities has shifted to higher values, indicating acceleration with further
breakup of the droplets produced by the primary FB atomization. Droplet acceleration and
disintegration by secondary atomization is still evident between y = 2.0 and 3.5 mm, although
at a slower pace. The change in droplet velocity between y = 3.5 and 6.5 mm is negligible
indicating that the secondary atomization is complete within a short axial distance of about
4.0 mm from the injector exit. Results indicate that increasing the ALR not only improves
the primary FB atomization, but also enhances secondary atomization by Rayleigh-Taylor
instabilities. Thus, spray with smaller Sauter-mean diameter (SMD) distributions will be
obtained at a downstream location, which is consistent with PDPA measurements of
Simmons and Agrawal (2010). For this case, the average velocity of the atomizing air at the
injector exit is about 127 m/s, and it will decrease in the axial direction because of the
momentum transfer. Thus, once the droplets have reached the peak velocity, i.e., they have
streamlined with the airflow, droplets will decelerate in flow direction together with the
airflow. Results in Fig. 5.7 show that the droplet deceleration will take place after y = 6.5
mm.
Fig. 5.8 shows that increasing the ALR to 2.5 results in higher velocity smaller
droplets accompanied with slower-moving larger droplets appearing more frequently at the
injector exit. The droplets accelerated at a downstream location of y = 2.0 mm, where large
variations in droplet velocity still present, signify strong secondary atomization. Unlike
previous cases, velocity fluctuations show that noticeable droplet acceleration and
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disintegration are still occurring at y = 3.5 mm. Small changes between y = 3.5 and 6.5 mm
suggest that the secondary atomization process is complete within y = 6.5 mm.
Probability Distributions
Measurements in Figs. 5.6-5.8 present the temporal behavior of droplets over a brief
time interval of 50 ms. In this section, 1500 data acquired over the 100 ms are used to
understand the statistical features of the droplets in terms of the probability distribution
profiles of the axial velocity at 9 chosen positions; three radial locations. Figure 5.9(a)-(c)
represents locations closer to the injector exit (y = 0.5 mm) and Figs. 5.9(d)-(f) and Figs.
5.9(g)-(i) depict farther downstream locations of y = 3.5 mm and 6.5 mm. The effect of ALR
on the primary FB atomization can be identified by examining the results near the injector
exit (y = 0.50 mm). Two effects of ALR are evident: increasing the ALR increases the
spread of the probability distribution, and shifts the range of droplet velocities to higher
values. The difference between radial locations of x = 0.00 mm and - 0.20 mm are minor, but
much lower velocity values are measured at x = - 0.75 mm. Considering that the higher
droplet velocities signify smaller droplet diameters, these results can be interpreted as
follows: primary FB atomization produces increasing finer droplets with greater spread as the
ALR increases. For each case, the droplets are finer at the center region and much larger at
the periphery of the injector exit.
The effect of ALR on secondary atomization can be inferred by comparing the
probability distributions profiles at different axial locations. For each ALR, profiles shift
towards the right indicating a range of higher velocities (or smaller diameters) at downstream
locations. The shift towards higher velocities is greater at higher ALRs, and it is most
prominent at the periphery between y = 0.50 mm and 3.50 mm. Again, based on the inverse
relationship between the droplet velocity and droplet diameter, these results suggest the
following: droplets disintegrate by secondary atomization and the significance of this effect
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increases with increasing ALR. The spread of droplet diameter distributions also increases
with increasing ALR. Secondary atomization is most important around the periphery for y =
0.50 mm to 3.5 mm, because the primary FB atomization initially produces the largest
droplets at the periphery. Overall, these results show that increasing the ALR not only
improves the primary FB atomization but also the secondary atomization by Rayleigh-Taylor
instabilities. However, liquid breakup by the primary FB atomization dominate that by
secondary atomization, except in the region around the injector periphery.
Root-Mean Square and Time-Averaged Velocities
Next, root mean square (RMS) and time-averaged axial velocities of droplets, Vrms
and Vavg are computed from 1500 instantaneous image pairs to further quantify the droplet
dynamics near the injector exit. Figure 10(a)-(c) shows the contours of RMS axial velocity in
the injector near field. For each ALR, the RMS axial velocity at the injector exit is highest
near the periphery, i.e. x = +/- 0.75 mm. Increasing the ALR increases the Vrms, which can be
interpreted by the more vigorous primary FB atomization upstream of the injector exit
resulting from the turbulent two-phase mixing. For each ALR, the RMS axial velocity
quickly decreases in the downstream direction and minor changes take place after about y =
3.00 mm. The RMS axial velocity decreases in the axial direction as the droplets breakdown
by secondary atomization and then streamline with the high-velocity atomizing air within a
short distance from the injector exit.
Figure 5.11 shows radial profiles of RMS axial velocity to depict the quantitative
effects of the ALR. Near the injector exit, y = 0.50 mm, increasing the ALR results in higher
RMS axial velocity indicating improved primary FB atomization. Between y = 0.50 mm and
3.5 mm, the RMS axial velocity decreases at all radial locations, especially near the periphery
(x = +/- 0.75 mm) indicating droplet breakup by secondary atomization as the liquid flow
streamlines with the atomizing air flow. For each ALR, RMS axial velocity profiles at y =
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3.5 mm and 6.5 mm are nearly the same, indicating that the secondary atomization is
complete within a short axial distance from the injector exit. Figure 5.12 shows the axial
profiles of RMS axial velocity at the spray center, the periphery, and an in-between location.
The effect of ALR is most significant near the injector exit, where the primary FB
atomization results in initially higher RMS axial velocity for higher ALRs. Interestingly, the
axial profiles show peaks in RMS axial velocity at locations downstream but close to the
injector exit for ALR of 2.0 and 2.5, which can be attributed to more vigorous secondary
atomization for these cases.
Figure 5.13 shows the time-averaged velocity vector field superimposed with axial
velocity contours for ALR of 1.5, 2.0 and 2.5. Higher ALR pertains to higher atomizing air
flow rate and thus, higher droplet velocity in Fig. 5.13. The radial extent of the spray
increases in the flow direction which is the typical feature of a jet flow. For each ALR, Fig.
5.13 shows that the average velocity increases in the flow direction and decreases from the
spray center to the spray periphery. The relatively obvious change in time-averaged velocity
occurs between y = 0.0 and 4.0 mm signifying that the droplet acceleration and secondary
atomization are accomplished in this region.
Figure 5.14 compares the radial profiles of the time-averaged axial velocity for the
three ALRs at axial planes of y = 0.5 mm, 3.5 mm and 6.5 mm. The axial velocity is
normalized by the average atomizing air velocity at the injector exit, estimated from the
measured air mass flow rate. The corresponding values are 95 m/s, 127 m/s, and 159 m/s
respectively for ALR of 1.5, 2.0, and 2.5. Close to the injector exit, the droplet velocity at the
spray center is about 50% to 55% of the average atomizing air velocity at the injector exit.
The axial velocity peaks at the spray center and decreases in the radial direction for each
ALR. The increase in normalized axial velocity from y = 0.5 mm to 3.5 mm shown in Figs.
5.14(a) and (b), is greater than that between y = 3.5 mm and 6.5 mm illustrated in Figs.
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5.14(b) and (c). This result again indicates that, at locations downstream of y = 3.5 mm, most
of the liquid has been atomized into fine droplets, initially by the primary FB atomization and
then by the secondary atomization. Interestingly Fig. 5.14 reveals that for each ALR, the
radial profiles of normalized axial velocity overlap each other at the injector exit as well as at
downstream locations. This result signifies that the primary FB atomization results in droplet
velocity at the injector exit that is proportional to the atomizing air flow rate. Thus, the
droplet velocity in the injector near field is determined mainly by the primary FB atomization
or the atomizing airflow rate, and it is minimally affected by the secondary atomization.
5.4 CONCLUSIONS
ALR effect on the FB atomization of water in the injector near field is investigated in
the field of view of 2.3 mm x 1.4 mm by high-speed spray visualization technique and
quantitatively characterized within 7.0 mm downstream of the injector exit using timeresolved PIV diagnostics. PIV analysis provides quantitative details of the injector near-field
FB spray characteristics for all the ALRs.
Spray images for all the three ALRs show that primary FB atomization generates fine
droplets of water at the injector exit albeit with some relatively large droplet mainly at the
periphery.

Large droplets gradually disintegrate into finer droplets by the secondary

atomization. Larger structure/droplets from the primary FB atomization occasionally appear
at the spray center near the injector exit. Increase in the ALR results in improved primary FB
atomization to generate finer and narrower sprays, and increased frequency of relatively
larger structure/droplets at the spray center. The higher frequency for the higher ALR is
explained by the increased air flow rate, and thus air supply pressure causing faster and more
vigorous two-phase mixing, air-bubble generation, expansion, and explosion. At the spray
periphery, fewer large droplets are observed with the increasing ALR. Large droplets still
undergo breakup from secondary atomization by Rayleigh-Taylor instabilities. In a practical
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swirl-stabilized burner, the FB spray will be even finer with the introduction of primary
combustion air to accentuate secondary atomization.
In PIV measurements, the temporal analysis of the droplet velocity quantitatively
show that increase in ALR results in higher frequency of slow-moving large droplets near the
injector exit at the spray center. The low-peak velocity almost disappears at a downstream
location of y = 2.00 mm signifies the occurrence of the secondary breakup, consistent with
the visual image results. Simple estimation of Weber number further proves the secondary
atomization of droplets in the injector near field. The proportional relation between Weber
number and the square of the relative velocity mathematically shows the less significant
secondary atomization for the lower ALR case. Probability distributions of droplet velocity
shows that increase in ALR causes wider velocity distribution and greater shift of velocity
towards higher level (smaller droplets) from the location near the injector exit to farther
downstream, indicating the improved secondary atomization. The increased RMS axial
velocity with the increasing ALR is observed and can be attributed to the improved primary
and secondary atomization. Both RMS velocity contours and time-average fields show that,
for all ALRs, the atomization and acceleration are mostly completed within 4 mm
downstream of the injector exit.

The matching profile of normalized axial velocity of

droplets for all ALRs signifies the drop velocity is more significantly affected by primary
atomization than secondary breakup. Overall, increase in ALR results in improved primary
and secondary atomization with finer and narrower sprays. Primary FB atomization plays
more significant role in the droplet velocity. Atomization and acceleration of fine droplets
are accomplished with 4 mm for all ALRs indicating the superior performance of the FB
injector.
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Figure 5.1 (a) Working principle of the flow blurring injector, and (b) FB spray image
in the injector near field for ALR of 2.0.
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Figure 5.2 Schematic of experimental setup of FB injection system.
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Figure 5.3 FB spray images at 100k fps and exposure time of 1 µs for ALR of 1.5.
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Figure 5.5 FB spray images at 100k fps and exposure time of 1 µs for ALR of 2.5.
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Figure 5.6 Time-analysis of instantaneous axial velocity at the spray center and periphery at
different axial locations for ALR = 1.5.
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Figure 5.7 Time-analysis of instantaneous axial velocity at the spray center and periphery at
different axial locations for ALR = 2.0.
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Figure 5.8 Time-analysis of instantaneous axial velocity at the spray center and periphery at
different axial locations for ALR = 2.5.
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Figure 5.9 Probability of axial velocities at different specific locations within 0.1 sec.
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Figure 5.10 Contours of RMS axial velocity for ALRs of (a) 1.5, (b) 2 and (c) 2.5.

121

35

y = 0.50 mm

35
y = 6.50 mm

y = 3.50 mm

30

25

25

ALR 1.530
ALR 2.0
ALR 2.525

20

20

20
15
10
5
0 -3

Vrms [m/s]

30
Vrms [m/s]

Vrms [m/s]

35

15
10
5

ALR 1.5
ALR 2.0
ALR 2.5

15
10
5

-2 -1 0 1 2 3 0 -3 -2 -1 0 1 2 3 0 -3 -2 -1 0 1 2 3
Radial Position [mm]
Radial Position [mm]
Radial Position [mm]

(a)
(b)
(c)
Figure 5.11 Profiles of RMS of axial fluctuating velocities for different ALRs at (a) 0.5 mm,
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CHAPTER 6
INVESTIGATION OF GLYCEROL ATOMIZATION IN THE NEAR FIELD OF A
FLOW-BLURRING INJECTOR USING TIME-RESOLVED PIV AND HIGH SPEED
VISUALIZATION
6.1 BACKGROUND
Liquid fuel combustion is one of the main ways to supply the energy needs of our
modern world. However, the shortage of fossil fuel resources has prompted combustion
researchers to seek effective ways to utilize liquid fuels without harming the environment
(Kasabov et al., 2013; Stiehl et al., 2013; Wright et al., 2010; Bottone et al., 2012).
Concurrently, researchers are exploring renewable and alternative fuels to fulfil the
increasing energy demand (Bhagwan and Habisreuther, 2014). For example, biodiesel is a
promising alternative fuel because its thermo-physical properties are similar to the
conventional diesel fuel (Raghavan et al., 2009; Pan et al., 2009; Park et al., 2011; Wang et
al., 2011). However, large surpluses of the extremely viscous glycerol with high vaporization
and auto-ignition temperatures are produced as the unintended by-product of the biodiesel
production (Metzger, 2007; Bohon et al., 2011; Quispe et al., 2013).

Most biodiesel

producers generally dispose glycerol as waste product even though it has moderate low
heating value of about 16 MJ/kg (Bohon et al., 2011). In recent years, research has focused
on direct combustion of glycerol with low emissions (Metzger, 2007; Bohon et al., 2011;
Quispe et al., 2013; Steinmetz et al. 2013; Simmons and Agrawal, 2010).
Effective atomization of the liquid fuel plays a major role on fuel vaporization and
fuel-air mixing processes and hence, on clean combustion by approaching premixed
combustion to minimize nitric oxide (NOx), carbon monoxide (CO), and soot emissions
(Simmons and Agrawal, 2010; Panchasara et al., 2009; Sadiki et al., 2005). For continuous
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flow applications, typically air-assist or air blast (AB) injectors are used to atomize the fuel
by creating the shear layer instabilities between the fuel jet and the atomizing air (Lefebvre,
1980; Simmons et al., 2009; Pozorski et al., 2002). However, the shear layer instabilities are
suppressed by the high viscosity of the liquid jet which makes it difficult to atomize liquids
such as glycerol (Lefebvre, 1980; Simmons et al., 2009). In previous studies with AB
injectors, glycerol was preheated to reduce its kinematic viscosity and the preheated glycerol
was burned with preheated combustion air, which requires additional energy input and
adversely affects the overall efficiency (Metzger, 2007; Bohon et al., 2011; Simmons and
Agrawal, 2010; Steinmetz et al., 2013). Another atomization mechanism called effervescent
atomization (EA) introduces pressurized air into the liquid to form a two-phase flow in a
mixing chamber upstream of the injector discharge orifice.

Two-phase mixture flows

through the injector and causes the gas bubbles to explode at the injector exit where the
pressure decreases suddenly. The surrounding liquid is therefore broken into fine droplets
during the bubble explosion (Sovani et al., 2001). EA can generate a fine spray although the
high energy input required and the two-phase flow instabilities have limited its widespread
application (Sovani et al., 2001).
Previous studies by our research group have shown extremely low emissions of CO
and NOx for combustion of diesel, biodiesel, straight vegetable oil (VO) and even glycerol
without preheating either the fuel or the combustion air by using a novel flow-blurring (FB)
injector (Simmons and Agrawal, 2010; Panchasara et al., 2009; Simmons et al., 2009;
Simmons, 2011; Jiang and Agrawal, 2014). The clean blue visual flames obtained for all of
these fuels demonstrated the superior fuel flexibility of the FB injector. As reported first by
Gañán-Calvo (2005), in a FB injector, the atomizing gas penetrates into the liquid supply tube
through the annular gap between the tube mouth and the injector orifice. The two-phase flow
is formed at the tip of the liquid supply tube inside the FB injector, which is different from
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the forced two-phase mixing in the upstream mixing tube of the EA injector, consuming
energy and causing instability. The critical requirements for the two-phase flow formation in
the FB atomizer are (1) the inside diameter, D, of liquid tube must equal to that of the injector
orifice, and (2) the gap, between the liquid supply tube tip and the injector orifice must be
less than or equal to 0.25D. The atomizing gas bubbles expand and burst near the injector
exit resulting in primary breakup of the surrounding liquid into droplets (see Fig. 6.1), as
documented by the internal flow visualization of a transparent FB injector operated with
water as liquid (Agrawal et al., 2013). Gañán-Calvo (2005) used low viscosity fluids, water
and ethanol, to discover the FB atomization. Later, our research group has used the Phase
Doppler Particle Analyser (PDPA) technique to measure droplet diameter distributions and to
quantify the average mass flow-weighted Sauter Mean Diameter (SMD) of straight VO and
glycerol at locations at least 20 mm downstream of the FB injector exit (Simmons et al., 2009;
Simmons, 2011; Simmons and Agrawal, 2010; Simmons and Agrawal, 2011). Results show
mass flow-weighted SMD of 30 to 40 µm for both VO and pure glycerol at the same mass
flow rates of fuel and atomizing air, indicating that unlike a typical AB injector, FB
atomization is less sensitive to the kinematic viscosity of the liquid. For given liquid and
atomizing air flow rates, FB injector has been shown to produce sprays with finer droplets
and with less pressure drop across the injector than an AB injector (Simmons et al., 2009;
Simmons and Agrawal, 2010; Simmons and Agrawal, 2011).
Previous studies have reported PDPA measurements of droplet diameter distributions
in sprays of diesel, VO, and glycerol at downstream locations farther downstream of the
injector exit (Simmons, 2011; Simmons and Agrawal, 2010; Simmons and Agrawal, 2011).
However, an investigation of the spray features near the injector exit is necessary to fully
understand the atomization processes in the FB injector; note that such information is
difficult to obtain for a typical AB injector with optically inaccessible liquid jet core at the
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injector exit. Recently, we have investigated the FB injector near field of water spray for air
to liquid mass ratio (ALR) of 2.0 in Chapter 4. The results reveal that most of water is
atomized into fine droplets of diameter on the order of around 10 µm. The maximum
variations in the droplet diameter occurred at the periphery closer to the injector exit where
larger droplets with diameter ranging between 20 µm and 100 µm appeared occasionally, but
they disintegrated into smaller droplets at downstream locations. With the increasing interest
in clean combustion of highly viscous liquid fuels, an FB injector is used in this study to
atomize pure glycerol with the goal to characterize the spray behaviour near the injector exit.
Time-resolved Particle Image Velocimetry (PIV) technique is used to acquire droplet velocity
measurements. In addition, high-speed flow visualization with backside lighting is employed
to identify the important features of glycerol atomization in the near field of the FB injector at
high spatial resolution.
6.2 EXPERIMENTAL SETUP
Figure 6.2 shows the schematic of the FB injection system setup.

The inside

diameter, D, of the liquid supply tube as well as that of the injector orifice is 1.5 mm. The
gap between the liquid supply tube tip and injector orifice, H = 0.375 mm is used to produce
the FB atomization. Glycerol is pumped by a Cole Parmer high performance peristaltic
metering pump (Model 7523-40) with an accuracy of ± 0.25% of the reading and it enters the
injector holder from the side and flows into the injector connected with the holder.
Atomizing air (AA) is introduced from the upstream of the injector holder, and its flow rate is
measured by an Aalborg mass flow meter (Model CFM47) with an accuracy of ± 1.5% of the
reading. Atomizing air and glycerol flow rates are 20 standard litres per minute (slpm) and
9.5 ml/min, respectively, yielding atomizing air to liquid ratio (ALR) by mass of 2.0.
The time-resolved PIV technique is used to quantify the movement of atomized
glycerol parts in the near injector region by computing the instantaneous velocity field of
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glycerol droplets and/or streaks. A dual head Nd: YAG laser (Quantronix Hawk-Duo 53212-M laser with the wave length of 532 nm and average power of 120 W) is used to generate
two laser pulses each with pulse duration of about 150 ns. TSI divergent sheet optics with 15 mm focal-length cylindrical lens and 1000 mm spherical lens is used to generate 1 mm
thick laser sheet to illuminate the glycerol spray. A high speed camera (Photron FASTCAM
SA5) with a microscopic lens set perpendicularly focuses on the laser sheet with the field of
view (FOV) of 7.0 mm x 7.0 mm providing spatial resolution of 16.83 µm per pixel. The
camera is synchronized with the laser pulse setting to acquire frame-straddle image pairs at
interval of 1 µs and repetition rate of 15 kHz. Droplet movement is frozen in the captured
image during the short laser pulse duration of about 150 ns.
The instantaneous velocity field is computed using TSI Insight software (version 4.0)
with the cross-correlated sub-regions of every image pair. The initial interrogation window
size of 64 x 64 pixels with 50% overlap spacing is used to calculate the velocity vectors.
This window size is small enough to minimize the measuring noise but still include more
than 10 particle pairs, ensuring 100% valid detection (Keane and Adrian, 1992). Considering
the out-of-plane displacement, the present setup gives about 90% of particle pairs in the
interrogation spot, that is, about 10% pairs are lost due to out-of-plane motion. This signifies
there is still more than 10 paired particles remaining in the analysed window resulting in
accurate results. Spurious vectors are eliminated using local median test, a range filter, and a
signal to noise ratio (SNR) filter. In the local median test, the vector is rejected and replaced
by a valid secondary peak when the difference between the current velocity vector and the
local median velocity of neighbouring vectors exceeds the given tolerance (two times of the
local median value). A range filter is applied to filter out the vector exceeding reasonable
limits in the axial (V) and radial (U) displacements. A vector is valid when the SNR is
greater than 1.4. A recursive filling procedure is used to fill the holes by employing the local
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mean in the vector field passed through the median test and the two validation filters. The
holes are first filled with the most valid neighbouring vectors and then the ones with the
second most valid neighbours.

Note that, the droplet diameter distribution cannot be

measured directly by the present PIV setup. Phase Doppler Particle Analyzer (PDPA) is also
unable to measure the glycerol spray in the injector near field. Therefore, this study measures
the droplet velocity which is inversely related to the droplet diameter.
PIV measurements are supplemented with high-speed imaging combined with
backside lighting to visualize the glycerol atomization near the injector exit at high spatial
resolution.

A very high intensity white light source produced by laser-driven plasma

(Energetiq LDLS) is used as the backlight to illuminate the viewing area. A high-speed
camera (Photron FASTCAM SA5), mounted with 100 mm focal-length lens, a 2x lens
extender, and 130 mm length of extension tubes captures the visual glycerol spray images in
the FOV of 1.8 mm x 2.0 mm at spatial resolution of 7.16 µm per pixel, framing rate of 75
kHz, and exposure time of 1 µs (the limit of the camera) to minimize the blurring caused by
the motion of the atomized glycerol.

Note that, the exposure time for visualization

experiments is higher than the laser pulse duration, which can blur the fast moving glycerol
droplets in the images. Furthermore, the backlight intensity is much smaller than that of the
laser in the PIV measurements, which precludes the visualization of small droplets.
6.3 RESULTS AND DISCUSSION
6.3.1 PIV MEASUREMENTS AND ANALYSIS
Figures 6.3(a)-(b) show glycerol images at the injector exit acquired using timeresolved PIV. The flow direction is downwards, the field of view is 7.0 mm x 7.0 mm, and
the spatial resolution is 16.83 µm per pixel. Figure 6.3(c) shows the computed instantaneous
velocity vector field obtained from the image pair of Figs. 6.3(a)-(b) taken at 1 µs interval.
Glycerol flow in the near field is frozen by the image exposure time of < 150 ns determined
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by the laser pulse duration. In Figs. 6.3(a)-(b), glycerol droplets and streaks, denoted by the
brighter thick and thin lines, appear at the injector exit located at the top of the image. The
streaks and droplets at the injector exit represent shattered glycerol from the explosion of air
bubbles at the injector orifice, denoted as primary breakup by the FB atomization (Lefebvre,
1980). In both images, more streaks are observed near the injector exit, but they breakup into
droplets at downstream locations, by Rayleigh-Taylor instabilities resulting from a dense,
heavy fluid (glycerol) being accelerated by the light fluid (atomizing air). The atomization
mechanisms illustrated in Fig. 6.2(b) are the primary breakup by FB atomization inside the
injector, and secondary breakup downstream of the injector exit by Rayleigh-Taylor
instabilities. Absence of a liquid core in the PIV spray images vividly illustrates the superior
capability of the FB injector to effectively atomize an extremely high viscosity liquid. The
instantaneous velocity vectors in Fig. 6.3(c) indicate higher velocity at locations where
droplets are present and relatively lower velocities at positions where streaks are located.
This result signifies that the glycerol droplets move at higher velocity to more closely follow
the atomizing air flow, while the glycerol streaks travel at lower velocity before they breakup
into droplets. That is, the velocity of the droplet/streak is inversely proportional to the size.
Figure 6.4 shows the time-averaged velocity vectors calculated from instantaneous
velocity fields of glycerol droplets/streaks obtained from 1500 frame-straddle PIV image
pairs. Figure 6.4(a) shows that the average velocity increases in the flow direction and
decreases from the spray centre to the periphery. The increase in the average velocity in the
flow direction is explained by the fact that the slow-moving streaks appearing at the injector
exit interact with high-speed atomizing air to gradually disintegrate into faster moving
droplets at downstream locations as shown in Fig. 6.3. The average axial velocity contour in
Fig. 6.4(b) quantitatively depicts the details of the streak/droplet movement. For every axial
plane, the average axial velocity is highest at the spray centre and it decreases in the radial
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direction. The radial extent of the spray increases in the flow direction which is a typical
feature of the jet flows. The velocity vectors in Fig 6.4(a) indicate that the axial velocity is
the dominant component.
Next, root mean square (RMS) velocities of streaks/droplets are computed to
quantitatively characterize the FB spray at the injector exit. Note that the RMS velocity can
be related to the fluctuations in the size of glycerol droplets and/or streaks. Figure 6.4(c)
shows the contour of RMS axial velocity of glycerol droplets/streaks. It reveals high RMS
axial velocity at the injector exit where FB atomization by air bubble explosion produces
glycerol streaks and droplets. RMS axial velocity decreases in the flow direction indicating
smaller change in the size of glycerol streaks/droplets between axial locations, Y = 0 mm and
2 mm, where Y = 0 mm represents the injector exit. Subsequently, the RMS axial velocity
increases in the flow direction between Y = 2.0 mm and 7.0 mm, signifying an increased
tendency for the liquid breakup in this region by the Rayleigh-Taylor instabilities. Figure
6.5(a) shows the radial profiles of streak/droplet axial velocity at several axial planes. Again,
the axial velocity increases in the flow direction as glycerol disintegrates into smaller
particles that tend to streamline with the atomizing airflow. In Fig. 6.5(b) the increase in
RMS axial velocity signifies the increasing importance of the secondary breakup at farther
downstream locations. In general, the RMS axial velocity is high in regions of glycerol
breakup by either primary or secondary atomization.
Next, the dynamic features of the spray are analyzed by space-time plots of the
streak/droplet axial velocity. Figure 6.6 shows the axial velocity varying with time at six
axial planes near the injector exit.

Figures 6.6(a)-(c) depict the temporal evolution of

streaks/droplets closer to the injector exit compared to farther downstream locations
represented in Figs. 6.6(d)-(f). At locations near the injector exit, the relatively small axial
velocity signifies presence of both slow moving large/long streaks as well as fast moving
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droplets resulting from the primary breakup by the FB atomization, which pertains to air
bubble formation, expansion, and explosion within the FB injector.

The axial velocity

undergoes high and low values at every 10 ms indicating a repeating pattern of smaller
droplets followed by long streaks created by the FB atomization. Higher velocity is observed
for longer duration compared to the lower velocity indicating that the glycerol droplets are
formed more frequently than the glycerol streaks. The cyclic variation of axial velocity is
expected to diminish at downstream locations once the slow moving streaks disintegrate into
droplets by secondary atomization.
Next, the probability distribution of streak/droplet axial velocity at different locations
is presented in Fig. 6.7. Plots are shown at the chosen axial locations for three transverse
positions; spray centre (X = 0.00 mm), spray periphery (X = - 1.5 mm), and in-between (X =
- 0.75 mm). Low axial velocity of < 20 m/s is assumed to represent streaks and axial velocity
of > 50 m/s signifies small droplets, while the in-between velocities could represent either
streaks or large droplets. At the spray centre, Figs. 6.7(a)-(b) show that with the increasing
axial coordinate, the probability distribution curves shift towards higher axial velocities. The
axial velocity is less than 20 m/s for 60%, 50% and 30% of the times respectively at Y = 0.35
mm, 0.90 mm, and 2.25 mm, indicating fewer streaks downstream of the injector exit. Based
on the probability distribution of axial velocity, streaks are present between Y = 3.75 mm and
6.80 mm for only about 20% of the times. Similarly, the axial velocity is greater than 50 m/s
for 10%, 15%, and 25% of the times respectively at Y = 0.35 mm, 0.90 mm, and 2.25 mm,
indicating increasing number of smaller droplets in the flow direction. Based on the axial
velocity of 50 m/s, small droplets appear approximately 50% of the times at axial locations
between Y = 3.75 mm and 6.80 mm. Similar trends are observed away from the spray centre
at transverse locations of X = -0.75 mm and -1.50 mm as shown in Figs. 6.7(c)-(f). However,
with increasing transverse distance the probability distribution curves shift towards lower
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velocities indicating increasing number of streaks (or fewer small droplets) away from the
spray centre.
In general, the PIV results demonstrate that the glycerol streaks and droplets, rather
than a jet core typically observed for an AB injector, are generated immediately at the FB
injector exit by the primary breakup within the FB injector. Glycerol streaks move slower
and interact with the high-velocity atomizing air to gradually disintegrate into smaller
droplets by Rayleigh-Taylor instabilities. This secondary breakup process is efficient but still
present at the end of the FOV (Y = 6.80 mm) where streaks are present at the spray centre for
about 50% of the times. PIV experiments visually and quantitatively shows the excellent
performance of the FB injector to atomize a liquid with extremely high kinematic viscosity.
6.3.2 HGH-SPEED FLOW VISUALIZATION
The PIV measurements are complimented with high-speed imaging of glycerol
atomization in the injector near field. Figure 6.8 shows the images of atomized glycerol parts
at several FOVs in the axial direction, each with view area of 1.8 mm x 2.0 mm and spatial
resolution of 7.16 µm per pixel. The images in Fig. 6.8 cover the axial distance Y = 0 mm to
34 mm, and the image FOVs are chosen to represent the obvious variations in the glycerol
parts. Note that the small droplets cannot be individually identified in these images because
of the light intensity and camera exposure time limitations. Unlike the powerful laser in PIV
measurements, the backlight for imaging experiments cannot illuminate the small droplets.
Further, fast-moving small droplets frozen in the PIV images during the laser pulse duration
of about 150 ns cause blurring for the smallest possible exposure time of 1 µs for the highspeed camera.

Thus, only streaks and relatively large droplets are observed in the

visualization images.
Based on visual images, the secondary atomization of glycerol streaks/droplets by
Rayleigh-Taylor instabilities is found to undergo four stages. In the first stage shown in Fig.
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6.8(I), primary breakup by FB atomization or bubble explosion results in individual streaks at
the injector exit, Y = 0 to 2 mm, which is in consistent with the PIV analysis. The thickness
of the streaks ranges from about 14 µm marked as B to around 35 µm marked as A in Fig
6.8(I), with most of the streaks around 35 µm thick. In the second stage between Y = 2 mm
to 12 mm, the streaks interact with high velocity atomizing air and intermingle with one
another as illustrated in Fig. 6.8(II). The streak thickness ranges from approximate 14 µm
marked by D to about 28 µm depicted as C. The majority of the streaks in this region are
about 14 µm thick, indicating significant thinning by shearing from the atomizing air. Thin
streaks breakup in the third stage between Y = 12 mm to 28 mm as shown in Fig. 6.8(III).
The long streaks observed previously breakup into shorter streaks with the thickness about 21
µm shown as E in the image. Shorter streaks with such small thickness further deform to
produce small droplets with the diameter about 21 µm marked by F in the image. Figure
6.8(IV) depicts the fourth stage, for Y = 28 mm to 32 mm, where most of the glycerol streaks
are broken into small droplets, with diameter of about 21 µm marked by G. Few relatively
large droplets, up to about 70 µm in diameter marked by H, occasionally appear at this
location although they are produced at the injector exit by FB atomization. Note that, the size
of the streaks and droplets reported here are approximate values to illustrate the key features
of the FB spray. The images show that both primary atomization within the FB injector and
secondary atomization outside the injector are important mechanisms to produce the glycerol
spray.

In a combustion environment, the secondary atomization of glycerol will improve

significantly because of the interaction with the combustion air, in addition to the atomizing
air passing through the injector. In previous studies, the flame of glycerol atomized by the
same FB injector was stabilized around Y = 70 mm and it resulted in clean combustion,
which can be explained by the fine glycerol spray produced in the near field (within Y = 35
mm) of the FB injector (Simmons, 2011; Jiang et al., 2014).
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Figure 6.9 shows the consecutive images with the time interval of 1/75000 s to reveal
the disintegration of longer streaks into shorter, thinner streaks by the fast-moving atomizing
air. Glycerol streaks generated from the primary breakup by the FB atomization inside the
injector undergo interweaving and thinning during the first two stages of the secondary
atomization process shown in Fig. 6.8.

Relatively thinner streaks quickly deform and

disintegrate into shorter streaks within 2 mm downstream of the injector exit by RayleighTaylor instabilities resulting from the aerodynamic interaction between the liquid and
gaseous phases as shown in Fig. 6.9. Sequential images in Fig. 6.10 illustrate the gradual
breakdown of short streaks into small droplets in the fourth stage of the secondary
atomization process. Short streaks rotate and decompose into droplets as they interact with
the injected high-velocity atomizing air, indicating that the FB atomizer quickly produces
fine glycerol spray in the near field of the injector. Images in Figs. 6.9-6.10 provide visual
details of the atomization process which cannot be deciphered from the PIV images acquired
with larger spatial resolution and smaller framing rate. Absence of the glycerol liquid core in
the near field of the injector reveals the superior atomization performance of the FB injector.
To verify and categorize the secondary atomization, the estimated Weber (We) and
Ohnesorge (Oh) number for the present flow conditions are shown in Fig. 6.11 (Weber, 1931;
Ohnesorge, 1936; Faeth, 2002; Bataresh, 2008). Weber number signifies the ratio of the
inertial force between the streaks or droplets and the atomizing air to the surface tension
while Ohnesorge number represents the ratio of viscous force to surface tension. In the
present study, the atomizing air travels at about 120 m/s and atomized glycerol moves at
around 15 to 50 m/s as determined from PIV measurements, yielding the relative moving
velocity (Urel) of approximately 70 to 105 m/s. Fig. 6.11(a) shows We of glycerol spray in
the near field is less than 15 signifying breakup by the vibration mode, which is consistent
with the visualization results shown in Fig. 6.9 and 6.10 (Faeth, 2002; Bataresh, 2008).
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In general, the primary breakup by the FB atomization produces streaks and droplets
of glycerol with nearly equal probability at the injector exit. The glycerol streaks are about
40 µm thick, and thus, they are easily broken into smaller streaks and then atomized into
droplets by the high-velocity of the atomizing air. At Y = 28 mm, most of the streaks have
been atomized into fine droplets, with the diameter ranging from about 8 µm to 21 µm,
indicating the great capability of the FB injector to effectively atomize extremely viscous
glycerol.

In a practical swirl-stabilized combustor, the primary airflow would further

improve the secondary atomization and hence, even smaller droplets can be expected to
facilitate premixed, low-emission combustion of glycerol and other highly viscous fuels.
6.4 CONCLUSIONS
Glycerol atomization by the FB injector is investigated in detail using time-resolved
PIV and high-speed flow visualization techniques.

PIV images clearly show that both

glycerol streaks and droplets are formed at the injector exit by primary atomization within the
FB injector. The instantaneous velocity field reveals that the glycerol droplets move faster to
follow the high-velocity injected air while the streaks move slower to eventually break up at
downstream locations. The average axial velocity increases in the flow direction signifying
that the low-velocity streaks gradually disintegrate into faster-moving droplets by secondary
breakup due to the Rayleigh-Taylor instabilities. RMS axial velocity decreases in the flow
direction closer to the injector exit and then increases at farther downstream locations. These
trends are related to the primary breakup by FB atomization near the injector exit and then the
breakup by the Rayleigh-Taylor instabilities at downstream locations. Space-time analysis of
axial velocity indicates that both slow-moving streaks and fast-moving droplets appear at the
injector exit.

Probability distribution profiles of axial velocity at various locations

substantiate the existence of streaks and droplet at the injector exit and an increasing numbers
of droplets at downstream locations. Glycerol streaks undergo four stages: (1) formation of
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thick streaks from primary breakup by the FB atomization, (2) thinning of streaks as they
intermingle and interact with the high velocity atomizing air, (3) breakup of the most of the
streaks into smaller streaks and droplets, and (4) breakup of the droplets and remaining
streaks into small droplets with diameter about 21 µm. In all of the four stages, most of the
glycerol streaks and droplets have thickness or diameter of less than 40 µm, indicating the
excellent capability of the FB injector to atomize extremely high viscosity liquids to achieve
low-emission combustion.
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Figure 6.1 Working principle of the FB injector.
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Figure 6.2 Schematic of FB injector experimental setup.
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Figure 6.6 Space-time plots of axial velocity at axial planes of (a) Y = 0.35 mm, (b) Y = 0.90
mm, (c) Y = 2.25 mm, (d) Y = 3.75 mm, (e) Y = 5.25 mm and (f) Y = 6.80 mm.
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Figure 6.7 Probability distribution plots of axial velocity at various axial locations; X = 0.00
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Figure 6.9 Image sequence illustrating breakup of long streaks into short streaks with the
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CHAPTER 7
IMPACT OF AIR TO LIQUID MASS RATIO ON THE GLYCEROL SPRYAY
FEATURES IN THE NEAR FIELD OF A FLOW-BLURRING ATOMIZER
7.1 BACKGROUND AND OBJECTIVE
Recently, Jiang and Agrawal (2014) have researched FB atomization mechanism,
spray dynamics, and the physics behind in the injector near field, within 1.0 cm downstream
of the nozzle orifice, using high speed imaging and particle image velocimetry (PIV)
diagnostics. Both water and highly viscous glycerol sprays were tested for a given atomizing
air to liquid mass ratio (ALR) of 2.0 (Jiang et al., 2014; Jiang and Agrawal, 2014). Droplet
breakup mechanism was visualized with droplet velocities and temporal spray behavior
quantified by PIV measurements in the injector near-field. For water, most of the liquid has
been atomized into fine droplets immediately at the injector orifice by the FB atomization
with some larger ones appearing on the spray periphery. Those relatively larger droplets
were observed to break down into smaller ones farther downstream within 4 mm by
Rayleigh-Taylor (RT) instabilities while interacting with the high-speed air. Interestingly, for
glycerol, both droplets and streaks showed up at the nozzle orifice and gradually disintegrated
into shorter streaks and/or finer droplets downstream. Discussed in Chapter 6, the glycerol
atomization undergoes four stages including (a) droplets and glycerol streaks from the
primary FB breakup appearing at the exit (y = 0.0 to 2.0 mm); (b) streaks thinning and
interweaving with some breaking down into shorter streaks by R-T instabilities (from y = 2.0
to 12.0 mm); (c) most of long streaks disintegrating into shorter streaks (from y = 12.0 to
28.0 mm); (d) most of the glycerol streaks becoming into finer droplets from y = 28.0 to 30.0
mm for ALR = 2.0. The glycerol atomization process was completed at around 30.0 mm
downstream of the nozzle orifice. These findings have revealed the FB sprays, for both water
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and glycerol, are formed by two mechanisms: (a) the primary FB atomization by bubble
explosion to form fine droplets and/or thin streaks of viscous liquids; and (b) the secondary
breakup by R-T instabilities. The absence of liquid jets for both water and glycerol at the FB
nozzle exit demonstrated the superior atomization capability of the FB injector for liquids
with a wide range of physical properties. The differences between the FB water and glycerol
sprays, including the shape of the atomized parts and the atomization completion distance,
indicated the impact of the liquid physical properties on the FB injector performance.
However, other factors affecting the FB breakup still remain unknown. The ALR
effect on the FB water spray features have been investigated in the nozzle near region
recently by Jiang and Agrawal (2014). The study showed that the increase in ALR improved
both primary and secondary atomization and thus, enhanced the fineness of the spray,
narrowed down the spray angle. For water sprays, the distance of droplet accelerating to
achieve the air velocity is independent of ALR.
The present study focuses on quantitatively revealing the ALR impact on the spray
dynamics for highly viscous glycerol by time-resolved Particle Image Velocimetry (PIV)
diagnostics. The same experimental setup is utilized in the present study as for glycerol
atomization at ALR = 2.0, investigated in Chapter 6. Air flow rates of 20 standard liters per
minute (slpm), 25 slpm, 30 slpm and the constant glycerol flow rate of 10 ml/min are utilized
to obtain atomizing air to liquid mass ratio (ALR) of 2.0, 2.5 and 3.0, respectively.
7.2 RESULTS AND DISCUSSION
7.2.1 PIV SPRAY IMAGES
Figures 7.1 shows the first of the PIV image pair of glycerol sprays for ALR = 2.0,
2.5, and 3.0, respectively. PIV image pairs were acquired at a frame rate of 30 k fps, and the
exposure time of less than 150 ns decided by the laser pulse duration. The image field of
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view is 6.7 mm, which resulted in spatial resolution of 16.83 µm per pixel.

At these

conditions, the liquid must travel at a velocity of greater than 112 m/s to traverse a distance of
greater than 1 pixel.

Thus, the PIV images effectively freeze the instantaneous spray

structure, and the blur caused by the liquid motion is negligible. The images in Fig. 7.1 offer
vivid illustration of the relatively large droplets and streaks (ligaments) produced at the
injector exit of the glycerol spray. Glycerol spray features in Fig. 7.1 are fundamentally
different from those of an air-blast injector typically producing a liquid jet core at the injector
exit.

Further, the glycerol sprays produced by the FB injector is different from the

corresponding water sprays, exhibiting fine droplet cloud and large droplets appearing
infrequently, mainly at the injector periphery. These results show that the FB atomization,
whereby atomizing air penetrates into the liquid to form two-phase flow within the injector
and subsequently at a location downstream of the injector orifice the air bubbles expand and
disintegrate the surrounding liquid, is still significant with glycerol, an extremely high
viscosity liquid. However, the FB atomization is affected by liquids with widely different
properties. In particular, the stabilizing effects of liquid viscosity and surface tension, as
compared to the destabilizing effects of air bubble expansion, are more important for the FB
atomization with glycerol than that with water.
Figure 7.1 shows that the increase in ALR results in narrower sprays with shorter
streaks at the injector exit. The higher atomizing air flow rate to obtain the higher ALR
increases the air velocity at the injector exit; the average atomizing air velocity at the injector
exit is 127 m/s, 159 m/s, 191 m/s, respectively for ALR = 2.0, 2.5, and 3.0. High jet inlet
velocity (or momentum) is known to reduce the radial spread of the jet, which is consistent
with Fig. 7.1 showing narrower sprays at higher ALRs. Also, increasing the atomizing air
flow rate increases the air supply pressure, which increases the destabilizing force of air
bubbles expansion and explosions. Thus, the primary FB atomization with higher ALR

153

causes more vigorous explosions to disintegrate the glycerol into smaller droplets and streaks
at the injector exit, as shown by the images in Fig. 7.1. Figure 7.1 illustrates that the number
of streaks generally decreases in the flow direction, i.e., in comparison to the injector exit,
fewer streaks are observed at the bottom of the image, y = 6.5 mm. This observation is
related to the secondary atomization attributed to the Rayleigh-Taylor instabilities caused by
the acceleration of a high-density fluid (glycerol) by a high-velocity low-density fluid, i.e.,
the atomizing air.
7.2.2 TEMPORAL ANALYSIS OF THE DROPLETS/STREAKS DYNAMICS
In this section, PIV measurements of instantaneous axial velocity of droplets/streaks
are analyzed to quantify the effects of ALR on glycerol spray features near the injector exit.
Analysis performed at the spray center (x = 0.0 mm) and periphery (x = -1.50 mm) for axial
planes, y = 0.35 mm, 2.25 mm, 3.75 mm, and 6.75 mm based on 750 consecutive data points
for time span of 50 ms. For ALR = 2.0, Fig. 7.2 shows that the axial velocity at the spray
center near the injector exit (y = 0.35 mm) varies generally between 10 to 40 m/s, with
occasional peaks of about 70 to 110 m/s, which is still less than the average atomizing air
velocity of 127 m/s at the injector exit. Because of the inverse relationship between the
velocity and size, it is likely that in Fig. 7.2 velocities of less than 20 m/s represent streaks
and velocities greater than 60 m/s signify droplets, although a clear distinction between the
two cannot be made for velocities in the intermediate range of 20 to 60 m/s. Results in Fig.
7.2 suggest that the FB atomization produces mostly streaks but occasionally droplets at the
center of the injector exit. At the spray periphery, the axial velocity is generally less than 20
m/s with occasional occurrences of 30 to 40 m/s. Data show that, in comparison to the spray
center, the FB atomization produces more streaks and fewer droplets at the spray periphery, a
finding which is consistent with the images in Fig. 7.1.
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Downstream at y = 2.25 mm, the axial velocity increases both at the spray center and
spray periphery; to 10 to 50 m/s with occasional high peaks of around 80 to 110 m/s at the
center and to 0 to 30 m/s with occasional peaks of 40 to 60 m/s at the periphery. Increase in
the axial velocity signifies breakup of droplets and/or thinning of streaks by momentum
transfer from the atomizing air flowing at a higher velocity. The above trend continues at
farther downstream locations of y = 3.75 mm and 6.75 mm. In each case, not only the axial
velocity but also the frequency of high velocity occurrences increases with the increasing
distance from the injector exit. For example, at y = 3.75 mm, the axial velocity range in the
center and periphery is 10 to 60 m/s and 5 to 40 m/s, respectively. Similarly, at y = 6.75 mm,
the axial velocity range at the center and periphery is 20 to 80 m/s and 5 to 60 m/s,
respectively. The consistent increase in the axial velocity indicates the ongoing secondary
atomization throughout the field of view, i.e., between y = 0.0 and 6.75 mm.
The temporal evolution of the axial velocity field at higher ALR = 2.5 in Fig. 7.3
shows similar trends. In particular, increasing the ALR has two distinct effects at the injector
exit: (1) the axial velocity of the droplets/ligaments at the spray center and periphery
increases, and (2) high velocity peaks appear more frequently. These results signify fewer
streaks and more droplets at higher ALR, which is consistent with the observations from the
visual images in Fig. 7.1. Higher ALR also results in greater increase in the axial velocity in
the flow direction, as well as in high velocity peaks occurring more frequently. These
findings are supported by Fig. 7.4 showing the temporal evolution of the axial velocity for
ALR = 3.0. Again, the axial velocity and the frequency of high velocity peaks at the injector
exit are higher, indicating improvement in the FB atomization. Furthermore, these spray
features undergo a greater increase in the flow direction, suggesting greater importance of the
secondary atomization. Overall, results show that in glycerol sprays, both the primary FB
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atomization and the secondary atomization by Rayleigh-Taylor instabilities improve with an
increase in the ALR.
7.2.3 ROOT-MEAN SQUARE AND TIME-AVERAGED VELOCITIES
Next, root mean square (RMS) and time-averaged axial velocities of droplets/streaks,
Vrms and Vavg, are computed from 1500 instantaneous image pairs to further quantify the
glycerol spray dynamics near the injector exit. Figure 7.5 shows the contours of the RMS
axial velocity for ALR = 2.0, 2.5, and 3.0. RMS axial velocity is highest at the center and it
decreases to lower values at the periphery. Thus, the secondary atomization is expected to be
more important at the spray center than that at the spray periphery, i.e., the glycerol streaks at
the center are more easily broken down, possibly because of the locally higher Weber number
resulting from higher relative velocity between the gas and liquid phases. RMS axial velocity
increases in the axial direction indicating more effective secondary atomization at
downstream locations. The asymmetry in Fig. 7.5 is attributed to the imperfection of the inhouse built injector geometry. Figure 7.6 compares the radial profiles of the RMS axial
velocity for the three ALRs at three axial planes. Differences near the injector exit are
negligible, but the RMS axial velocity at downstream locations is generally higher for higher
ALRs, evidently because of improved secondary atomization. Figure 7.7 shows the axial
profiles of the RMS axial velocity, and an increase in the flow direction signifies more
vigorous secondary atomization at downstream locations.

Furthermore, the RMS axial

velocity is still rising at the end of the field of view, which is consistent with previous study
(Jiang and Agrawal, 2014) showing that the secondary atomization in a glycerol spray is
sustained until about y = 30.0 mm.
Next, Fig. 7.8 shows the time-averaged axial velocity field of droplets and/or streaks
for glycerol sprays with ALR = 2.0, 2.5, and 3.0. The axial velocity decreases from the
centre to the periphery and increases along the flow direction, evidently by acceleration by
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atomizing air, which also leads to the secondary atomization. Higher ALR results in higher
glycerol droplet/streak velocity because of the increased higher air velocity to acquire the
high ALR. The radial extent of the spray increases in the flow direction showing the typical
feature of a jet flow.
Figure 7.9 shows the radial profile of the time-average droplet/streak axial velocity
for the three ALRs at y = 0.35 mm, 3.75 mm and 6.75 mm. The time-average axial velocity
of droplets/streaks is normalized by the average atomizing air velocity at the injector exit for
the three tests, which are about 127 m/s, 159 m/s, and 161 m/s respectively for ALR of 2.0,
2.5, and 3.0. The axial velocity peaks at spray center and decreases along the radial direction
for each ALR. Near the injector orifice, the axial velocity is about 18%, 25% and 25% of the
average atomizing air velocity, respectively for ALR = 2.0, 2.5 and 3.0. The lowest value of
ALR = 2.0 indicates the least fineness of the spray among the three cases. The nearly
overlapping profile of the ALR = 2.0 and 2.5 near the injector exit signifies that the primary
FB atomization results in droplet velocity proportional to the atomizing air flow rate at the
injector exit. Farther downstream, differences in the secondary atomization process results in
the small differences in velocity profiles, depending upon the ALR.
7.3 CONCLUSIONS
ALR effect on the atomization of glycerol in the FB injector near field is
quantitatively characterized within 7 mm downstream of the injector exit using time-resolved
PIV diagnostics. Spray images for all the three ALRs show that both relatively large droplets
and streaks are produced at the injector exit, instead of a liquid jet core produced by an AB
injector, demonstrating the excellent atomization capability of the FB injector.

This

observation also indicates the significance of the primary FB atomization by bubble
explosion for highly viscous glycerol. The number of streaks decreases in the flow direction
by the secondary atomization because of R-T instabilities. Increase in ALR results in a
157

narrower spray attributed to the improved primary FB breakup and secondary atomization by
R-T instabilities. Temporal analysis of the axial velocity of droplets/ligaments shows that the
primary FB atomization produces streaks and fewer droplets at the spray periphery. Increase
in ALR leads to higher axial velocity of the droplets/ligaments with more frequent high
velocity peaks at the injector exit, signifying fewer streaks and more droplets at higher ALR.
The increase of the axial velocity in the flow direction is greater for higher ALR. RMS axial
velocity reveals the secondary disintegration by Rayleigh-Taylor instabilities is expected to
be more important at the spray center than at the spray periphery and more effective at
downstream locations for glycerol. Radial and axial profiles of RMS axial droplet/ligament
velocity again show that increasing ALR improves secondary atomization. The normalized
average axial velocity of droplets/streaks reveals that the velocity is proportional to the
atomizing air flow rate at the injector exit and farther downstream. In general, FB injector
provides excellent atomization for highly viscous glycerol, and presumably for other viscous
fluids.

Both primary FB atomization and secondary atomization are improved by the

increasing ALR. Secondary breakup by Rayleigh-Taylor instabilities is more significant for
glycerol FB sprays compared to water sprays.
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Figure 7.1 Glycerol spray images for ALRs of (a) 2.0, (b) 2.5 and (c) 3.0.
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Figure 7. 2 Time analysis of axial velocity for ALR = 2.0.
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Figure 7. 3 Time analysis of axial velocity for ALR = 2.5.
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Figure 7. 4 Time analysis of axial velocity for ALR = 3.0.
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Figure 7.5 Contours of RMS axial velocity for ALRs of (a) 2.0, (b) 2.5 and (c) 3.0.

163

y = 0.35 mm

10
0 -3

ALR 2.0
ALR 2.5
ALR 3.0

ALR 2.0
ALR 2.5
30
ALR 3.0

30

Vrms [m/s]

20

y = 6.75 mm

y = 3.75 mm

Vrms [m/s]

Vrms [m/s]

30

40

40

40

20

ALR 2.0
ALR 2.5
ALR 3.0

20
10

10

-2 -1 0 1 2 3 0 -3 -2 -1 0 1 2 3 0 -3 -2 -1 0 1 2 3
Radial Position [mm]
Radial Position [mm]
Radial Position [mm]

(a)
(b)
(c)
Figure 7. 6 Radial profiles of RMS axial velocity for different ALRs at (a) 0.35 mm, (b) 3.75
mm and (c) 6.75 mm downstream of the FB injector exit.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
The present study investigated the detailed flame structures of diesel, biodiesel,
vegetable oil, and glycerol with/without methane with the application of the FB injector. The
product gas temperature and emissions data inside the combustor and the surface
temperatures of combustor wall are measured to assess the combustion performance using the
FB concept. Next, atomization mechanism and droplet dynamics in the FB injector near field
are investigated using high speed imaging techniques and time-resolved particle image
velocimetry (PIV). Cold sprays of water and glycerol are observed to reveal the impact of
the viscosity on the spray features in the FB atomizer near field. Effect of the ALR on the
injector near field is also assessed both visually and quantitatively.
Chapter 2 investigated the combustion of diesel, biodiesel and straight VO using the
FB injector.

Visual flame images illustrate clean blue flames indicating premixed

combustion for all three fuels.

Radial profiles of the product gas temperature at the

combustor exit overlap each other signifying that the combustion efficiency is independent of
the fuel, also shown by the heat loss rate from the combustor wall. Low emissions of NOx
and CO are obtained for the three fuels, while CO emissions are slightly higher for straight
VO. NOx production zone within the combustor is the shortest for biodiesel suggesting
favorable chemical kinetics for an oxygenated fuel. However, this beneficial aspect is not
realized with straight VO because of VO’s adverse physical properties (mainly higher boiling
point and higher heat of vaporization or smaller evaporation constant) resulting in a much
smaller critical fuel droplet diameter. Consequently, larger straight VO droplets are not
completely pre-vaporized within the dark zone upstream of the flame.
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Still, the NOx

emissions for straight VO are comparable to those for diesel.

Considering the large

variations in physical and chemical properties of fuels considered in this study, the small
differences observed in CO and NOx emissions show promise for fuel-flexible, clean
combustion systems using the FB injector.
Chapter 3 presents low emission combustion of straight glycerol (unheated) with and
without methane using FB injector. Thermal feedback from methane LPM combustion
further improves glycerol vaporization, fuel-oxidizer mixing and hence, premixed
combustion of glycerol. For the same HRR and ALR, higher methane proportion results in a
more intense and shorter reaction zone near the combustor dump plane.

Reduction in

methane flow rate shifts and extends the main reaction zone towards the downstream. For the
same fuel mix reducing ALR results in larger, slower-moving droplets requiring greater
thermal feedback which reduces the pre-vaporization zone temperature. In spite of the
noticeable differences in the flame structure, nearly complete combustion is achieved for the
three test cases, revealed by matching profiles of gas temperature in the latter one-third length
of the combustor and low NOX and CO emissions. NOX emissions are lowest for G45 flame
with intense but shortest reaction zone and highest for G68 flame. Still, for all cases, NOX
concentrations are within 35 ppm which is very low for the fuels considered. Low CO
emissions (<40 ppm) are also obtained for all three flames although a slight increase in the
flow direction is likely caused by incomplete vaporization and combustion of few larger
droplets. Compared to the co-fired flames, straight glycerol flame has longer and distributed
reaction zone with lower temperature resulting in ultra-low NOX and CO emissions,
undetectable acrolein, and negligible acetaldehyde. Overall, the dual-fuel burner system,
with the application of the FB injector, provides clean combustion with the flexibility to
utilize gaseous and/or highly viscous liquid fuels that are difficult to atomize using
conventional techniques.
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In Chapter 4, detailed dynamic features in the near field of FB injector using water are
visualized by high-speed imaging technique and quantitatively characterized using timeresolved PIV technique. The atomization process consists of the primary breakup by bubble
explosion or FB atomization and the secondary breakup by the Rayleigh-Taylor instabilities
between the liquid and high-velocity atomizing air. Spray images show that most of the
liquid at the injector exit has already been atomized into fine droplets, indicating that the
bubble explosion takes place within the injector. Few larger droplets with diameter ranging
from around 20 µm to 100 µm appear in the shear layer region at the injector exit. These
larger droplets quickly disintegrate into smaller droplets by secondary breakup.

PIV

measurements reveal the inverse relationship between the droplet diameter and droplet
velocity. Fine droplets streamline with the high-velocity atomizing air and move faster, while
larger droplets travel at slower speed. Space-time analysis of the instantaneous droplet axial
velocity shows a stable FB water spray, attributed to the short residence time between bubble
formation and explosion with the injector. The time-averaged velocity field shows that the
droplet velocity increases in the flow direction and decreases from the center to the periphery
of the spray. This trend is associated with the size of the droplets in different regions of the
spray as revealed from flow visualization experiments. RMS axial and radial velocities show
greatest fluctuations at the spray periphery of the injector exit. The probability distribution
profiles of droplet axial velocity at different radial and axial locations confirm the appearance
of larger droplets at the injector exit, but mainly at the injector periphery. PIV results
quantitatively reveal that the secondary atomization is complete within a short distance of
about 5 mm downstream of the injector exit.
Chapter 5 investigates the ALR effect on the water spray characteristics. Increase in
the ALR results in improved primary FB atomization to generate finer and narrower sprays,
and increased frequency of relatively larger structure/droplets at the spray center. At the
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spray periphery, fewer large droplets are observed with the increasing ALR. Large droplets
still undergo breakup from secondary atomization by Rayleigh-Taylor instabilities. In a
practical swirl-stabilized burner, the FB spray will be even finer with the introduction of
primary combustion air to accentuate secondary atomization. In PIV measurements, the
temporal analysis of the droplet velocity quantitatively show that increase in ALR results in
higher frequency of slow-moving large droplets near the injector exit at the spray center. The
low-peak velocity almost disappears at a downstream location of y = 2.00 mm signifies the
occurrence of the secondary breakup, consistent with the visual image results.

Simple

estimation of Weber number further proves the secondary atomization of droplets in the
injector near field. The proportional relation between Weber number and the square of the
relative velocity mathematically shows the less significant secondary atomization for the
lower ALR case. Probability distributions of droplet velocity shows that increase in ALR
causes wider velocity distribution and greater shift of velocity towards higher level (smaller
droplets) from the location near the injector exit to farther downstream, indicating the
improved secondary atomization. The increased RMS axial velocity with the increasing ALR
is observed and can be attributed to the improved primary and secondary atomization. Both
RMS velocity contours and time-average fields show that, for all ALRs, the atomization and
acceleration are mostly complete within 4 mm downstream of the injector exit. The matching
profiles of normalized axial velocity of droplets for all ALRs signify the drop velocity is
more significantly affected by primary atomization than secondary breakup.

Overall,

increase in ALR results in improved primary and secondary atomization with finer and
narrower sprays.

Primary FB atomization plays more significant role on the droplet

dynamics. Atomization and acceleration of fine droplets are accomplished with 4 mm for all
ALRs indicating the superior performance of the FB injector.

171

Chapter 6 presents the spray features in the near field of FB injector for highly
viscous glycerol. Glycerol atomization by the FB injector is investigated in detail using timeresolved PIV and high-speed flow visualization techniques. PIV images clearly show that
both glycerol streaks and droplets are formed at the injector exit by primary atomization
within the FB injector. The instantaneous velocity field reveals that the glycerol droplets
move faster to follow the high-velocity injected air while the streaks move slower to
eventually break up at downstream locations. The average axial velocity increases in the
flow direction signifying that the low-velocity streaks gradually disintegrate into fastermoving droplets by secondary breakup due to the Rayleigh-Taylor instabilities. RMS axial
velocity decreases in the flow direction closer to the injector exit and then increases at farther
downstream locations. These trends are related to the primary breakup by FB atomization
near the injector exit and then the breakup by the Rayleigh-Taylor instabilities at downstream
locations. Space-time analysis of axial velocity indicates that both slow-moving streaks and
fast-moving droplets appear at the injector exit. Probability distribution profiles of axial
velocity at various locations substantiate the existence of streaks and droplet at the injector
exit and an increasing numbers of droplets at downstream locations.

Glycerol streaks

undergo four stages: (1) formation of thick streaks from primary breakup by the FB
atomization, (2) thinning of streaks as they intermingle and interact with the high velocity
atomizing air, (3) breakup of the most of the streaks into smaller streaks and droplets, and (4)
breakup of the droplets and remaining streaks into small droplets with diameter ranging from
8 to 21 µm. In all of the four stages, most of the glycerol streaks and droplets have thickness
or diameter of less than 40 µm, indicating the excellent capability of the FB injector to
atomize extremely high viscosity liquids to achieve low-emission combustion.
Chapter 7 examines the impact of ALR on the glycerol spray characteristics in the
injector near field. Increase in ALR results in a narrower spray attributed to the improved
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primary FB breakup and secondary atomization by R-T instabilities. Temporal analysis of
the axial velocity of droplets/ligaments shows that the primary FB atomization produces
streaks and fewer droplets at the spray periphery. Increase in ALR leads to higher axial
velocity of the droplets/ligaments with more frequent high velocity peaks at the injector exit,
signifying fewer streaks and more droplets at higher ALR. The increase of the axial velocity
in the flow direction is greater for higher ALR. RMS axial velocity reveals the secondary
disintegration by Rayleigh-Taylor instabilities is expected to be more important at the spray
center than at the spray periphery and more effective at downstream locations for glycerol.
Radial and axial profiles of RMS axial droplet/ligament velocity again show that increasing
ALR improves secondary atomization.

The normalized average axial velocity of

droplets/streaks reveals that the velocity is proportional to the atomizing air flow rate at the
injector exit and farther downstream. In general, FB injector provides excellent atomization
for highly viscous glycerol, and presumably for other viscous fluids. Both primary FB
atomization and secondary atomization are improved by the increasing ALR. Secondary
breakup by Rayleigh-Taylor instabilities is more significant for glycerol FB sprays compared
to water sprays.
Overall, the two-phase FB injector generates fine sprays in the injector near field for
liquids with a widely different properties and thus, results in low-emission LPM combustion
of the liquid fuels without fuel preheating or chemical processing, or hardware modification.
After this study, the following recommendations are made for the future work.


FB injector flow field can be internally visualized to understand the two-phase
flow formation, expansion, explosion and the impacting parameters.



For viscous fluids, such as glycerol, PIV measurements can be conducted
farther downstream of y = 7.0 mm to quantify the secondary breakup by
Rayleigh-Taylor instabilities.
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FB injector can be redesigned by varying H/D to optimize the atomization
capability and determine the optimum geometric parameters.

Both

combustion and spray dynamics can be conducted for the redesigned FB
injector to establish the relation between atomization and emissions, and
modeling.

Experimental system can be redesigned for high pressure

combustion performance with the FB application for its widespread utilization.
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APPENDIX A
A. MEASUREMENTS OF GLYCEROL PHYSICAL PROPERTIES
A.1 DENSITY
Density of glycerol (USP grade with 99% purity) used in the present study was
measured for accurate calculation of mass flow rate and ALR. The measurement was taken
at the room temperature of 24 ºC, at which the glycerol was supplied and atomized in this
research. A Mettler Toledo Portable density meter (DA-110M) with the uncertainty of +/0.001 g/ml was utilized to complete this task, shown in Fig. A-1. Measured density of the
glycerol at 24 ºC is 1.258 +/- 0.001 g/ml.
A.2 KINEMATIC VISCOSITY
Fuel viscosity is one of the main reasons affecting the atomization and thus, the
combustion performance. The kinematic viscosity of 99% pure glycerol was measured using
Cannon Fenske Viscometer (size: 350) with the accuracy of +/- 0.2%, shown in Fig. A-2.
The measurements were conducted for the glycerol at different temperatures: 25, 30, 40, and
50 ºC. The standard oil (100% mineral oil) with the known viscosity was utilized to calibrate
the viscometer and obtain the correction factor at each temperature. The viscometer was
placed in a constant temperature bath. The standard oil was supplied into the viscometer
from the tubing A, in Fig. A-2, and sucked into the bulb above line “C” by applying suction
to tube “B”. The efflux time was measured by allowing the standard oil to flow freely
through mark “C” to “D”. The correction factor was calculated from the following formula:
Correction factor = viscosity/the efflux time
For each temperature, the correction factor was computed by repeating the above
process. The glycerol viscosity was calculated by multiplying the correction factor and the
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time for glycerol passing from “C” to “D”. The results show that for 99% glycerol, the
kinmatic viscosity is 602.166+/-1.204 cSt at 25 °C, 412.1442+/-0.8243 cSt at 30 °C,
203.1976+/-0.4064 cSt at 40 °C, and 110.1176+/-0.2202 cSt at 50 °C. This indicates glycerol
has very high viscosity and decreases with the increasing temperature.
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Figure A-1 Mettler Toledo Portable density meter (DA-110M).
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B

A
C
D

Figure A-2 Cannon Fenske Viscometer (size: 350).
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APPENDIX B
B. REYNOLDS NUMBER CALCULATION
Reynolds number (Re) represents the ratio of inertial forces to viscous forces and it is
defined as:

where ρ is the fluid density, U signifies the fluid average velocity, L is the characteristic
linear dimension (travelled length of the fluid or hydraulic diameter), and µ is the dynamic
viscosity of the fluid.
In the present study, Re is calculated for air passing through the annular region of the
swirl in the combustion system. Therefore, L is the hydraulic diameter, DH, the difference
between the outer (Do) and inner (Di) diameters, which are 0.0409 m and 0.0159 m
respectively. U can be computed from the following formula:

where Q is the volumetric air flow rate, A is the cross sectional area of the annular region.
The sample calculation of the mean air velocity, for G68 case in Chapter 3 with primary air
flow rate of 113 slpm, is:

( )[

]

Considering the air properties of ρ = 1.18 kg/m3, and µ = 1.983 * 10-5 kg/(m∙s), Re for G68
case is:
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APPENDIX C
C. VELOCITY RESOLUTION AND UNCERTAINTY OF VELOCITY
MEASUREMENTS IN PIV
In the PIV experiments, the velocity of droplets or ligaments (for glycerol) was
measured. This section demonstrates the calculation of the velocity resolution, signifying the
minimum velocity that can be measured depending on the PIV settings. The present study
uses the spatial resolution, dres, of 16.83 µm/pixel. The time between the two laser pulses, Δt,
is 1 µs. The velocity resolution, Vmin, can be calculated as:

Velocity in PIV measurements is obtained from the travel distance, d, of a particle
between the image pair divided by the traveling time, t, i.e. the time interval (Δt) between the
frame-straddle images. The travel distance can be calculated by measuring the number, N, of
pixels the particle travels multiplying the spatial resolution. Therefore, the velocity can be
computed by the following relation:

The PIV software has a 1/10th sub-poxel accuracy yielding the uncertainty of the
spatial resolution:

The temporal uncertainty is equal to the laser pulse duration,
velocity uncertainty, UV, is:
√
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= 0.15 µs. Therefore, the

For a particle displacement of 1.0 pixel with a spatial resolution of 16.83 µs/pixel and
Δt = 1 µs:

√

[

√

]

This result shows that a measured velocity of 16.83 m/s has an uncertainty of 3.03 m/s.
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