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ABSTRACT
Research on alternative fuel combustion systems is important to address global energy and
environmental concerns. Renewable fuels, such as biofuels have attracted significant attention as
potential sources to achieve energy security and to tackle environmental issues. However, these
alternatives haven’t yet been fully utilized because much of the existing combustion systems are
set up for traditional fossil-fuels. This study focuses on fuel-flexible combustion of diesel,
vegetable oil (VO) and glycerol fuels by a novel technique of twin-fluid atomization known as
Flow Blurring (FB) atomization, at different operating pressures.
The first part of this study discusses scalability considerations of FB atomization, with an
objective to develop a scaled-up fuel-flexible combustor. Several scaling parameters that affect the
processes of atomization, fuel-air mixing, and combustion are analyzed to select scaling criteria
for all components of the combustor. A scaled-up 60-kWth capacity combustor is developed and
experimentally investigated using diesel and VO fuels. Results show that the scaled-up system’s
performance is comparable to the small scale system in terms of flame appearance, emission levels,
and static flame stability.
Next, the scaled-up system’s combustion performance with glycerol fuel is investigated in
laboratory and at industrial test site. Glycerol is extremely difficult to atomize because of its high
viscosity. The lab combustor was able to burn glycerol cleanly, with low CO and NOx emissions.
At industrial test site, combustion experiments with 40% methane and 60% glycerol resulted in
stable flame.
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Next, effect of operating pressure on flame characteristics and injector pressure drop is
experimentally investigated with diesel, at pressures ranging from 101.3 kPa to 450 kPa.
Normalized pressure drop across the injector increased with increase in atomizing air flow rate
and decreased with increase in pressure. An increase in chamber pressure resulted in increase in
CO levels and decrease in NOx emissions. Increase in pressure also produced less lifted flames
with increased yellow zones.
Finally, combustion performance of VO is investigated at elevated pressures. Compared to
diesel, VO produced larger flames exhibiting more distributed combustion and lower NOx
emissions. At high pressures diesel flames contained significantly higher portions of yellow or
sooty regions compared to VO.
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CHAPTER 1
INTRODUCTION

1.1 Background
Growing demand for energy, volatility in fuel supply and prices, and stricter emissions
legislation have increased the focus on delivering energy at the lowest economic and
environmental cost. Consequently, there is an increasing effort for technological innovations
towards more efficient and cleaner utilization of traditional fuels. Considerable attention is also
given to opportunity fuels which are derived from non-traditional production processes or as
industrial waste byproducts (Tillman et al, 2004). A number of research organizations and energy
firms are developing fuel flexible combustion systems that can operate on multiple gaseous-fuels
and potentially low quality opportunity fuels, while producing minimal air pollutants. Typical
examples are Siemens Energy (McMillan et al, 2008) and General Electric company(Jones et al,
2011), which have been developing fuel flexible technologies, mostly gas turbines for power
generation and mechanical drive applications (Campbell 2008). In general combustion systems
may operate on solid, liquid, or gaseous fuels, with liquid fuels being common in continuous flow
combustors such as in low pressure furnaces and boilers or high pressure aviation gas turbines.
This study focuses on fuel flexible clean combustion of liquid fuels by a novel technique of twinfluid atomization known as FB atomization at atmospheric and high pressure conditions.
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1.2 Fuel Flexible Combustion Systems
In combustion systems, a technology that can utilize a variety of fuels with high efficiency
and low emissions without changing the hardware would make an ideal system both from
economic and environmental points of view. However, because of the wide range of variations in
chemical and thermo-physical properties of different fuels, development of fuel flexible
combustors has never been an easy task. Most research and development activities on fuel-flexible
combustion systems have been focused on gaseous fuels, including different grades of
conventional gases, bio-gas, landfill gas and coal-derived syngas (Lieuwen, 2008). However,
considerable research is also taking place to achieve flexibility on wide variety of liquid or solid
biomasses and waste fuels by converting them into combustible hydrogen rich synthetic gas
through pyrolysis and gasification processes (Bulushev, 2011; Yi et al, 2005).
Fuel composition is one of the major factors that determine operability of a fuel flexible
combustor with a given fuel without any change in the fuel system (Taamallah et al, 2015; Richards
et al, 2001). With liquid fuels, in addition to fuel composition, thermos-physical properties that
affect atomization also influence operability issues. Liquid fuels require proper atomization to
ensure complete vaporization and sufficient mixing with air prior to combustion. Atomization is
the process in which liquid fuels are broken down to produce fine sprays. Viscosity and surface
tension, for example affect spray quality during atomization, and hence have a direct impact on
combustion performance (Fraser, 1957). Detailed discussion of atomization is provided in section
1.3 below. The coupled effects of chemical composition, heating values, kinematic viscosity,
specific gravity. and surface tension make it very difficult to develop a unified criteria or index of
determining a fuel flexible combustion system’s operability on any given liquid fuel; and only
little research has been done in this area. In the present research, the challenge associated with
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liquid fuel atomization is addressed using a Flow Blurring (FB) injector that at laboratory scale
has shown efficient atomization and clean combustion with fuels of wide range of viscosity.

1.3 Liquid Fuel Atomization
Fuel atomization is one of the key factors affecting combustion performance of liquid fuels.
Small droplets provide larger surface area for a given fuel volume resulting in faster evaporation
and improved fuel-air mixing (Joyce, 1949; Lefebvre, 1989). Among the different fuel atomization
techniques, the most commonly used ones are pressure driven as in direct injection systems; kinetic
energy driven as in twin-fluid atomizers, centrifugal energy driven as in rotating discs; and those
which are less well known including the flashing, electrostatic, vibratory, and ultrasonic atomizers
(Lefebvre, 1989; Kreith, 2000).
Schematic illustrations of the most common types of pressure atomizers, rotary atomizers
and twin-fluid atomizers are shown in Figure 1.1 (Lefebvre, 1989). Of the three common types,
rotary atomizers are typically used in crop drying and spray cooling, and not commonly used in
combustion applications. Pressure atomizers on the other hand are the simplest and most
commonly used types in combustion (Lefebvre, 1989). In these atomizers, liquid is injected at high
pressure through a small orifice. There are different varieties of pressure atomizers, and generally,
because of their simplicity in design, high turndown ratio and ease of operation, they are mainly
used in intermittent injection IC engines and in gas turbines and industrial furnaces where
traditional fuels are employed. However, pressure atomizers are typically unable to produce fine
sprays with high viscosity liquids, and heavy oils, especially at low supply pressure (Shepard,
2011).
Twin-fluid atomizers utilize energy provided by a gas which is introduced in the injector
system, mainly for the purpose of enhancing atomization of the liquid fuel (Kreith, 2000). Because
3

twin-fluid atomizers provide good atomization for a given pressure and typically are less prone to
clogging due to their relatively larger orifice diameters, they are favored in continuous flow
combustion applications where heavier alternative oil fuels and waste fuels are used (Lincheta et
al, 2002). However, they are also very common in applications where conventional fuels are used.
Depending on the location where the atomizing gas and the liquid fuel mixing takes place,
twin fluid atomizers can be categorized as internal mixing and external mixing types (Kreith,
2000). Air-blast (AB) atomization, which is illustrated in Figure 1.2 is a typical of external mixing
twin fluid atomization technique. In this technique, air and liquid are supplied separately to the
injector, and mixing takes place downstream of the nozzle orifice. Air is delivered at a relatively
high velocity to break up the fuel jet and to disperse the resulting spray in the combustion zone.
The primary mechanism of liquid droplet break up and atomization is the shear layer instabilities
at the interface of the atomizing air and the liquid because of high relative velocities between the
two phases (Lefebvre, 1989). AB atomizer generally requires low supply pressure than pressure
atomizers to produce fine droplets (Shepard, 2011). However, in highly viscous liquids such as
vegetable oil, shear layer instabilities imposed by the atomizing air in an AB atomization are
suppressed by the high kinematic viscosity of the liquid, giving rise to less effective droplet break
up and relatively larger droplet sizes (Simmons et al, 2009). Another shortcoming of AB atomizer,
or generally external mixing type of atomizers is that they tend to lose more fluid energy to the
ambient because a large portion of the atomizing air is simply diverted into the combustion zone
on the periphery of the spray zone without interacting with the liquid phase (Lefebvre, 1989).
A typical atomization technique of the internal mixing type is a method referred to as
effervescent atomization (EA) which was developed in the late 1980s by Lefebvre and his
colleagues (Lefebvre et al, 1988). In EA, as shown in Figure 1.3, a pressurized gas is injected into
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the bulk liquid inside the atomizer body, upstream of the nozzle orifice. Bubbles formed by the
injected gas are then expanded rapidly when the two phase mixture is exposed to low pressure
zone at the orifice exit thereby shattering the liquid into droplets. EA is reported to produce a spray
with very fine droplet sizes. Besides, because the velocity of air is roughly the same as that of the
liquid, it requires smaller amount of air per unit mass of liquid compared to other similar internal
flow atomizers (Shepard, 2011). Despite these advantages, however, EA atomization has some
known drawbacks. Because, the atomizing air mixes with liquid internally, atomizing-air needs to
be pressurized to the fuel’s pumping level so that it can penetrate into the liquid stream (Simmons,
2009). Furthermore, the spray produced can exhibit unsteadiness related to pressure differences
between atomizing air and liquid fuel upstream of the orifice exit resulting in unstable combustion
and flame blow out. In that aspect the external mixing type injectors have advantage over internal
mixing atomizers because the atomizing air doesn’t enter the fuel tube, hence flow pulsations that
arise due to pressure differences between the liquid and atomizing air are avoided (Lefebvre,
1989).
A novel twin-fluid atomization technique which is known as FB atomization was proposed
by Gañán-Calvo (2005). This technique is reported to produce finer droplets with atomization
efficiency of tenfold when compared to AB atomization (Gañán-Calvo, 2005). Figure 1.4 shows
schematic illustration of FB atomization’s working principle. Atomizing air is forced through a
small gap between the exit of fuel tube and a coaxial orifice located at distance ‘H’ downstream
of the fuel tube. Gañán-Calvo et al (2005, 2008) reported that for H/D of 0.25 or less (here D is
the orifice diameter), the atomizing air flow turns radially as it enters the gap H and a stagnation
point develops somewhere between the exit of fuel tube and the orifice. Thus, the atomizing air
flow is bifurcated about the stagnation point, with part of the air being directed upstream into the
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fuel tube and the rest flowing out through the orifice. As a result, part of the atomizing air
penetrates down into the incoming liquid and mixes turbulently with the liquid. Bubbles are formed
giving rise to two phase mixture. The air bubbles then expand and burst as they experience sudden
pressure drop across the orifice shattering the liquid to form very fine droplets.

1.4 Previous Research
Our research group has produced and tested a swirl stabilized dual fuel burner of 7 kWth
capacity which utilizes the FB atomizer. The burner can utilize gaseous and liquid fuels separately
or both gaseous and liquid fuels at the same time. Details on working mechanism of the system
along with schematics are covered in the next chapter. Initial tests, with diesel and kerosene fuels
resulted in very low CO and NOx emissions levels, when operated at optimal operating conditions
(Panchasara et al, 2009). Panchasara’s results also show that with kerosene combustion, FB
atomization resulted in lower emissions of CO and NOx compared to AB atomization, and the
emission levels reduced with increase in percentage of atomizing air (AA) as can be seen in Figure
1.5. Later Simmons et al (2011, 2012) showed that at lab scale of 7 kWth combustion capacity,
FB atomizer has superior atomization capability in terms of producing smaller droplets when
compared to AB atomizer. Simmons (2010, 2011) and later Jiang (2012) demonstrated the
injector’s capability of burning fuels of very high viscosity, including straight vegetable oil (VO)
and glycerol with low emissions. Table 1.1 compares thermo-physical properties of diesel, VO
and glycerol. From the table it can be noted that glycerol’s properties pose a difficult task of
atomizing it effectively. Glycerol is almost 200 times more viscous and requires 3 times more heat
of vaporization compared to diesel. Besides glycerol’s energy density very low at 16 MJ/kg,
compared to 42.79 MJ/kg of diesel and 37 MJ/kg of Vegetable oil (VO). VO on the other hand,
even though less viscous than glycerol, it still is 10 times more viscous than diesel.
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Figures 1.6 - 1.10 show results of spray, flame images and emission levels of different fuels
and compositions by Simmons (2009, 2010, and 2012). Figure 1.6 show comparisons of Sauter
Mean Diameter (SMD) of water spray for FB and AB atomizers at Air to Liquid (ALR) ratio of
2.5. SMD is a measure of volume to surface area ratio of the spray, and is an indicator of spray
fineness. ALR is the ratio mass flow of atomizing air to the atomized liquid. Figure 1.6 shows that,
FB injector produces more uniform droplets and on average smaller SMD than that of AB injector.
Simmons and Agrawal (2010) have also shown that droplet SMD decreases with increase in ALR.

Table 1.1 Comparison of Fuel Properties (at 25 oC)
Property

Diesel

Vegetable Oil

Glycerol

Density [kg/m3], 25°C

834

925

1216

Kinematic Viscosity [mm2/s], 25°C

3.88

53.74

741

Lower Heating Value [MJ/kg]

42.79

37

16

Auto-Ignition Temperature [°C]

260

406

370

Vaporization Temperature [°C]

160-370

327 °C

290

Heat of vaporization [kJ/kg]

268

-

974

Figure 1.7 shows flame images of diesel, biodiesel and vegetable oil (VO) at different ALR.
It can be seen that the flames tend to become bluer with increase in ALR indicating improved
combustion due to spray with smaller droplets achieved at higher ALR. Figure 1.8 shows glycerolmethane dual fuel combustion at different proportions of methane and glycerol. More importantly,
the results show combustion of 100% glycerol without preheating, which is a significant
achievement, given that glycerol is very viscous and low energy density liquid.
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Figures 1.9 show CO and NOx combustor exit plane emission profiles of diesel, biodiesel
and VO combustion for AB and FB injectors. The plots show that in all cases FB produced lower
emission levels of less than 15 ppm of CO and less than 100 ppm of NOx for all fuels and more
uniform profiles when compared to AB. Figure 1.10 shows CO and NOx emission profiles for
methane-glycerol combustion at different proportions. It can be seen that increasing proportion of
methane has positive effect on CO levels, but negative effect on NOx concentration.
The experimental findings in the laboratory scale system (7-kWth heat release rate or HRR)
have distinct importance for solving some of the environmental and economic concerns associated
with waste fuels. For example, currently crude glycerol is generated as byproduct of biodiesel
production and it is considered as waste because, despite its significant energy content of 16 MJ/kg,
it is very difficult to atomize and burn it with traditional injectors and in its crude form, it is of
limited use (Bohon et al, 2011).
Gañán-Calvo (2008) explains that turbulent two-phase mixing of atomizing air and liquid
fuel, characterized by “turbulent inertial cascade mechanics” is the main mechanism of spray
formation and eddy scales developed in the turbulent mixing play major role in determining spray
droplet sizes. Later Jiang and Agrawal (2015) experimentally showed that air bubbles are formed
in the two phase zone, which then burst as they are exposed to sudden pressure drop across the
exit orifice shattering the liquid to form fine sprays. Figures 1.11 and 1.12 respectively show
internal visualization of the air – water mixing and near field of FB injector visualization using
water by high-speed imaging technique. The 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. Jiang and Agrawal (2015) presented high speed visualization of
glycerol spray near field of the FB injector. As shown in Figure 1.13, as ALR increased spray
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angle became narrower. The results also show that with glycerol, 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 RayleighTaylor 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.

1.5 Objectives
All the previous combustion experiments on FB atomizer were conducted on a lab scale
system of about 7 kWth capacity. FB atomizer in small scale has shown good spray performance
with variety of liquids and great potential in clean combustion of traditional fuels, biofuels and
glycerol with low emissions. However, the atomizer has not yet been scaled-up and its potential
for large scale industrial combustion devices and high pressure aviation applications hasn’t yet
been studied. The present study has three main objectives:
I.

To develop and characterize a fuel flexible combustion system of larger capacity that
utilizes a FB atomizer by scaling up the small scale system of 7 kWth capacity. To achieve
this:
a. Develop a methodology to scale-up the combustor utilizing FB injector.
b. Develop a scaled-up experimental set-up to increase the HRR by about an order
of magnitude.
c. Conduct combustion experiments on the scaled-up system and take flame images
and emissions measurements acquired for a range of ALRs and HRRs using diesel
and vegetable-oil fuels.
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d. Conduct combustion experiments on the scaled system with low energy density
and very high viscosity fuel (glycerol), take infrared images and emissions
measurements and analyze the results.
II.

To demonstrate operational capability of the scaled up combustion system at industrial test
site. To achieve this:
a.

Develop a portable industrial burner to be retrofitted and operated at industrial
test site.

b.

Operate and characterize performance of the portable industrial burner with
glycerol and methane fuels.

III.

Characterize pressure drop characteristics and combustion performance FB atomizer at
elevated pressures to establish a framework for its future utilization in power generation
and aviation industry.
a. Develop a high pressure liquid fuel combustion system that utilizes FB atomizer.
b. Measure and analyze atomizing air pressure drop across the fuel atomizer at
different operating pressures for range of ALRs.
c. Characterize combustion performance of the high pressure system at different
operating pressures, heat release rates and ALRs using flame images and
emissions measurements.
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Figure 1.1 Schematic diagrams illustrating the most common of (a) Pressure Atomizers (b)
Rotary Atomizers and (c) Twin-Fluid Atomizers (Lefebvre, 1989)
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Figure 1.2 Illustration of Air Blast Atomization
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Figure 1.3 Illustration of Effervescent Atomization
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Figure 1.4 Illustration of Flow-Blurring Atomization
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Figure 1.5 Radial profiles of CO and NOx emissions of kerosene combustion for different
percentages of atomizing air (AA) for FB and AB atomization (Panchasara et al, 2009)
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Figure 1.6 SMD of water spray for FB and AB atomizers at ALR = 2.5 and axial distance Y = 3
cm (Simmons and Agrawal, 2010)
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Figure 1.7 Flame images at constant HRR (a) diesel, b) biodiesel, (c) VO (scale in cm)
(Simmons and Agrawal, 2012)
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Figure 1.8 Flame images of Glycerol-Methane combustion (G25 = 75% Methane, 25% Glycerol
and G100 = 100% glycerol) (Simmons et al, 2010)
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Figure 1.9 Comparison of CO emissions between FB and AB injectors, ALR = 2.0
(Simmons and Agrawal, 2012)
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Figure 1.10 CO and NOx emissions of Methane- Glycerol combustion at exit plane of insulated
combustor (Simmons et al, 2010)
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Figure 1.11 The internal visualization of a FB injector (Agrawal et al, 2013)
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Figure 1.12 Spray visualization in the injector near field for ALR = 2.0 at spatial resolution of
7.16 μm/pixel and exposure time of 1 μs (Jiang et al, 2015)
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Figure 1.13 Glycerol Sprays for different ALR (Jiang and Agrawal, 2015)
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CHAPTER 2
SCALING OF SWIRL STABILIZED COMBUSTION SYSTEM WITH FLOW
BLURRING ATOMIZER
2.1 Background

Flow-Blurring (FB) atomization has a great industry potential, especially in areas of fuel
flexibility and alternative fuel combustion. As discussed in the previous chapter, FB atomization
produces sprays of finer droplets and more uniform distribution when compared to mainstream
AB atomization (Simmons et al, 2010; Simmons and Agrawal 2011). FB injector also offers
distinct benefits for low-emission fuel-flexible gas turbines that could operate not only with
conventional light fuel oils, but also alternative fuels including biomass derived VOs, waste
byproducts, and even minimally processed crude oil and glycerol. The capability of burning
glycerol with kinematic viscosity of about 500 times greater than that of diesel fuel has a distinct
importance because, currently, crude-glycerol, a byproduct of biodiesel production, is considered
waste with no apparent economic benefit (Bohon et al, 2011).
Previously, our research group has produced and tested a 7-kWth capacity swirl stabilized
dual fuel burner that utilizes a FB injector. Schematic diagram of the swirl stabilized burner is
shown in Figure 2.1. In the figure, primary-air refers to air introduced into the system for the sole
purpose of combustion. Atomizing-air is supplied through a dedicated line that is connected to the
FB injector. A swirler is used to enhance fuel-air mixing and to stabilize the flame. A FB injector
of 1.5 mm orifice diameter is used to atomize various conventional and alternative liquid fuels.
However, despite the favorable experimental findings on the small-scale combustor of 7 kWth
capacity the performance of the FB injector in a large scale combustion system hasn’t yet been
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characterized. A particular challenge is to develop the methodology to scale-up the small scale
injector-combustion systems to a large-scale combustion system. The objective of this study is,
therefore, to develop a theoretical basis for scaling the FB injector and associated combustion
systems, and to experimentally verify the scaled-up design employing swirl-stabilized combustion.
The scaling methodology, experimental approach, and experimental results of diesel and VO
combustion under different operating conditions are presented in the following sections.

2.2 Scaling
In the context of reacting flows, scaling has been defined as the ability to design new
combustors, including fuel injectors and injection elements, with predictable performance on the
basis of test experience with existing systems (Kenny et al, 2006). When considering scaling of a
reacting flow system, understanding the physics of individual processes and defining predictive
similarity parameters is vital. The literature provides examples where many of these individual
processes are listed and some of their interactions discussed (Jiang et al, 2010; Rosner, 2012).
Figure 2.2 shows the major processes of typical swirl-stabilized liquid fuel combustion with FB
atomizer: (1) fuel injection and atomization determined by the fuel injector, (2) fuel vaporization
and fuel-air mixing depending upon the flow and temperature fields in the near injector region,
and (3) chemical reactions in the mainly premixed reaction zone influenced by the equivalence
ratio and residence time. A number of quantitative and qualitative parameters can be used to
characterize the combustor performance in terms of flame structure and stability, turn-down ratio,
heat transfer characteristics, exhaust composition and emissions, etc. The success level of a scaling
approach is, therefore, measured by the degrees of achieved similarities in these quantities between
the different scales. Several scaling laws have been formulated and the most commonly considered
laws include: constant residence time scaling, constant Reynolds number scaling, and constant
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velocity scaling (Baukal, 2004; Kumar et al, 2005; Weber, 1996). Constant velocity criterion is
the most favored and has been frequently used since it maintains an acceptable velocity range for
the primary stream. The burner thermal input (Q) can be calculated using:
 f LHV 
Qm

(2.1)

Where: m f and LHV respectively are mass flow rate and lower heating value of the fuel. For a
fuel with fixed LHV, thermal inputs for the two scales is given by
Q L m f L

QS m f S

(2.2)

Here subscripts ‘L’ and ‘S’ denote the large and small scale systems.

2.2.1 Geometric Scaling
In premixed combustion systems, reactions rates and emissions depend upon the
equivalence ratio, which must be kept the same between the different scales. For a fixed
equivalence ratio, the ratio of fuel mass flow-rates for the two scales must be equal to ratio of total
(fuel plus oxidizer) mass flow rates, thus:
QL m f  m a L m L


QS m f  m a S m S

(2.3)

Mass flow rate can also be expressed as:

  V  uA
m

(2.4)

where ρ, u and A are the reactant mixture density, average axial velocity, and flow cross sectional
area, respectively. For a combustion system operating at a given pressure, the reactant mixture
density of two scales is approximately the same. With constant velocity criterion
can be re-written as:
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u L  uS  Eq. 2.3

2

QL AL d L


QS AS d S 2

(2.5)

where d is the characteristic diameter of the combustor.
The constant velocity criterion given by Eq. 2.5 provides a simple approach to scale the
combustor geometry. In this study, the small scale combustion system with QL = 7 kWth is scaled
up to deliver QH > 60 kWth in scaled-up system, i.e., increase in heat release capacity by about 9
times. Thus, all circular cross sections of the large scale combustion system were enlarged by about
9 times the small scale system, which resulted in all scaled-up system diameters of about 3 times
the small scale burner components. For components with a limit on maximum allowable
dimension, care was taken to minimize the difference in the local flow velocity of the two systems.
Geometric modifications were implemented on the FB injector, mixing tube and swirler, and
combustion enclosure. Figure 2.3 shows schematic diagram of the scaled up parts of the burner,
and the injector. Summary of dimensions of the small scale and scaled –up systems is given in
Table 2.1. Detailed discussion on functions of the burner components is provided in experimental
section 2.4.
Note that burner parts with complex geometries such as swirlers and internal components
of the injector cannot be solely characterized by geometric scaling, and thus, geometric features
that affect the flow processes should be considered. In such parts, as will be discussed next,
component based scaling approach is applied, where geometrical scaling of the individual
components is undertaken part by part through consideration of the flow processes relevant to that
part.
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2.2.2 FB Injector Scaling
In liquid fuel combustion systems, the processes of atomization could be affected by any
modification of the injector design. In an ideal case, characteristic measures of the fuel injector’s
performance, such as droplet diameter distribution, SMD, and droplet velocity should not be
altered by the geometric scaling. The similarity in performance between the two scales can only
be achieved if the processes of atomization are identical. One of the key parameters for twin-fluid
atomization is the ratio of atomizing air to liquid mass flow rates, or
.

.

ALR  maa / m f

(2.6)

Atomization itself is a highly non-linear process that occurs over multiple steps.
Researchers generally agree that there are at least two steps, primary and secondary atomization
(Kenny et al, 2006). The term primary atomization is traditionally used to define the process of
breaking-up of liquid jets or sheets at the injector exit to form unstable liquid ligaments and
relatively large droplets, which further are broken down into smaller droplets by secondary
atomization (Lefebvre, 1989). For AB atomization, several dimensionless scaling parameters, but
mainly Weber number (We) and Ohnesorge number (Oh) defined by Eq. 2.7 are involved with
atomization:
  U 2D
We   a R 
  

(2.7a)


Oh  



(2.7b)

 
 l D 

Weber number accounts for the aerodynamic breakup caused by the shear stresses at the
liquid-gas interface of the droplet resulting from the difference in velocities between the two
phases. Because the density of air (  a ), and surface tension of liquid (σ) are usually constant for
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a given operational pressure, variations in We are typically imposed by changes in the relative
velocity between the two fluid streams (UR). Ohnesorge number measures the relative importance
of interfacial viscous stress and surface tension and it is usually incorporated in modified versions
of Weber number, whenever the effect of viscosity is appreciable.

Table 2.1 Summary of dimensions of small scale and scaled up burner components
(the letters in bracket show designations of the parameters in Figure 2.3)
Dimensional parameter

Small scale burner (mm) Scaled-up burner (mm)

Injector Orifice diameter (D)

1.5

4

Injector’s fuel-tube to orifice spacing(H)

0.375

1

Dump plane internal diameter (A)

38

110

Swirler outer diameter(B)

38

100

Combustor internal diameter(C)

76.2

200

In FB injector, the primary atomization is not initiated by the formation of unstable
ligaments as in the cases of jet or sheet break-ups. Instead, the primary atomization is caused by
bubble explosion at the injector orifice as shown in Figure 2.2. Recent experiments by Jiang et al
(2014) have shown that very small droplets are already formed at the injector exit, signifying that
most of the bubble explosions take place within the small distance across the injector orifice exit.
Secondary atomization is still present, and helps to further disintegrate the droplets using the wellknown shear forces, dependent upon the Weber number. Shepard (2011) has recommended a nondimensional parameter to quantify expansive energy of bubble explosion in effervescent
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atomization. The un-named similarity parameter is the ratio of the driving pressure force due to
pressure drop across injector orifice to surface tension:
BEA 

Pd e

(2.8a)



where ΔP is pressure drop across the injector, and de is orifice diameter. A similar parameter is
used to characterize the expansive energy of pressurized bubbles that drive the process of primary
atomization in FB injector. However, bubble sizes in FB atomization are much smaller than orifice
exit diameter (Jiang et al, 2014; Simmons and Agrawal, 2012) and hence, bubble diameter (db) is
used as characteristic diameter instead of de, and the parameter has the form
BFB 

Pd b

(2.8b)



Considering the effects of aerodynamic forces and expansive energy of bubbles, a
simplified expression for droplet SMD can be written as follows:
SMD  f ( ALR, BFB ,We)

(2.9)

Because the primary atomization occurs within the FB injector, the time for aerodynamic
breakup is significantly reduced, and hence the effect of Weber number is minimal. Even if
secondary atomization is present, the Weber number for the small and large scale systems would
be approximately the same if the constant velocity scaling is applicable in the near injector region.
Therefore, reasonable prediction on scalability of FB injector can be performed by neglecting the
Weber number in Eq. 2.9. Following Eq. 2.9, similarity in FB atomization process for a given ALR
can be achieved by matching the parameter BFB for the two scales.
Experiments by Simmons and Agrawal (2012) have shown that the pressure drop across
the FB injector depends only upon the atomizing air mass flow rate or the average axial velocity
at the injector orifice, and it is insensitive to the fuel type or the fuel flow rate. Thus, pressure drop
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across the FB injector of two scales would be the same if the average axial velocity of atomizing
air flow through the injector is matched by simple geometric scaling of the injector as discussed
previously. Matching the parameter BFB therefore requires matching the characteristic bubble
diameter (db) between the two scales. However, there is no easy way of controlling the bubble
diameter since the mechanisms of bubble formation inside the injector are not fully understood.
Yet, it has been experimentally determined that for a given fuel, droplet diameter is strong function
of injector geometry (H/D in Figure 2.4) and ALR. Accordingly, it is hypothesized that for a given
ALR, the bubble diameter is a function of H/D. Thus, for a given ALR, matching H/D and
atomizing air velocity through the FB injector will match parameter BFB and thus, match SMD in
small and large scale systems. This analysis shows that simple geometric scaling of the FB injector
is also effective in scaling the primary FB atomization process. Note that the bubble generation
and atomization processes are also affected by turbulence, which has not been considered
explicitly in this study mainly relying upon first order approximations.

2.2.3 Swirler Scaling
In the laboratory scale burner, the primary air is introduced through a swirler located at the
dump plane of the combustor. Swirler imparts swirling motion to the incoming primary air, creates
a central recirculation zone, improves secondary atomization, and enhances fuel evaporation and
fuel-air mixing. Indirectly, it increases the temperature in the near injector region promoting faster
fuel evaporation and efficient combustion. Hence, fuel vaporization and fuel-air mixing are greatly
affected by the swirler design. The degree of the swirl (swirl strength) is characterized by a nondimensional swirl number (S), which represents the radial flux of the swirl momentum ( G )
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divided by the axial flux of the axial momentum ( Gz ) times the equivalent nozzle radius (Gupta
et al, 1984; Syred and Beer, 1974). Thus,

S

G
Gz d / 2

(2.10)

Gupta et al (1984) have developed an equation of swirl number for straight vane swirlers
by transforming the momentum terms into geometric representations of swirler design. Figure 2.4
shows a schematic of swirler geometric representation, where hub diameter (dh) is the internal
diameter of swirl vanes, do is the external diameter of the vanes and vane angle (  ) is the angle at
which the vanes are aligned with respect to the vertical axis. Thus, the swirl number as a function
of these geometrical dimensions is given by:

2 1  (d h / d o ) 3
S [
] tan 
3 1  (d h / d o ) 2

(2.11)

The swirl stabilized combustion system is designed in such a way that all of the primary
air flow at the combustor dump plane is guided by the swirler vanes. To ensure similarity of the
fuel vaporization and fuel-air mixing processes, swirl strength (S) and Reynolds number (Re) of
the two scales must be the same. Because the flow velocity remains constant as the characteristic
dimensions are increased with scaling, Re of the scaled up system will be higher compared to the
small scale system. The bulk axial inlet velocity of the primary air is around 2 m/s for both scales,
which resulted in Reynolds number of around 6500 for the small scale system and 18000 for the
scaled-up system. However, for a fully turbulent flow the disparity between Re of the two systems
can be neglected for a first order analysis. The similarity in S can be achieved by maintaining the
same diameter ratio (dh/do) and vane angle (  ). For the small scale system, the hub diameter is
equal to the outer diameter of the fuel injector element and the external diameter of vanes is equal
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to the inside diameter of the primary air supply tube. With scaling, the outer dimensions of injector
element is unaffected, because the element is much larger compared to the injector orifice
dimensions. Hence, the hub diameter for two scales is kept the same. However, to ensure that all
the incoming air is swirled, the outer diameter of the swirler must be equal to the supply air tube
diameter. Thus, the magnitude of dh/do cannot be maintained for the two scales with a single
swirler; and so, a double co-swirl design with two concentric swirlers of the same dh/do and



is

implemented. Figure 2.5 shows photographs of the small scale swirler and scaled-up design with
two concentric co-swirlers.

2.2.4 Combustor Scaling
The combustion chamber in the swirl stabilized burner system is a cylinder characterized
by two basic geometric dimensions, length and diameter. Constant velocity criterion is
straightforwardly applied to scale the combustor diameter. The combustor length, however, is
scaled based on the residence time in the combustor that affects combustion intensity and
completion, and emissions of CO, NOx, and unburned hydrocarbons. The residence time in the
combustor is given by Eq. 2.12:
.

 r  V / m

(2.12)

Here V is the volume of the combustion chamber. The flow residence time of the two scales
must be the same, which results in the following similarity equation:
.
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Where Lc and dc are respectively combustor length and combustor diameter. Using Eq. 2.5 relating
diameters of the two scales to the thermal scaling factor, Eq. 2.13 is reduced to:
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LcL
1
LcS

or

LcL = LcS

(2.14)

Therefore, the combustor length for the two scales is the kept same.

2.3 Experimental Set-up and methodology
Scaling approach discussed in the previous section was used to design the large scale
system, tested in the experimental setup shown schematically in Figure 2.6. Compressed air is
dehumidified and split into primary air supply and atomizing air supply lines. Natural-gas, used to
start the combustor, is supplied from high pressure storage cylinders and is regulated to around
700 kPa. A peristaltic pump, with measurement uncertainty of 0.25% is used to supply liquid fuel.
Laminar flow elements are used to measure the primary-air and natural-gas flow rates. The
atomizing-air flow rate is measured and controlled by a Smart Track 2 Series 100 mass flow
controller of 1.0% accuracy. Combustion products are sampled continuously by a quartz probe
with its tip tapered to 1 mm ID, mounted on a manual traversing system. A Nova gas Analyzer
with uncertainty of 2 ppm is used to measure concentrations of CO and NOx in the dry exhaust
gas sample. The analyzer also measures O2 and CO2 concentrations, used to verify the equivalence
ratio computed from the measured flow rates.
Experiments were conducted with a conventional fuel (diesel) and an alternative fuel
(vegetable oil) for different ALRs and heat release rates (HRRs) or firing rates (FRs). Table 2.2
lists the key physical properties of the fuels considered in this study. The equivalence ratio was
kept constant at around 0.75 by controlling the total air flow rate which is the summation of the
atomizing air and primary air flow rates. For a fixed fuel flow rate, ALR was varied by changing
the split between primary and atomizing air flow rates for a constant total air flow rate. The HRR
was controlled by varying the fuel flow rate and total air flow rate for fixed equivalence ratio. A
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parametric study of combustion performance at different operating conditions was conducted to
analyze flame images and radial profiles of CO and NOx emissions at the combustor exit plane.

Table 2.2 Comparison of fuel Properties (at 25 oC)
Property

Diesel

Vegetable-Oil

Density [kg/m3]

834

925

Kinematic Viscosity [mm2/s]

3.88

53.74

LHV [MJ/kg]

44.6
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Auto-Ignition Temperature [°C]

260

406

Vaporization Temperature [°C]

160-370

2.4 Results and Discussions
In this section experimental results are presented by operating the scaled-up combustor first
with diesel and then with vegetable oil. For each case, visual flame images, flame lift-off height
data, and CO and NOx emissions at the combustor exit plane are presented for a range of test
conditions.

Whenever possible, results from small-scale combustor are shown to make

comparisons between the two scales.

2.4.1 Combustion Uniformity
The percentages of O2 and CO2 in the exhaust are taken from gas analyzer readings to
determine radial equivalence ratio profile, with the purpose of analyzing combustion uniformity,
and validating the mass balance. Figure 2.7 shows radial profile of equivalence ratio, as calculated
from the exhaust readings of diesel combustion for ALR of 2.8 and HRR of 54 kW. Selection of
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i.

the ALR and HRR was based on the conditions that suit the burner’s optimum performance, as
will be seen in the later sections. Of the three profile curves shown in the graph, flow rate data
represents equivalence ratio 0.75 of the input mixture, and is placed for reference purposes; and
O2 data and CO2 data represent the values which have been evaluated from O2 and CO2
concentrations that were taken from the gas analyzer readings. From the curves, it is evident that,
apart from regions near the combustor wall, where the equivalence ratios are lower than the
average trend, most of the points lie in between 0.7 and 0.8 in both cases, hence, roughly
converging to the input equivalence ratio. These results validate the accuracy of flow and emission
meters discussed in the Experimental Setup and also are indicators of minimal effects of other
possible sources of experimental errors, such as leakages.

In addition to validating the

experimental results, the exhaust equivalence ratio profile also represents the degree of uniformity
of combustion processes along the radius. From the profile it can be observed that there was
reasonable uniformity around the central axis, with significant variations towards the walls.

2.4.2 Diesel Combustion
Figure 2.8 shows photographic flame images of diesel combustion for HRR = 54 kW th or
FR = 90%, and ALRs between 1.5 and 3.1. For ALR = 1.5, much of the flame zone is blue, which
is typical of premixed combustion. Few yellow streaks indicative of soot in the downstream region
signify localized zones with diffusion mode combustion. However, as ALR increases, the yellow
streaks tend to reduce, and for ALR = 2.5 and higher, the flame is completely blue, which indicates
a dominant premixed combustion as a result of very small droplets facilitating excellent fuel-air
mixing upstream of the reaction zone. The flames also tend to be longer at higher ALRs, which is
attributed to the increased flow velocity at the injector exit resulting from an increase in the
atomizing air flow rate. Increasing the ALR above 2.5 tends to result in fainter blue and more lifted
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flames, which is evidenced by the image for ALR = 3.1. These results are in good agreement with
previous findings on diesel combustion with FB injector in the small scale system (Simmons,
2012) and show the scaling approach presented in this paper has resulted in a good combustor
design using the FB injector.
In general, even though increasing ALR has a positive effect on flame quality (i.e., clean
blue flame), increasing it above 3.0 tended to have negative effect on static flame stability.
Simmons and Agrawal (Simmons and Agrawal, 2010) have shown that an increase in ALR
produces spray with smaller droplet diameters but higher velocities. Ideally, small droplets are
desirable for better fuel-air mixing and cleaner combustion. However, in addition to droplet
diameter, average droplet velocity and vaporization residence time of the spray droplets are equally
important and have direct impact on flame lift-off height and static flame stability. Based on
experimental results in this combustor, the range of ALR for diesel fuel should be limited to
between ALR of 2.0 and 3.0.
Flame lift-off height, which is shown in the flame images as dark zone below the flame is
where most of the fuel vaporization takes place. Assuming that droplets are completely vaporized
before combustion, flame vaporization distance can be represented by the axial distance between
the fuel injector exit plane and flame base. However, depending on fuel-air mixing processes and
local temperature, it is likely that the flame base will be below or above the plane with complete
droplet vaporization. The axial distance traveled by droplets for complete vaporization (L) can be
approximated with a simple velocity – distance relationship given by:
t tvap

L

U

f

dt  U f t vap

t 0
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(2.15)

Where Uf is average fuel droplet velocity. The tvap is the droplet vaporization residence time, which
can be derived from D-square droplet vaporization model given as:
tvap = Din2 /K

(2.16)

Here Din is the initial droplet diameter and K is the evaporation constant which varies considerably
with the ambient temperature, and fuel properties. Thus, Eq. 15 is re-written as:
L = (Uf Din2)/ K

(2.17)

Mathematically computing L at different ALR, therefore, requires appropriate estimates of
Uf, Din and K. The average velocity at the injector exit, which increases proportionally with ALR,
can be determined from measured mass flow rates through the injector. However, because of the
strong swirl in near field of the injector, the radial component of droplet velocity can be significant.
Uf at different ALRs is, hence, estimated from measurements of Simmons and Agrawal (2010),
reporting values range between 5 m/s at ALR = 2.0 to around 10 m/s at ALR = 4.0. Similarly, the
average initial droplet diameter Din at different ALR have also been experimentally determined
and results show that an increase in ALR from 2.0 to 4.0 resulted in 15% decrease of Din. Prevaporization zone temperature measurements by Jiang et al (2014) show that, the average dark
zone temperature both for diesel and VO in a similar experimental set-up is around 1100 K. At
this temperature, the evaporation constants (K) for diesel and VO respectively are 0.252 mm2/s
and 0.133 mm2/s.
The analysis presented above is rather simple since it does not consider droplet preheating,
internal mixing within the droplet, or the multi-component fuel vaporization. Still, the simple
analysis is used to estimate the distance to completely vaporize the droplet in the dark zone
upstream of the flame front. Calculated results are shown in Figure 2.9, where measured data on
flame lift-off height for small and large scale systems are also shown for comparison. The figure
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shows that measured lift-off heights and trends are similar in both scales, again indicating
workability of the scaling methodology. Interestingly, the calculated droplet vaporization distance
is smaller than the measured flame lift-off values, especially at higher ALR. This result indicates
that the diesel droplets are completely vaporized before reaching the reaction zone, which is
consistent with the premixed blue flames observed in Figure 2.8, especially for ALR = 2.5 and
higher.
Figure 2.10 shows radial profiles of CO and NOx emissions at different ALRs both for the
two systems. In both case, equivalence ratio is 0.76, and the HRRs for the small and large scales
are 7.4 kWth and 54 kWth, respectively. The horizontal-axis represents normalized radial position
(r/R) at the combustor exit plane. As can be seen from Figure 2.10(a), CO emissions for both scales
are quite low (less than 20 ppm) although they are slightly higher for the scaled-up combustor. In
both systems, CO emissions decrease with increase in the ALR, which can be attributed to smaller
initial droplet and thus, better fuel-air mixing at higher ALR. Figures 2.10(b) shows radial profiles
of NOx emissions at the combustor exit plane. Comparing the small scale system at ALR = 3.0
and large scale system at ALR = 2.8, similarly very low ppm levels are registered in both cases.
NOx production increases as ALR decreases in both small and large scale systems. Interestingly,
at lower ALRs, the large scale system performs better than the small scale system. These results
show that CO and NOx emissions of the two scales are consistent with each other, and again
highlight that the proposed scaling methodology is effective in scaling the combustor with FB
injector.
A qualitative and quantitative study of the scaled-up FB injector’s response to change in
firing rates (FR) was conducted by operating it on diesel at ALR = 2.8 for a range of FR between
0.4 and 1.0, where FR = 1.0 corresponds to the design capacity, i.e., HRR = 60 kW th. Figure 2.11

39

shows diesel flame images at different firing rates. Flames at higher FR exhibited similar
characteristics of stable flames with similar flame lengths but differing widths (FR of 1.0 produced
widest flame). Minor flame fluctuations were noticed at FR = 0.6, and significant fluctuations
occurred at FR = 0.4 and lower. Emission measurements were acquired for FR = 0.8 (HRR = 48
kWth) and FR = 0.9 (HRR = 54 kWth) as shown in Figure 2.12. Emission levels for both firing rates
are found to be very low at less than 15 ppm of CO and NOx. Lower HRR combustion resulted in
slightly higher emission levels when compared to the higher HRR case.

2.4.3 Vegetable Oil (VO) Combustion
Figure 2.13 shows flame images of VO combustion for HRR = 54 kWth and ALRs between
1.5 and 3.1. Similar to the diesel flames, as ALR increased, the yellow sooty regions decrease
resulting in increasingly blue flame indicating improved fuel-air mixing in the dark zone near the
injector exit. At lower ALRs (< 2.0) VO tended to produce more sooty flames characterized by
yellow or orange color when compared to diesel. Although the spray quality of FB injector has
less dependence on fuel properties, thermal processes and thus combustion itself is strongly
influenced by fuel properties - mainly specific heats and heat of vaporization. For example, higher
heat of vaporization of VO requires more time (and distance) to fully vaporize a VO droplet
compared to a diesel droplet of the same initial diameter. For VO, flames were completely blue
for ALR = 2.8 and higher. These results agree with previous findings of Simmons and Agrawal
(2012) on the small scale system. In summary, at moderately high ALRs, regardless of the fuel
properties, nearly premixed combustion is achieved with FB atomization.
Similar to the previous discussions on diesel, flame lift-off heights at different ALRs for
the two scales are measured directly from flame images and the axial droplet vaporization distance
(L) is theoretically estimated from the D-square model. Figure 2.14 shows that the liftoff heights
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at different ALRs are close to each other in both scales indicating similar performance of the two
systems. However, the calculated distance for complete fuel vaporization is slightly greater than
the measured values, indicating that some of the VO droplets are not completely vaporized before
reaching the reaction zone. This result is consistent with traces of yellow streaks in otherwise blue
flames observed in Figure 2.13

The ability to operate on two drastically different fuels

demonstrates that the large scale system upholds the excellent fuel flexibility demonstrated by the
small scale system.
Comparing the two fuels, for ALR < 2.0, the straight VO flames shown in Figure 2.13 tend
to produce longer flames, when compared to diesel flames shown in Figure 2.8. This result is
attributed to the higher heat of vaporization of straight VO compared to diesel, which would
require longer residence time to pre-vaporize the fuel droplet of a given diameter for the former
case. From Figure 2.14, it can be seen that pre-vaporization distance for VO exceeds the measured
flame lift-off height, whereas, the opposite is true with diesel as shown in Figure 2.9. Interestingly,
for ALR > 2.5, completely blue flame is achieved even with straight VO. Thus, for ALRs above a
critical value, soot-free combustion is achieved with FB atomization regardless of the fuel type or
properties.
In regards to emission profiles, CO levels for diesel are lower near the combustor wall and
higher around the center (Figure 2.10). Because diesel has low heat of vaporization, the fuel is
vaporized faster in the near injector mixing zone leading to slightly rich mixture in the center
region, resulting in higher temperature and higher emissions in those regions. For VO, however,
high vaporization temperature and high heat of vaporization tends to cause larger droplets to
migrate towards the combustor wall, where low temperatures produce higher CO emissions
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(Figure 2.15). Regardless of the profile, emissions for both liquid fuels are relatively low,
indicating excellent performance of FB technique at high capacity for the first time.

2.5 Concluding Remarks
In this study, phenomenological analysis of similarity parameters to scale a combustor with
FB injector is undertaken and a scaled-up FB injector integrated with a swirl stabilized combustion
system is developed and experimentally investigated. A number of dimensionless scaling
parameters that affect the processes of atomization, fuel-air mixing, and combustion are analyzed
and scaling criteria for the different components of the burner system are selected. A 60 kWth
capacity combustor with FB injector is then developed based on the design of a small scale
combustion system of 7 kWth capacity. Experiments are conducted with diesel and VO to
demonstrate fuel flexibility of the combustor and to investigate combustion performance in terms
of visual flame image and emissions measurements. Flame images on the scaled up system with
diesel and VO show that for ALRs above 2.5 for diesel, and above 2.8 for VO, the flames are
completely blue replicating what has been observed in the small scale combustion systems with
FB injector. The FB injector also performed robustly for firing rates above 40% of the design firing
rate. CO emission measurements show that both diesel and VO produced very low emissions but
slightly higher concentrations compared to the small scale combustor. NOx concentrations at the
combustor exit plane decreased at higher ALRs for both diesel and VO flames. The scaled-up
system’s NOx levels were found to be very low in all cases, and its performance was comparable
to the small scale system at high ALRs. The two scales showed very similar flame liftoff heights
at different ALRs further indicating similar fuel-air mixing performance. Following the invention
and initial small scale tests on FB injector in a swirl stabilized combustion system this study
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represents a significant step towards developing fuel-flexible, low-emission combustion systems
for gas turbines operated on liquid fuels.
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Figure 2.1 Schematic of the swirl stabilized dual-fuel burner set-up
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Figure 2.2 Schematic representation of atomization, mixing and combustion processes
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Figure 2.3 Schematic diagram of scaled-up parts of the burner and the injector.
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Figure 2.4 Geometrical representation of swirler

Figure 2.5 Photographs of the small (left) and scaled-up (right) inlet swirlers
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Figure 2.6 Schematic diagram of experimental setup
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Figure 2.7 Radial profiles of Φ for diesel combustion at ALR = 2.8 and HRR = 54 kW
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Figure 2.8 Flame photographs of diesel combustion for different ALR (HRR = 54 kW,
dimensions in cm)
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Figure 2.9 Plots of experimental flame and calculated and lift heights for diesel at different ALR
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Figure 2.10 Radial profiles of (a) CO and (b) NOx emissions for diesel for different ALRs, for
the small scale and large scale systems.
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Figure 2.11 Flame photographs of diesel combustion for firing rates ranging from 0.4 to 1 times
of the maximum of 60 kW (all dimensions in cm)
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Figure 2.12 Radial profiles of CO (a) and NOx (b) for diesel combustion at ALR of 2.8 for heat
release rates of 45 and 54 kW.
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Figure 2.13 Flame photographs of vegetable-oil combustion for different ALR (HRR = 54 kW,
dimensions in cm)
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Figure 2.14 Plots of experimental and calculated flame lift-off heights for VO and different ALR
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Figure 2.15 Radial profiles of (a) CO and (b) NOx emissions for vegetable oil for different
ALRs, for the small scale and large scale systems.
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CHAPTER 3
GLYCEROL COMBUSTION USING A SCALED UP COMBUSTOR
3.1.

Background
The previous chapter (Chapter 2) discusses scaling-up of a swirl stabilized combustion

system that utilizes a Flow Blurring (FB) injector from 7 kW to 60 kW capacity. Experimental
results of combustion performance with diesel and vegetable oil showed the scale-up system’s
combustion performance to be very similar to that of small scale system demonstrating successful
test of scalability. This chapter discusses experimental investigation of the scaled-up system’s
combustion performance with glycerol fuel in laboratory and an industrial test site.
Glycerol is produced as byproduct during a process called transesterification (shown in
Figure 3.1), in which triglycerides such as vegetable oil are reacted with alcohol in the presence of
an acid or base catalyst to produce methyl esters or biodiesel (Meher et al, 2006). Glycerol from
transesterification process amounts up-to 10% by mass of biodiesel production. Because of this,
the boom in biodiesel industry in the early 2000s had generated an oversupply of crude glycerol
(Yang et al, 2012). Even though refined-glycerol can be used in food, pharmaceutical and cosmetic
industries, traditional market usages for refined glycerol in the world were not able to absorb the
surplus of crude glycerol. As a result of the demand-supply imbalance, price of crude glycerol
went record low and a number of traditional glycerol production factories ceased operations,
especially after 2005 (Ciriminna et al, 2014). Glycerol from biodiesel production is not usable in
its crude form in most traditional industrial applications, as it is heavily contaminated with toxic
methanol, salt and free fatty acids (Singhabhandhu and Tezuka, 2010). The process of refining
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crude glycerol is expensive and for many biodiesel producers, disposing it off more cost effective
than refining it for market use (Ciriminna et al, 2014). Some biodiesel companies had to endure
troubles with environmental control agencies for unlawfully dumping crude glycerol in
waterbodies (Goodman, 2008). Therefore, it is of great economic and environmental benefit to
find new applications for using crude glycerol.
Glycerol does have energy content that could be utilized through combustion. The heating
capacity of glycerol at 16 MJ/kg makes it a viable fuel if burned efficiently. However, glycerol is
a highly viscous fluid which does not efficiently flow in contemporary liquid fuel burners. Table
3.1 lists physical and chemical properties of diesel and glycerol. From the table it can be noted that
glycerol’s properties pose a difficult task of atomizing it effectively. Glycerol is almost 200 times
more viscous and requires 3 times more heat of vaporization compared to diesel.
Previous studies have shown that clean combustion of glycerol can be achieved through
preheating or proper atomization techniques. Bohon et al reported on glycerol combustion using a
preheated refractory burner with high swirl flows at two different scales (7 kW and 82 kW) (2011).
Later, Simmons et al achieved low emissions combustion of pure glycerol on a swirl stabilized
combustion system using Flow-Blurring (FB) injector to atomize the fuel (2012). FB atomization,
which is an efficient fuel injection concept, first developed by Gañán-Calvo (2015), has shown
good promise in atomizing and efficiently burning fuels of wide range of viscosity including
glycerol. FB injector uses atomizing air to assist breaking up the liquid fuel into finer droplets.
Experiments by Simmons et al (2012) and Lulin et al (2014) how shown low emission combustion
of glycerol using the FB atomizer in swirl stabilized combustion system at 7 kW capacity.
The working mechanism of FB injector is schematically illustrated in Figure 3.2. Liquid
fuel is supplied through the center tube of diameter ‘D’, and atomizing air is supplied through a
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concentric tube surrounding the fuel tube. Atomizing air is mixed with the liquid fuel inside the
small tube as it enters through the gap between the fuel tube and exit orifice (designated by H). In
FB atomization, when H/D = 0.25, the atomizing air flows radially across the gap H giving rise to
atomizing air bifurcation with part of the air flowing into the fuel tube and the rest being directed
to exit orifice. As a result, part of the atomizing air penetrates upstream into the incoming liquid
and mixes turbulently with the liquid. Bubbles are formed giving rise to two phase mixture. The
air bubbles then expand and burst as they experience sudden pressure drop across the orifice
shattering the liquid to form very fine droplets.
This paper reports experimental investigation of glycerol combustion using a swirl
stabilized system at large capacity in laboratory and industrial settings. The first part of this chapter
(section 3.2) discusses experiments conducted in a lab burner of 60 kW capacity, which has been
developed by scaling-up of a small scale 7 kW system (Niguse and Agrawal 2015). The second
part (Section 3.3) discusses development of a horizontally fired portable combustion system and
experimental demonstration and results of crude glycerol combustion at an industrial test site.

Table 3.1 Properties of diesel, VO and glycerol (at 25 oC) (Simmons and Agrawal, 2012)
Property

Diesel

Vegetable-Oil

Glycerol

Density [kg/m3], 25°C

834

925

1216

Kinematic Viscosity [mm2/s], 25°C

3.88

53.74

741

Lower Heating Value [MJ/kg]

42.8

37

16

Auto-Ignition Temperature [°C]

260

406

370

Vaporization Temperature [°C]

160-370

327 °C

290

Heat of vaporization [kJ/kg]

268

-

974
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3.2 Glycerol Combustion in Laboratory
3.2.1 Experimental Set-up
Schematic of swirl stabilized glycerol combustor setup is shown in Fig 3.3. The burner is
capable of burning gaseous fuels, liquid fuels or both, and has dedicated supply lines for gaseous
and liquid fuels as shown in the figure. Primary-air refers to air introduced into the system for
oxidizing the fuel. Atomizing-air is supplied through a tube that is connected to the FB injector for
assisting breakdown of liquid fuel. A swirler of 1.5 swirler number is used to enhance fuel-air
mixing and help stabilize the flame. A FB injector of 4 mm orifice diameter is used to atomize
various conventional and alternative liquid fuels into spray. A cylindrical type steel combustor
with converging downstream section, shown in Fig 3.4, is used as combustion enclosure. The
purpose of the convergent section at the end of the combustor is to assist recirculation of hot gases
in the reaction zone so that to enhance combustion stability and intensity.
Combustion experiments were conducted with glycerol at different atomizing air to liquid
flow rate ratios (ALRs) and heat release rates (HRRs). The equivalence ratio was kept constant at
0.75 by controlling the total air flow rate which is the summation of the atomizing air and primary
air flow rates. For a fixed fuel flow rate, ALR of the injector was varied by changing the split
between primary and atomizing air flow rates while maintaining a constant total air flow rate.
Gaseous fuel is introduced from the side of the burner into the primary air stream and is mixed
with primary air in the mixing tube. Glycerol, pumped by a peristaltic pump of ±0.1% accuracy is
then atomized by FB and introduced into the combustion zone. Natural-gas is withdrawn once
stable glycerol flame is achieved. Because the combustion enclosure is made of steel, Forward
Looking Infrared (FLIR) imaging is used to measure combustor outer wall temperature. The
temperature contours are then analyzed to determine the location and extent of the flame within
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the enclosure. Exhaust emissions levels of CO and NOx are measured using Nova gas analyzer of
±2 ppm uncertainty.

3.2.2 Experimental Results
This section discusses experimental results of the scale-up system’s combustion
performance with 100% glycerol in laboratory. Infrared images of combustor wall temperature
contours and emission at different ALRs and HRRs are discussed below. Table 3.2 shows list of
operating conditions and corresponding flow rates.

3.2.2.1 Infrared Images – Effect of ALR on Flames
Effect of ALR on flame structure was investigated by conducting experiments at ARL =
1.32 and 1.94, with global equivalence ratio of 0.75 and HRR = 41 kW. Figure 3.5 shows infrared
images of combustor wall surface temperature for the different ALRs. Location of the flame
relative to the injector orifice exit is identified by measuring the distance between the dump-plane
and the base of high temperature contour in infrared images. From the figure, it can be seen that
the flame is more lifted with up-to 18 cm of flame lift-off height for both lowest ALR (0.93) and
highest ALR (2.01) cases, compared to the intermediate ALRs of 1.32 and 1.70 which resulted in
around 14 cm of flame lift-off height. The causes of high flame lift-off for the lowest and highest
ALRs are different. At low ALR, larger droplets are produced which require more droplet
evaporation time before mixing with air and burning. On the other hand, for the higher ALR, even
though fine droplets are formed, the very high flow rate of atomizing air produces fast moving
droplets. Therefore the increase in flame lift-off height is caused by high flow velocity at ARL of
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2.1. These two opposite effects constrain the optimum range of ALRs for glycerol combustion to
between 1.0 and 2.0.

Table 3.2 List of operating conditions and flow rates

HRR (kW)

ALR

Liquid-Fuel Flow Rate Atomizing-Air Flow
(ml/min)

Rate (SLPM)

41

0.93

123

118

41

1.32

123

168

41

1.70

123

216

41

2.01

123

256

60

1.32

180

246

3.2.2.2 CO and NOx Emissions
Effect of ALR on emissions was investigated by conducting experiments at ARL = 1.32
and 1.94, with global equivalence ratio of 0.75 and HRR = 41 kW. Figure 3.6 shows radial profile
of CO concentration at the combustor exit. For both ARLs, the profile of CO emissions resulted
in U-shaped trend with maximum levels near the wall and minimum at the center. The reason for
high CO near the wall is that larger droplets tend to move further to the wall because of their higher
momentum. Overall, CO decreased with increase in ALR, and averaged in the mid-300s ppm range
for the higher ALR compared to 400s for the lower ALR. The decrease in CO with increase in
ALR is attributed to spray with smaller droplet sizes, which tends to promote premixed of
combustion. Effect of ALR on NOx levels is shown in Figure 3.7. As can be noted from the
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profiles, ALR has negligible effect on NOx levels which are very low (< 4 ppm) for both ALRs.
Over all, ALR of 1.32 resulted in lowest emissions.
At ALR of 1.32, glycerol combustion experiments have been conducted to study the effect
of HRR on emissions. Figure 3.8 shows radial profile of CO emissions at the combustor exit plane
at HRR = 60 kW and 41 kW. HHR of 60 kW produced CO levels of 50 ppm at the combustor exit,
which is lower by an order of magnitude when compared to levels produced with HRR = 41 kW.
This result demonstrates that the burner operates more efficiently with low CO emissions when it
is operated at full design capacity. Because glycerol has high vaporization temperature and high
heat of vaporization, it requires high intensity combustion and high temperature to sustain efficient
combustion. For a given volume of combustion chamber, high HRRs result in locally higher
temperatures, assisting fuel evaporation to favor premixed combustion with lower CO levels.
Besides, high flow rate of primary air results in stronger swirling flow that translates into improved
fuel-air mixing. The NOx levels increased slightly with increase in HRR as can be noted from
Figure 3.9, possibly due to more thermal NOx generated as a result of the increased heat release
per unit volume. However, NOx emissions for both cases are rather low; generally within 10 ppm.
Compared to emission levels of small scale system as reported by Simmons (2011), the scaled-up
system produced less than half of CO and very similar NOx emissions when operated with pure
glycerol.

3.2.3 Flame Stability Considerations
Glycerol is a low energy density fuel. This section discusses implication of the low LHV
of glycerol in terms of affecting operating conditions in comparison to diesel and vegetable oil
(VO). Simmons et al (2012) have shown that an increase in ALR produces spray with smaller fuel
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droplets. Without doubt, spray with smaller droplets is desirable to improve fuel evaporation, fuelair mixing, and combustion. However, additional factors based on fuel properties arise that limit
the maximum ALR of the injector without adversely affecting combustion stability. In this aspect,
the Lower Heating Value (LHV) of the fuel is an important factor. At any given HRR, the mass
flow requirement of fuel and hence, atomizing air for a given ALR increases with decreasing LHV.
Figure 3.10 shows plots of atomizing air flow rate Vs ALR for diesel, straight VO and
glycerol. As can be noted from Table 3.1, glycerol has the lowest LHV of the three fuels. Therefore
glycerol requires much higher atomizing air flow rate at any given ALR and HRR compared to the
other two fuels. The injector exit velocity which is proportional to the total mass flow rate (fuel
and atomizing air) through the injector has an inverse effect on residence time in the prevaporization and reaction zones of the combustor. Low flow velocities associated with high energy
density fuels permit operation at high ALR values without adverse effects on flame stability. Thus,
diesel and straight VO flames can be operated at high ALRs compared to glycerol. The high flow
rate requirement of fuels with low energy density limits the maximum ALR for stable combustion.
For this reason with glycerol, flame stability issues were noticed at ALR > 2.0.

3.3.

Glycerol Combustion at Industrial Test Site

3.3.1 Portable Burner Development
A horizontally fired burner which allows for the combustion of glycerol and other viscous
liquid fuels is developed based on the laboratory system discussed in section 3.2. The objective
was to retrofit and operate the fuel flexible combustion system using mixture of natural gas and
glycerol in an aluminum ingot preheater at Wise Alloys LLC in Muscle Shoals, Alabama. Prior to
installing the system at industrial site, the fuel-flexible burner has been tested in a lab environment
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to meet the functional and safety requirements set by the Wise Alloys. Detailed design models and
drawings of the system are available in Appendix B. 3D model and photograph of the portable
burner assembly on a four wheel cart is also shown in Figure 3.11 (a) and (b) respectively. As can
be seen, the horizontally fired burner and instrumentation panel are mounted on a four wheel cart.
All control valves and flowmeters are mounted on the instrumentation panel. Signals from flowmeter transducers are connected to a NI DAQ device on an instrumentation bench and data is
monitored on pc monitor using LabVIEW,

3.3.2 Experimental Set-up and Methodology
Figure 3.12 shows orientation of the instrumentation bench in relation to the burner setup.
Laminar Flow Element (LFE) is used for measuring air flow rate, one differential pressure
transducer to measure pressure drop across the LFE and a thermocouple to measure combustion
air temperature.. Critical Flow Nozzle (Sonic Nozzle) is used to measure atomizing air flow rate.
Calibration data of sonic nozzle pressure drop Vs volume flow rate, with pressure and temperature
correction formula is provided in Appendix A. Figure 3.13, shows schematic diagram of the sonic
nozzle. A K-type thermocouple and two pressure transducers are used as shown Figure 3.13, and
the signals were processed by data acquisition and measurement system. Gilmont Accucal
flowmeter which has measuring range of 1-100 SLPM with air and accuracy ±2% of reading is
used to measure natural gas volume flow rate. Masterflex L/S precision peristaltic pump of
measuring range 0.001 to 600 mL/min, and accuracy of ±0.1% of reading is used is used to pump
and measure volume flow rate of glycerol. Figure 3.14 shows photographs of the gaseous fuel and
liquid fuel flowmeters. Exhaust of combustion products was sampled by a steel probe, which is a
tube with three holes of 1 mm diameter that are radially spaced 1 cm apart. The probe was placed
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at the combustor exit plane with the sampling holes facing towards the combustion zone. Emission
measurements were taken by a Nova gas analyzer of ±2 ppm uncertainty with its output connected
to the DAQ connector board. Voltage output from the gas analyzer was then converted to emission
readings in the LabVIEW code, by multiplying the voltage levels by calibration constants.
Thermocouples were implemented inside the furnace and combustion chamber, for monitoring of
temperature levels, to ensure components safety. Besides, capability to quickly detect flashback
was implemented by placing a thermocouple just upstream of the dump-plane. The temperature
signal was utilized by the LabVIEW program to give alarm signal in the event of flashback
occurrence.

3.3.3 Installation and Mounting of the System at Industrial Test Site
Prior to physical mounting of the system, a rectangular mount plate was designed and
manufactured locally. The purpose of the mount-plate was to ready the entire burner mounting bolt
hole-patterns, thermocouple probe ports and emission probe ports and preassemble the system in
the lab. With that, only mounting of the plate would be required at the industrial site after the
preassembly is completed locally. This approach minimizes the assembly time required at the test
site, thereby reduces shut-down period of the preheater furnace. On the other hand - at the industrial
site - a rectangular cut with holes matching the bolt patterns of the mount plate was prepared by
the industry personnel. A dummy cover plate was used to cover the furnace in the absence of the
burner. Detailed drawings of burner mounting-plate and the cover plate are provided in Appendix
1B. The burner was mounted on the test day, along with instrumentation and DAQ system placed
adjacent to the burner with sufficient space for movement and safety. Figure 3.15 shows view of
the burner set-up at industrial test site.
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3.3.4 Results of Industrial Testing
This section discusses experimental results of the horizontally fired portable combustion
system’s performance with glycerol and methane at industrial test site. Experimental challenges,
solutions and combustion performance results are discussed below.

3.3.4.1 Preliminary Experiments and Challenges
Initially, combustion test experiment was conducted with complete setup, including a 6.0
m long exhaust distribution pipe which is meant to distribute the hot products into the furnace
space so that uniform temperature is maintained within the furnace. However, the pipe created a
strong resonating noise that in turn caused the flame to become highly unstable and prone to
flashback. Second test was conducted with similar setup, but without the distribution pipe; which
is the same setup that proved to be very stable and robust in lab environment (as shown in Figure
3.16 (a)). However, once again the test run resulted in unstable combustion and flashback. The
source of instabilities was determined to be the sudden expansion of exhaust gases as it leaves the
nozzle exit into open ambient. We never experienced similar instabilities during the lab
experiments, because the exhaust was discharged into an exhaust hood with exhaust fans. This is
a typical example that changes in downstream boundaries can have strong effect on combustion
instabilities. After the two tests, the nozzle shaped part of the combustor was replaced by a straight
cylindrical enclosure as shown in Figure 3.16 (b), which in effect extended the length of the
combustor. The final design resulted in stable combustion, and the setup was used in the all the
experiments that are discussed below.
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3.3.4.2 Flashback Diagnostics Test Experiments
Test experiment of the flashback detection system was conducted by inducing a flashback
prone condition through operation of the burner at a relatively low flow rate. Figure 3.17 shows
temperature response of the flashback detection thermocouple sensor. As can be clearly seen in
the figure, during the flashback case, the temperature increased by more than 20 degrees within 2
seconds, and after shutting the methane supply off, the temperature decreased in less than 5
seconds of the flashback inception. This capability was very important in ensuring equipment
safety and protecting from other hazards.

3.3.4.3 Flame and Emissions
Figure 3.18 shows infrared image of combustor surface temperature. From the image, it
can be seen that intense combustion reaction took place within the upstream half of the combustor
indicated by the highest temperature region. However, the flame was long and extended beyond
the exit plane. Concentrations of O2, CO2, CO and NOx were measured by taking exhaust samples
by an emission probe that has been placed at the combustor exit plane. The experiment was done
at 60 kWth heat release rate, of which 40% was from natural gas and 60% was from glycerol.
Global equivalence ratio was maintained at 0.75 and ALR was kept constant at 1.32 in all test
cases. The burner was run three times, for 30 minutes in each run and was stable. Species
concentrations were recorded at all times. Figure 3.19 shows, plots of concentrations of CO2 and
O2 Vs time. The curves clearly show reasonably uniform levels with minor fluctuations, indicating
stable conditions. O2 percentages around 5 percent and CO2 percentages of around 12 percent are
recorded over the test duration, which are in close agreement with theoretical concentrations of
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5% O2 and 13% CO2 as calculated based on supply flow rates of fuel and combustion air (global
Φ = 0.75).
Figures 3.20 and 3.21 show CO and NOx emission levels in ppm over the test period of
120 s. Figure 3.20 shows that CO levels are mostly around 1500 ppm which is significantly higher
than those observed in lab conditions. The reasons are, firstly the emission sampler probe was
positioned right at the combustor exit plane, but the flame was longer and extended beyond the
exit plane. Hence the samples were taken from regions within the reaction zone. Secondly, the
slight modification of combustor exit from nozzle shaped to straight cylinder shape played some
role in minimizing combustion instabilities, but it negatively affected length of the reaction zone.
Figure 3.21 shows NOx levels for the 120 seconds. The plot shows low NOx levels of around 10
ppm. These low NOx levels are very similar to the levels registered during lab experiments.

3.4 Concluding Remarks
Experimental investigation of glycerol combustion using a swirl stabilized system at heat
release rate of 60 kW is conducted in laboratory and industrial environments. The combustor was
able to burn glycerol cleanly. Based on lab experiments, optimal condition for stable flame with
lowest emission levels was established at ALR of 1.32 and HRR of 60 kW. At this condition, CO
levels were less than 70 ppm and NOx levels were less than 15 ppm indicating clean and complete
combustion of glycerol fuel with extremely unfavorable kinematic viscosity, LHV, evaporation
temperature, and heat of vaporization. Following successful lab experiments, a portable and
horizontally fired version of the industry size combustor was developed and retrofitted in a
aluminum ingot preheater furnace at industrial test site at Wise Alloys LLC. Successful test was
conducted at the industrial site. However, comparing to results of lab experiments there was

70

significant variation of performance on stability and emissions. This result is attributed to
differences in downstream conditions of the two experimental environments. In lab settings, the
burner exhaust was directed into fan driven exhaust pipe. On the other hand, in the industrial site,
the combustion products were exhausted into open ambient inside a furnace, which resulted in
sudden expansion of the hot gases causing significant instabilities. To counter those instabilities,
combustion enclosure geometry was changed slightly. Stable flame and uninterrupted operation of
the burner was achieved for multiple test runs, but the flame was longer than combustion enclosure
length. Emission measurements at industrial site have shown less than 15 ppm of NOx, which is
similar to results of lab experiments, but significantly higher levels of CO at around 1500 ppm
measured at the combustor exit plane, within the reaction zone. Increasing the length of the
combustion chamber would ensure complete combustion and thus, lower CO emissions at the
combustor exit plane.
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Figure 3.1 General equation for transesterification of triglycerides.
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Figure 3.2 Schematic of Flow-Blurring Injector
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Figure 3.3 Schematic of glycerol combustor set-up
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Figure 3.4 Steel combustor with converging cone end
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Figure 3.5 Infrared images of Combustor Outer Wall for Glycerol Combustion, (HRR = 41 kW,
φ=0.75)
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Figure 3.6 Radial Profiles of CO for Glycerol at different ALR (HRR = 41 kW, φ=0.75)
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Figure 3.7 Radial Profiles of NOx for Glycerol at different ALR (HRR = 41 kW, φ=0.75)

78

Frame 001  05 Mar 2013 

CO Concentration (PPM)

1000
HRR-60 kW
HRR-41 kW

800

600

400

200

0

-6

-4

-2

0

2

4

6

Position (cm)

Figure 3.8 Radial Profiles of CO Emissions for Glycerol Combustion at different HRR (ALR=
1.32, φ=0.75)
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Figure 3.9 Radial Profiles of NOx Emissions for Glycerol Combustion at different HRR (ALR
=1.32, φ=0.75)
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Figure 3.10 Atomizing Air Flow Rate Vs ALR for Different fuels, HRR = 60 kW.
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(a)

(b)

Figure 3.11 (a) 3D model and (b) physical photograph of the portable burner assembly on a four
wheel cart
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Figure 3.12 Orientation of the instrumentation bench in relation to the burner setup
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Figure 3.13 Schematic of Sonic Nozzle air flow meter
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(a)

(b)

Figure 3.14 Fuel Flow measurements. (a) Gilmont Accucal mass low-meter (b) Masterflex L/S
Peristaltic pump
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Figure 3.15 Burner setup at industrial test site
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(a)

(b)

Figure 3.16 Combustor (a) with nozzle shaped ending in lab (b) with straight ending at test site
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Figure 3.17 Flashback test experiment
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120

Figure 3.18 Infrared Image of combustor surface temperature at industrial test site
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Figure 3.19 CO2 and O2 concentrations of dual fuel (60% glycerol and 40% natural gas)
combustion recorded over 120 s (HRR = 60 kW, ALR = 1.32, Φ = 0.75)

90

Frame 001  02 Oct 2015 

2000

CO (PPM)

1500

1000

500

0

20

40

60

80

100

120

Time (S)

Figure 3.20 CO concentration of dual fuel (60% glycerol and 40% natural gas) combustion
recorded over 120 s (HRR = 60 kW, ALR = 1.32, Φ = 0.75)
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Figure 3.21 NOx concentration of dual fuel (60% glycerol and 40% natural gas) combustion
recorded over 120 s (HRR = 60 kW, ALR = 1.32, Φ = 0.75)
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CHAPTER 4
PRESSURE DROP AND COMBUSTION CHARACTERISTICS OF FB INJECTOR AT
ELEVATED PRESSURES

4.1 Background
Typical combustion processes in power and propulsion systems take place at high
pressures. However, because of the degree of difficulty in conducting well-controlled experiments
and consequently obtaining useful scientific data increases with pressure, there are insufficient
tests and theories of high-pressure combustion (Kobayashi et al 1996, 1997). Most of the
combustion and flow performance information related to such systems are obtained at substantially
lower, near atmospheric, pressures. In most circumstances, the experimentally obtained low
pressure data may not accurately reflect performance characteristics of real systems due to the fact
that the various reacting flow processes are inherently non-linear and tend to cause non uniform
variations of the combustion responses with pressure. Therefore it is necessary to obtain
fundamental understanding and useful data at elevated pressures that are representative of those in
power and propulsion systems. In this study, pressure drop and combustion performances of a
Flow Blurring (FB) injector are experimentally investigated at elevated pressure.
FB atomizer, which is a twin-fluid type atomizer first developed by Gañán-Calvo (2005),
has shown good promise in atomizing and efficiently burning fuels of wide range of viscosity
(Simmons et al, 2011). FB injector uses atomizing air to assist breaking up the liquid fuel into finer
droplets. Figure 4.1 schematically represents working mechanism of FB atomizer. Liquid fuel is
supplied through the center tube, and atomizing air is supplied through the outer tube surrounding
the fuel tube. Upstream of the exit orifice is a small gap that allows atomizing air to mix with the
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liquid fuel before exiting through the orifice. In FB atomization, the gap which is designated by H
in Figure 4.1 should be less that one fourth of the exit orifice diameter D. A dimensionless number
H/D of 0.25 results in radial flow of the atomizing air across the gap H, and a stagnation point is
formed on the fuel tube axis. As a result the atomizing air is bifurcated with part of the air flowing
into the fuel tube and the rest being directed to exit orifice. While majority of the atomizing air is
directed towards the lower pressure zone through the orifice, a small portion of the air penetrates
into the incoming liquid and mixes turbulently with the liquid. The two phase mixture, which is
full of small sized turbulent air bubbles, then leaves the orifice forming fine droplets. Bursting of
the air bubbles as they experience sudden pressure drop across the orifice is the primary
mechanism that results in fine and uniformly distributed droplets (Jiang et al 2014).
Over the past decade, our research group has produced and tested a swirl-stabilized dual
fuel burner that utilizes a FB injector at different thermal scales ranging from 7 – 100 kWth
capacity. FB injector offers distinct benefits for low-emission fuel-flexible gas turbines that could
operate with not only conventional fuels such as light fuel oils, but also alternative fuels including
biomass derived VOs, waste byproducts, and even minimally processed crude oil. Furthermore,
experimental findings on two different scales (7kWth and 60 kWth) by Niguse and Agrawal (2014,
2015) also resulted in similar flame and emissions characteristics, demonstrating the system’s
scalability with uncompromised performance.
All the previous findings reported that Air to Liquid Ratios (ALR) is the most important
parameter that affects spray and combustion performance of FB atomizer. ALR is given by:

 .  .
.
 ma 
ALR   .  ( m a is mass flow of air and m l is mass flow rate of liquid)
 ml 
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Jiang et al (2014) also showed that in addition to ALR, expansive forces that result from
pressure drop across the injector are the cause of bubble bursting and thus small droplets. Later,
based on phenomenological considerations of the flows involved in FB atomization and
combustion, Niguse and Agrawal (2015) developed a simplified expression for SMD that can be
written as function of the following parameters:

SMD =f (𝐴𝐿𝑅,

∆𝑃𝑁 𝑑𝑏
𝜎





, We), where We is Weber number given by We    aU R D  , ∆𝑃𝑁 is pressure
 2 
2

drop across the injector orifice. However respective effects of the different dimensionless numbers
and thus an accurate model of the FB injector has not been developed.
Simmons et al (2012) and Jiang and Agrawal (2014) reported that an increase in ALR
improves spray and combustion performance of the injector. In all cases, high ALRs ranging from
2 – 3.5 resulted in fine sprays and good quality premixed flames characterized by blue color.
However, high ALR requires high mass flow rate of atomizing air, thus the injector requires higher
pressure drop, which is undesirable especially in aviation applications where pressure drop
requirements are strict. Thus, injector is designed such that the pressure drop across it is within
acceptable range for a given operating pressure or heat release rate.
The objective of this research is to characterize combustion performance and pressure drop
characteristics of FB injector at different chamber pressure, to determine feasibility of the injector
and identify trends towards developing optimal operating conditions for future utilization of the
injector in aviation industry, power generating gas turbines or boilers. Combustion performance
experiments are conducted with diesel fuel, whose thermos-physical properties are described in
Table 4.1. The experimental setup, combustion performance and injector pressure drop at different
operating conditions are presented in the following sections.
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Table 4.1 Properties of diesel at 25 oC (Simmons and Agrawal 2012)
Property
Density [kg/m3]

Diesel
834

Kinematic Viscosity [mm2/s]

3.88

LHV [MJ/kg]

42.79

Auto-Ignition Temperature [°C]

260

Vaporization Temperature [°C]

160-370

4.2 Experimental setup
The experimental setup, shown in Figure 4.2, is composed of combustion air, atomizing
air, gaseous fuel and liquid fuel supply-lines, a premixing region, a pressure vessel in which
combustion takes place, and an exit throttle valve to control the operating pressure. Compressed
air is dehumidified and split into primary air supply and atomizing air supply lines. Natural-gas,
used to start the combustion, is supplied from high pressure storage cylinders and is regulated to
around 700 kPa. A high pressure Eldex Optos Model-3 liquid fuel pump, with measurement
uncertainty of 0.25 % of reading is used to supply liquid fuel. Laminar flow elements are used to
measure the primary-air and cooling air flow rates. A Sierra Smart Track 2 Series 100 mass flow
controller with ± 1% uncertainty is used to measure and control the natural-gas flow rate. The
atomizing-air flow rate is measured by a sonic nozzle with 1.0 % accuracy. Combustion products
are sampled continuously by a stainless steel probe with three holes of 1 mm ID, mounted on the
side of pressure chamber. The exhaust sample probe holes are positioned at the exit plane of the
combustor, and are radially situated at distances 0.25d, 0.5d and 0.75d from the edge of the
combustor wall, where d is combustor diameter. A Nova gas Analyzer with uncertainty of 2 ppm
is used to measure concentrations of CO and NOx in the dry exhaust gas sample. The analyzer
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also measures O2 and CO2 concentrations, which are used to verify the equivalence ratio computed
from the measured fuel and air flow rates. Combustion chamber pressure is measured with an
absolute pressure transducer located at an access port in the wall of the pressure vessel.
Experimental devices and their uncertainties are provided in Table 4.2.
Figure 4.3 shows photograph of a high pressure test rig. Combustion experiments at
different pressure, ranging from atmospheric to 447 kPa were conducted using diesel fuel with
different atomizing air flow rates and heat release rates (HRRs). The equivalence ratio was kept
constant at 0.76 by controlling the total air flow rate which is the summation of the atomizing air
and primary air flow rates. For a fixed fuel flow rate, Air to Liquid mass ratio (ALR) of the injector
was varied by changing the split between primary and atomizing air flow rates while maintaining
a constant total air flow rate. During start-up, natural gas fuel is introduced from the side of the
burner into the primary air stream and is mixed with primary air in the mixing tube. A remote
controlled spark igniter is used to initiate combustion with natural gas. Diesel is then injected into
the combustion zone using a FB atomizer of 1.5 mm orifice diameter which utilizes the atomizing
air to break down the fuel. Figure 4.4 shows the assembly model of the liquid fuel and atomizing
air lines, and fuel injector. Natural-gas supply is discontinued once stable diesel flame is achieved.
A swirler with axial curved vane angel of 30 degrees and the swirler number of 1.5 is used to
stabilize the flame. Chamber pressure is regulated by varying the exit area of the pressure chamber
through traversing of a needle ended throttle valve at the exit of the chamber. A remotely controlled
motor driven slide assembly is used to control the motion of throttle valve. Figure 4.3 shows
photographs of pressure chamber and throttling system assembly. Pressure drop experiments are
conducted by measuring supply pressure at the inlet of atomizing airline and pressure levels
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downstream of the injector. Locations of the pressure transducers are shown in Figure 4.2.
Appendix C discusses detailed protocols conducting high pressure combustion experiments.
Table 4.2 Summary of experimental devices and uncertainties
Measured Quantity

Experimental Device

Uncertainty

Primary Air Flow Rate
Atomizing Air Flow Rate

Laminar Flow Element (LFE)
FlowMaxx Sonic Nozzle

± 5 SLPM
± 1% of the reading

Methane Flow Rate

Sierra Smart Track 2 Series 100 mass ± 1% of the reading
flow controllers
Eldex-Optos Model 3 High Pressure ± 0.3%. of the
Metering Pump
reading

Liquid Fuel Flow Rate
CO and NOx Emissions

Nova model 376WP gas analyzer

± 2 ppm

CO2 and O2 Concentrations

Nova model 376WP gas analyzer

± 0.1 % of the
reading

4.3 Experimental Results
In this section combustion performance and pressure drop characteristics of FB injector are
presented. The first part discusses flame characteristics and emissions performance of diesel for
different ALRs and Heat Release Rates (HRR). Table 4.3 shows the range of experimental
conditions. The second part discusses pressure drop characteristics of FB injector at different
volumetric and mass flow rates of atomizing air at different chamber pressures.

4.3.1 Combustion Performance
This section discusses experimental results and parametric study of combustion
performance at different operating conditions to analyze flame colors and geometry and radial
profiles of CO and NOx emissions at the combustor exit plane.
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Table 4.3 Experimental conditions of combustion performance experiments
Hear Release
Rate (kW)

Chamber
Pressure
(kPa)
101.3

12

104.1
131.0
151.7

18

24

Liquid Flow
Atomizing
Rate (ml/min) Air Flow Rate
(SLPM)
18.2
20.05
23.4
28.6
34.7
20.05
34.7
20.05
34.7
19.5
20.05
26.0
28.6
34.7

ALR

1.40
1.80
2.20
2.67
2.67
2.67
1.50
2.00
2.20
2.67

158.6
206.8
121.3
159.1
213.1
235.1
310.3

30.08
30.08
30.08
30.08
30.08
30.08
30.08

52.1
52.1
52.1
52.1
52.1
52.1
52.1

2.67
2.67
2.67
2.67
2.67
2.67
2.67

192.9
206.8
241.1
310.2
414.4
447.8

40.11
40.11
40.11
40.11
40.11
40.11

69.4
69.4
69.4
69.4
69.4
69.4

2.67
2.67
2.67
2.67
2.67
2.67

4.3.1.1 Effect of ALR
Effect of ALR on diesel flame characteristic and emissions performance at two different
pressures has been investigated. Figures 4.5 and 4.6 respectively show photographic flame images
of diesel combustion for HRR = 12 kW at different ALR at chamber pressures of 101.3 kPa and
151.7 kPa. In both cases, flame quality which can be observed from the flame size and color
improves with increase in ALR. For-example, at P = 151.9 kPa and ALR = 1.5, the flame is 18 cm
long with dominant yellow color. With increase in ALR, the flame became more blue and its length
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is reduced to 14 cm at ARL = 2.0. Further increase in ALR to 2.67 resulted in complete blue flame
with less than 6 cm length. This is in good agreement with previous reports by Simmons et al
(2012), Jiang et al (2014) and Niguse and Agrawal (2015). Blue flames indicate spray with smaller
droplets, good fuel-air pre-mixing and in most cases low-emissions compared to orange or
yellowish flames which are characteristics of larger droplets, inefficient fuel-air mixing, diffusion
mode combustion, and soot formation. For both pressures, at ALR < 2.0, the flames tended to be
yellowish which shows predominantly diffusion mode combustion and soot formation. With
increase in ALR, however, the flames became more blue and complete blue flame is observed at
ARL = 2.67. Previous experiments have shown very similar trend with different fuels over a wide
range of heat release rates at atmospheric conditions. The results at higher pressure further prove
that flame quality does improve with increase in ALR even at elevated pressures.
Flame lift-off height, which is the distance between injector orifice exit and the base of the
flame was measured from flame images using digital ruler tool of graphics software. Flame liftoff height is mainly governed by pre-vaporization temperature, droplet sizes, droplet velocities
and flow field characteristics of fuel droplets and oxidizer. As discussed in the earlier sections of
this paper, spray droplet size decreases with increase in ALR. For a given pre-vaporization zone
temperature, smaller droplets are expected to evaporate faster when compared to larger droplets.
However increase in ALR also results in higher droplet velocity. Hence, the increase in flame liftoff height with ALR is attributed to an increase in droplet velocity. Optimal flame lift has a
positive impact on liquid fuel spray combustion in terms of providing sufficient time for fuel
vaporization and fuel-air mixing while maintaining stable flame and protecting combustor
hardware from excessive heating. However overly lifted or non-lifted flames have their own
drawbacks. A non-lifted flame limits the duration of fuel droplet resident time in the pre-
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vaporization zone resulting in poor fuel-air pre-mixing, and allows penetration of larger droplets
in the flame zone. As a result, diffusion mode flamelets are produced characterized by yellowish
sooty flames and higher CO emissions. For example the lower ARLs in Figures 4.5 and 4.6
produced more yellowish flames when compared to the higher ALRs. Another drawback of nonlifted flames is that because the flame zone is very close to the injector exit plane, overheating of
combustor components may cause hardware failure. On the other hand overly lifted flames tend to
lower the near injector field temperature resulting in slower vaporization and poor mixing. Besides,
flames with very high lift-off height tend to stabilize further downstream of the main swirl zone
which makes them susceptible to instability.
Figure 4.7 shows quantitative trend of flame lift-off height (H) for different ALR at P =
101.3 kPa and P = 151.7 kPa. In both cases, flame lift-off height increases with an increase in
ALR ranging from H = 1 cm at ALR = 1.5 to H = 2 cm at ALR = 2.67. The flame lift-off height
generally decreased with an increase in the operating pressure. The increase in flame lift-off height
with increase in ALR is due to increase in flow velocity.
Figure 4.8 (a) and (b) respectively show plots of CO and NOx concentrations measured at
the combustor exit plane at different ALR ranging between 1.4 and 2.67 for chamber pressures of
101.3 kPa and 151.7 kPa. In both cases, CO and NOx concentrations decreased significantly with
increase in ALR. CO levels at P = 101.3 kPa reduced from over 130 ppm at ALR = 1.4 to less than
30 ppm at ALR = 2.67. Similarly NOx concentrations P = 101.3 kPa decreased from 40s ppm at
ALR = 1.4 to 20s ppm at ALR = 2.67. Lower emissions at higher ALR are the result of improved
spray quality characterized by smaller droplets at high ALRs. Smaller droplets improve
vaporization and fuel-air mixing before entering the combustion zone, hence result in premixed
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mode combustion. Emissions results corroborate with flame results discussed in the previous two
paragraphs.

4.3.1.2 Effect of Operating Pressure
Effect of chamber pressure on visual flame and emissions characteristics has also been
investigated. Figures 4.9, 4.10 and 4.11 respectively show images of diesel flames at different
chamber pressures for HRR = 12, 18 and 24 kW at fixed ALR = 2.67 and Φ = 0.76. For all three
HRR cases, as pressure increased, the flame tended to become narrower, less lifted and overall
smaller in size. For a fixed HRR and hence, fuel flow rate, this observation is attributed to decrease
in the average flow velocity with increase in pressure since u = ṁ/(ρA). Thus, both flame lift-off
height and flame length decrease with increase in pressure since slow moving droplets require a
shorter distance for vaporization. Flame narrowness could be attributed to the fact that effect of
swirling becomes weaker when velocity decreases minimizing the spread of fuel droplets into the
radial direction.
Another consistent trend that has been observed is that at high pressures, the flames tends
to produce yellowish wrinkles and flamelets in the downstream region indicating soot formation.
Similar trends have been reported in different combustor systems. For example, Pickett and Siebers
(2004) reported that an increase in ambient density of diesel jet combustion results in a non-linear
increase of soot formation. As can be seen from Figure 4.9, at HRR = 12 kW the flame at low
pressure is mainly blue but significant portion of the flame is yellowish at P = 206.8 kPa. The
pressure at which significant yellow flame is formed tended to vary with HRR. For-example at
HRR of 18 kW (Figure 4.10), the amount of yellow wrinkle formation is minimal at P = 213.1
kPa, but significant at P = 310 kPa. This observation indicates predominant or complete blue
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flames at high pressure are obtained at higher HRRs compared to those at low pressure. In other
words, at higher pressures, the combustor can be operated at higher HRRs without forming sooty
flames. Results of Figure 4.11, at HRR = 24 kW further support this argument. With HRR = 24
kW and P = 310 kPa, the amount of yellowish flamelet formation is far less than what is observed
at the same pressure with the HRR = 18kW (Figure 4.10).
Figure 4.12 shows quantitative trend of flame lift-off height over a range of chamber
pressure at HRR = 12 kW, 18 kW and 24 kW for constant ALR = 2.67 and φ = 0.76. For all thermal
loads, similar trends of a decrease in lift-off height with increase in pressure are observed; but
generally flame lift-off heights increased with increase in HRR. Since ALR is constant, the
variations in flame lift-off height with pressure for a given HRR is mainly result of linear
relationship of droplet residence time to flow velocity, which has an inverse relationship to the
chamber pressure. Another factor that contributes to smaller flame lift off height at higher
pressures is the increase in pre-vaporization zone temperature as a result of higher intensity
combustion which would shorten the residence time for droplet vaporization.
Figure 4.13 (a) and (b) respectively show plots of CO and NOx concentrations measured
at the combustor exit plane for different chamber pressures and HRRs but fixed ALR = 2.67 and
φ = 0.76. In all cases, CO levels decreased monotonously with increase in chamber pressure from
a maximum of 36 ppm at near atmospheric conditions to less than 5 ppm at 400 kPa. For a given
HRR, flow residence time in the combustor increases with increase in pressure which because of
lower flow velocity. Longer residence time promotes completion of combustion. For a fixed
pressure, very similar CO levels are obtained at different HRRs, with the higher thermal loads
producing slightly more CO. Once again the increase in CO is because higher HRR entails higher
fuel and oxidizer mass flow rates, which at a given pressure would mean shorter residence time.
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Figure 4.13(b) shows that NOx levels increase with increase in pressure for all cases. For example
at HRR = 12 kW, NOx increased from 20s to 50s as pressure doubled; similarly at 18 kW NOx
levels increased from 40s at 150 kPa to 90s at 310 kPa. Multiple explanations can be given to
indicate favorable conditions for thermal NOx generation as pressure increases. Firstly, with
increase in pressure flames tended to be more compact and higher amount of heat is released per
unit volume in the combustion zone. This favors generation of thermal NOx. Another condition
that favored thermal NOx is combustion residence time, which is longer at higher pressures, as
discussed above.

4.3.1.3 Effect of Heat Release Rate
Effect of heat release rate on visual flames and emissions have been studied by conducting
combustion experiments at different HRRs for fixed flow velocity of flow (ALR = 2.67 and φ =
0.76). At a given equivalence ratio, HRR is linearly related to fuel and air mass flowrates. Thus,
keeping flow velocity constant while varying HRR requires varying chamber pressure at the same
proportion. Table 4.4 shows the three HRRs and their corresponding operating pressures to
maintain constant flow velocities. Flame photographs of diesel combustion at the different HRR
are shown in Figure 4.14. In all three cases, good flame quality characterized by blue color
indicating premixed mode combustion is observed. This observation can be attributed to the fact
that all three cases are operated at a high ALR = 2.67, which has proven to produce very fine
droplets. However, there is slight variation in flame structure as HRR increased, the flame tended
to become slightly smaller in size with increase in pressure. Because the flow velocity is constant,
theoretically, combustion residence time would be similar for all cases. The flame size decreases
at higher pressures because of differences in reaction rates, fuel-air mixing and vaporization
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dynamics. At the same time the turbulence level is expected to increase with increase in Reynolds
number. Figure 4.15 shows graphs of CO and NOx emissions at the different HRRs. The graphs
show an increase in CO and decrease in NOx with increase in HRR. This observation could be
explained by the visual flame images showing more compact flames with increase in HRR.
Compact flames indicate sufficient combustion residence time inside the combustion chamber, and
would result in lower CO due to improved combustion completion.

Table. 4.4 Values of HRR Vs corresponding pressure for effect of HRR experiments
HRR (kW)

P (kPa)

12

104

18

159

24

207

4.3.2 Pressure Drop
Effect of atomizing air flow rate on pressure drop in the atomizing air and fuel supply lines
is important for practical operation of the injector. Simmons and Agrawal (2011) have
experimentally shown that pressure drop in atomizing-air line is independent of fuel flow rate.
This finding can be justified by the fact that at ALR = 2.5, which is a typical operating condition
of FB injector, the volumetric flow rate of atomizing air is more than 2000 times of the fuel flow
rate at atmospheric conditions and more than 500 times at 400 kPa. The fraction of injector exit
orifice through which the liquid flow is, therefore, negligible compared to that of atomizing air.
Therefore, pressure drop experiments at different chamber pressure are conducted with atomizing
air flow only, in the absence of liquid fuel.
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Figure 4.16 shows normalized pressure drop vs volumetric flow rate plots for multiple
chamber pressure conditions between 162 kPa and 430 kPa. Normalized pressure drop (ΔP/Ps) is
the ratio of atomizing pressure drop across the injector to supply pressure and is a very important
parameter that determines feasibility of an injector’s efficacy in high pressure applications.
Generally normalized pressure drop increased with increase in atomizing air flow rate. At lower
flow rates of atomizing air, all operating pressures exhibited very similar normalized pressure
drops. As the flow rate increased, however, the high pressure cases exhibited slightly higher ΔP/Ps.
Nevertheless, the differences are very small compared to the magnitudes of normalized pressure
drop and it can be fairly concluded that pressure drop ratio for a given volumetric flow rate or
velocity of flow is independent of chamber pressure. This is important finding, which is an
indicator that the injector can be characterized by a single parameter which is the injector discharge
coefficient (CD). CD is defined as the ratio of the actual mass flow rate through the injector to the
ideal mass flow rate, given by (2∆𝑃)/(𝜌𝑢2 ), where 𝑢 and 𝜌 are velocity and density of the fluid
flowing through the orifice.
Figure 4.17 shows plots of atomizing air mass flow rate in units of g/s Vs ΔP/Ps. As can
be seen in the figure, an increase in the atomizing air flow rate increases the pressure drop ratio of
atomizing-air line. However, there is a clear trend that as chamber pressure increases, both the
magnitude and slope of normalized pressure drop decreased. Typically, the existing geometrical
design of FB injector requires ALR > 2 to achieve good spray and clean combustion targets. At
atmospheric conditions, the FB injector with orifice diameter, D = 1.5 mm used in this set-up is
rated to operate at HRR = 7 - 14 kW (averaging 10 kW). At higher operating pressures, the system
is expected to operate with higher thermal loads. For example if the velocity of flow is kept
constant while increasing pressure, the system at 202.6 kPa (2atm) would be expected to operate
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at around 20 kW. At this condition and ALR = 2, ΔP/Ps of the injector is in close to 0.4 or 40%
(as can be noted from a labelled point in Figure 4.17). However at higher pressures there is a
potential to lower the pressure drop requirements either by operating the injector at lower HRRs
and thus lower flow velocities or resizing the chamber diameter to smaller size, so that the flow
velocity could be maintained while operating the injector at low HRRs. For example as can be
seen in Figure 4.17, a point which intersects HRR = 17 kW and ALR = 2 at chamber pressure of
430 kPa (4.25 atm) corresponds to around 5% of pressure drop ratio. This clearly shows that as
chamber pressure increases, pressure drop ratio will be within 1-2 % and that the FB injector has
a great potential to meet the strictest pressure drop requirements of aviation industry.

4.4 Conclusions
In this study, a swirl stabilized combustor utilizing FB injector for high pressure
experiments has been developed. Combustion performance of the system and injector pressure
drop characteristics have been investigated at different operational pressures between 101.3 kPa
and 447 kPa, over a range of thermal and flow operating conditions. Flame images at different
operating pressures showed that with increase in ALR, flames tended to get bluer indicated good
mixing and clean combustion. CO and NOx concentrations measured at the combustor exit plane
also showed reduction in emissions with increase in ALR. Flame lift-off height increased with
increase in ALR, and decreased with increase in operating pressure Results also showed that for a
given fuel flow rate or HRR, CO levels decreased with increase in operating pressure. NOx
emissions on the other hand increased with increase in operating pressure. Normalized pressure
drop across the injector’s atomizing-air line, which is an important parameter determining
compatibility of the injector in existing aviation and gas turbine combustion systems has also been
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studied under different operating pressures between 162 kPa and 430 kPa. Results showed that an
increase in the atomizing air flow rate increases normalized pressure drop. However, for a given
mass flow rate, as chamber pressure increased, normalized pressure drop decreased. Results also
showed that percentage pressure drop is independent of atomizing air volume flow rate or flow
velocity. This study is the first ever to investigate combustion and pressure drop characteristics of
FB injector at elevated pressures. While the experimental findings identified important trends and
characteristics, spray visualization and droplet characteristics experiments on FB injector at
elevated pressures would provide more in depth understandings. This work would also benefit
from CHEMKIN analysis of diesel combustion at elevated pressures to get additional insights of
the FB injector’s flame and emissions characteristics.
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Figure 4.1 Schematic illustration of Flow-Blurring injector
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Figure 4.2 Experimental setup
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Figure 4.3 Pressure chamber and exit area throttle system assembly
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Figure 4.4 Liquid-fuel and atomizing air lines assembly
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Figure 4.5 Flame images at different ALR at P=101.3 kPa (HRR = 12 kW and Φ = 0.76)
All dimensions in cm

113

Figure 4.6 Flame images at different ALR at p = 151.9 kPa (HRR = 12 kW and Φ = 0.76).
All dimensions in cm
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Figure 4.7 Flame Lift-off height at different ALR and chamber pressure (HRR = 12 kW and Φ =
0.76)
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Figure 4.8 (a) CO and (b) NOx emissions at different ALR and chamber pressure (HRR = 12 kW
and Φ = 0.76)
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Figure 4.9 Images of diesel flames at different chamber pressures for HRR = 12 kW (ALR =
2.67 and Φ = 0.76).
All dimensions in cm
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Figure 4.10 Images of diesel flames at different chamber pressures for HRR = 18 kW (ALR =
2.67 and Φ = 0.76).
All dimensions in cm
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Figure 4.11 Images of diesel flames at different chamber pressures for HRR = 24 kW (ALR =
2.67 and Φ = 0.76).
All dimensions in cm
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Figure 4.12 Plots of flame Lift-off height Vs pressure, HRRs of 12, 18 and 24 kW (ALR = 2.67
and Φ = 0.76)
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Figure 4.13 Plots of (a) CO and (b) NOx emissions VS chamber pressure, at HRRs of 12, 18 and
24 kW (ALR = 2.67 and Φ = 0.76)
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Figure 4.14 Images of diesel flames at different HRRs and their corresponding pressures at
constant velocity (ALR = 2.67 and Φ = 0.76).
All dimensions in cm.
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Figure 4.15 Bar charts of CO and NOx emissions at different HRRs and their corresponding
pressures at constant flow velocity (ALR = 2.67 and Φ = 0.76)
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CHAPTER 5
LOW EMISSION COMBUSTION OF HIGH VISCOSITY LIQUID FUELS AT ELEVATED
PRESSURE

5.1 Background
Although appearing a recent phenomenon, biofuels have been in use since the ancient
discovery of fire. In modern times, biofuels received peak attentions during times of political
turmoil and oil crisis such us during Arab oil embargos of the 1970s (Demirbas, 2010). Nowadays,
biofuels are touted not only as one of the sustainable energy sources but also as environmentally
friendly when compared to fossil fuels. Because of the closed carbon cycle, biofuels reduce net
greenhouse gas (GHG) emissions in the form of CO2 compared to fossil fuels (Savage et al, 2008).
Biofuels can come from variety of renewable sources and are categorized into various
"generations”. The most common of these generations are: first generation biofuels which
represent either plant oil that may readily be extracted and converted into biodiesel, or starch or
sugar that can easily be converted into ethanol by fermentation, and second generation biofuels
which are made from non-food crops or agricultural waste, especially ligno-cellulosic biomass like
switch-grass, willow, or wood chips (Lü et at, 2011; Naik et al, 2010; Antizar‐Ladislao and
Turrion‐Gomez, 2008). Vegetable oil (VO), could come from first generation edible crops such as
soybean oil and from second generation non-edible feedstock such as Jatropha curcus
(Subramanian et al, 2005). Straight vegetable oils could be used in their original form mainly in
stationary applications including agricultural machines, power turbines and other industries.
However, VOs usually require preheating or chemical processing upstream of the combustion

126

chamber because of their poor thermo-physical properties (Agrawal and Agrawal, 2007). One such
property of VO is high viscosity, which makes it difficult to atomize the fuel, resulting in poor
combustion efficiency, and increased emissions and particulates (Blin et at, 2013; Chang et al,
1996). For example soybean oil, the most commonly used VO, is 5 – 10 times more viscous
compared to diesel (Schwab et at, 1987). Comparisons of properties of soybean oil and diesel are
shown in Table 5.1. Often times, Straight VOs are processed to decrease viscosity by minimizing
their fatty acid content which results in production of standard grade fuels such as biodiesel (a
biofuel with similar properties to diesel) (Demirbaş, 2002). However, such processing removes
part of the energy content in the form of waste, and incurs more energy costs for the refinery
process (Yang et al, 2012). Therefore developing a technology that can utilize VOs in their original
form would be both environmentally and economically advantageous.
Atomizing high-viscosity liquid is a difficult task. Twin-Fluid atomization techniques have
been successful in dealing with heavier oils, when compared to other techniques. For example,
Effervescent Atomizer (EA), which is a type of twin fluid atomization technique which can
produce sprays with very fine spray droplets of high viscosity fuels (Lefebvre et al, 1988).
However, spray produced by EA has been reported to exhibit unsteadiness related to two-phase
mixing and flow processes within the injector body. Flow-Blurring (FB) atomizer, another type of
twin-fluid type atomize first developed by Gañán-Calvo (2005), has shown good promise in
atomizing and efficiently burning fuels of wide range of viscosity, without the unsteadiness related
drawbacks of EA (Simmons, 2009, 2012). FB injector uses atomizing air to assist breaking up the
liquid fuel into finer droplets.
Figure 5.1 schematically represents working mechanism of FB atomizer. Liquid fuel is
supplied through the center tube, and atomizing air is supplied through the outer tube surrounding
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the fuel tube. Upstream of the exit orifice is a small gap that allows atomizing air to mix with the
liquid fuel before exiting through the orifice. In FB atomization, the gap which is designated by H
in Figure 5.1 should be less that one fourth of the exit orifice diameter D. A dimensionless number
H/D = 0.25 results in radial flow of the atomizing air across the gap H, and a stagnation region is
formed in the gap. As a result the atomizing air is bifurcated with part of the air flowing into the
fuel-tube and the rest being directed to exit-orifice of the FB injector. While majority of the
atomizing air is directed towards the lower pressure zone through the orifice, a small portion of
the atomizing-air penetrates upstream into the incoming liquid to form bubbles that mix turbulently
with the liquid. The two-phase mixture with small sized air bubbles, then leaves the orifice forming
fine droplets. Bursting of the air bubbles as they experience sudden pressure drop across the orifice
is the key mechanism for primary atomization that results in fine and uniformly distributed droplets
(Jiang and Agrawal, 2015).
The penetration distance of atomizing air into the fuel tube depends on the air’s atomizing
air supply pressure, and is a function of an important operating parameter known as Air to Liquid
Ratio (ALR), that affects spray and combustion performance of FB atomizer. ALR is given by:
.
.
 . 
 ma  (Where: m a is mass flow of atomizing-air and m l is mass flow rate of liquid fuel).
ALR   . 
 ml 
 

Simmons and Agrawal (2011), Jiang and Agrawal (2014), Niguse and Agrawal (2015) consistently
reported that an increase in ALR improves spray and combustion performance of the FB injector.
In recent years, numerous works have shown favorable spray and combustion
performances of FB atomizer with conventional fuels and alternative fuels including biomass
derived VOs, waste byproducts and glycerol (Simmons et al, 2009; Panchasara et al, 2009; Jiang
and Agrawal 2015). However, all previous experiments have been conducted at atmospheric
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conditions and they do not provide any information or trend about its performance at elevated
pressures. Given that many practical combustion systems operate at high pressures, investigating
performance of FB injector at elevated pressure would provide more realistic information and
trends, paving the way towards development of fuel flexible combustion system utilizing a variety
of biofuels in aviation applications, gas turbines and other applications.
The objective of this research is to characterize combustion performance of FB injector
with VO at elevated chamber pressure and compare results with diesel combustion to determine
feasibility of burning unprocessed and non-preheated vegetable oil at high pressures using the FB
injector.

Table 5.1 Comparison of diesel and vegetable properties (at 25 oC)
Property

Diesel

Vegetable-Oil

Density [kg/m3]

834

925

Kinematic Viscosity [mm2/s]

3.88

53.74

LHV [MJ/kg]

44.6

37

Auto-Ignition Temperature [°C]

260

406

Vaporization Temperature [°C]

160-370

327

5.2 Experimental setup
The experimental setup, shown in Figure 5.2, is composed of combustion air, atomizing
air, gaseous fuel and liquid fuel supplies, a premixing region, a pressure vessel in which
combustion takes place, and an exit throttle valve to control operating pressure. Compressed air is
dehumidified and split into primary air supply and atomizing air supply lines. Natural-gas, used to
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start the combustion, is supplied from high pressure storage cylinders and is regulated to around
700 kPa. A high pressure Eldex Optos Model-3 liquid fuel pump, with measurement uncertainty
of 0.25 % is used to supply liquid fuel. Laminar flow elements are used to measure the primaryair and cooling air flow rates. A Sierra Smart Track 2 Series 100 mass flow controller with ± 1%
uncertainty is used to measure and control the natural-gas flow rates. The atomizing-air flow rate
is measured by a sonic nozzle mass flow meter of 1.0 % accuracy. Calibration curve of the sonic
nozzle is provided in Appendix C. Combustion products are sampled continuously by a stainless
steel probe with three holes of 1 mm ID, mounted on the side of pressure chamber. The exhaust
sample probe holes are positioned right at the exit plane of the combustor, and are radially situated
at 25%, 50% and 75% distances from the edge of the combustor wall. A Nova gas Analyzer with
uncertainty of 2 ppm is used to measure concentrations of CO and NOx in the dry exhaust gas
sample. The analyzer also measures O2 and CO2 concentrations, which are used to verify the
equivalence ratio computed from the measured fuel and air flow rates. Combustion chamber
pressure is measured with an absolute pressure transducer connected through an access port in the
wall of the pressure vessel. Summery of experimental devices and their uncertainties are provided
in Table 5.2.
Combustion experiments were conducted with a conventional fuel (diesel) at different
pressure, ranging from atmospheric to 447 kPa for different atomizing air flow rates and heat
release rates (HRRs) in the high pressure test rig. The equivalence ratio was kept constant at 0.76
by controlling the total air flow rate which is the summation of the atomizing air and primary air
flow rates. For a fixed fuel flow rate, Air to Liquid mass ratio (ALR) of the injector was varied by
changing the split between primary and atomizing air flow rates while maintaining a constant total
air flow rate. Gaseous fuel is introduced from the side of the burner into the primary air stream and
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is mixed with primary air in the mixing tube. A remote controlled spark igniter is used to initiate
combustion with natural gas. Diesel is then injected into the combustion zone using a FB atomizer
of 1.5 mm orifice diameter which utilizes the atomizing air to break down the fuel. Natural-gas is
withdrawn once stable diesel flame is achieved. A swirler with axial curved vane angel of 30
degrees and the swirl number of 1.5 is used to stabilize the flame. Chamber pressure is regulated
by varying the exit area of the pressure chamber through traversing of a needle ended throttle valve
at the exit of the chamber. A remotely controlled motor driven slide assembly is used to control
the motion of throttle valve.

Table 5.2 Summary of experimental devices and uncertainties
Measured Quantity

Experimental Device

Uncertainty

Primary Air Flow Rate

Laminar Flow Element (LFE)

± 5 SLPM

Atomizing Air Flow Rate

FlowMaxx Sonic Nozzle

± 1% of the reading

Methane Flow Rate

Sierra Smart Track 2 Series 100 mass ± 1% of the reading
flow controllers

Liquid Fuel Flow Rate

Eldex-Optos Model 3 High Pressure ±

0.3%.

of

the

Metering Pump

reading

CO and NOx Emissions

Nova model 376WP gas analyzer

± 2 ppm

CO2 and O2 Concentrations

Nova model 376WP gas analyzer

± 0.1 % of the
reading
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5.3 Experimental Results
In this section combustion performance of FB injector at elevated pressures with VO fuel
are presented. The first part discusses flame characteristics and emissions performance of VO for
different ALRs and pressures at multiple heat release rates (HRRs). A parametric study of
combustion performance at different operating conditions has been conducted through analysis of
flame colors and geometry, and concentrations of CO and NOx emissions at the combustor exit
plane. Comparison of VO and diesel flames and emissions is also presented to determine FB
injector’s response to fuel property variations at elevated pressures.

5.3.1 Effect of ALR
Figure 5.3 shows flame images of VO combustion at three different ALRs of 1.5, 2.0 and
2.67 respectively at chamber pressure of 158.6 kP, HRR of 12 kW and equivalence ratio of 0.76.
ALR was varied to determine an optimally suitable operating condition for further high pressure
experiments. At the lowest ALR (ALR = 1.6), dominant portion of the flame is yellowish,
indicative of soot formed by large droplets burning in diffusion or non-premixed mode. As ALR
increased, the yellow—orange portion started to diminish, and the highest ALR (ALR = 2.67)
resulted in complete blue flame. Blue color arises due to emission of excited CH radicals indicating
premixed combustion, which is achieved in the presence of sufficiently smaller droplets to insure
complete vaporization and mixing before combustion. In addition to getting bluer, flame lengths
also reduced with increase in ALR. For-example at ALR = 1.6, flame length is around 17 cm. As
ALR increased to 2.67, the length reduced to less than 8 cm.
The flame results further corroborated with CO and NOx emissions, which are plotted in
Figure 5.4. The figure shows of CO and NOx concentrations measured at the combustor exit plane
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at different ALR ranging between 1.5 and 2.7 for chamber pressures of P=158 kPa and HRR = 12
kW. CO reduced from over 77 ppm at ALR= 1.6 to 21 ppm at ALR = 2.67. Likewise, NOx
decreased from 42 ppm at ALR = 1.4 to 30 ppm at ALR = 2.67. Lower emissions at higher ALR
are the result of better spray quality characterized by smaller droplets at high ALRs. Smaller
droplets ensure faster vaporization and complete mixing before entering the combustion zone,
hence result in premixed mode combustion.

5.3.2 Effect of Chamber Pressure
Figure 5.5 shows images of VO flames at different chamber pressures between 104 kPa
and 270.9 kPa for HRR = 12 W and ALR = 2.67. Global equivalence ratio was kept constant at
0.76 by maintaining constant total mass flowrate of air for a given fuel flow rate. As pressure
increased, the flame became smaller in size and less lifted. The variation in size is because of the
increase in density with pressure. In other words as a result of increase in density, HRR per unit
volume increases and flame becomes smaller. At P = 270.9 kpa, slight formations of yellow flames
are observed at the downstream end of the flame, a possible indicator of richer or diffusion mode
combustion. This can be explained by the fact that at higher pressure, the flow velocity decreases
giving rise to less dispersed spray and localized richer zones.
To further investigate effect of pressure on flame structure and identify possible
combustion modes, two sets of experiments were conducted at HRRs 18 and 24 kW. Figure 5.6
shows flame results for HRR = 18 kW at different pressures. At this higher HRR, the combustor
can be operated compared to the lower HRR. Similar to the HRR = 12 kW case, as pressure
increased the flame became smaller and at the highest pressures, the flames started to produce
yellowish wrinkled branches indicating diffusion mode combustion.
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Figure 5.7 shows visual flame images at different pressure for HRR = 24 kW. Similar to
the lower HRR cases, as pressure increases, flames tend to produce more yellow branches.
However, with increase in HRR, the pressure at which yellow flames form increased. For example
the flame at HRR = 24 kW and P = 310 kPa has a smaller portion of yellow region when compared
to the flames for HRR = 18 kW at P = 310 kPa and for HRR = 12 kW at P = 270 kPa. Further, for
fixed HRR, very high operating pressures tended to produce more sooty flames characterized by
significant yellow/ orange flame wrinkles resulting in longer flames. For example at 24 kW, at
pressures above 400 kPa, the blue portion of the flame became substantially smaller.
Effect of chamber pressure on flame lift-off height has also been investigated by measuring
the distance between the injector exit-orifice plane and flame base. Figure 5.8 shows, quantitative
comparisons of flame lift-off heights at different pressure for three different HRRs, namely 12 kW,
18 kW and 24 kW. For all HRRs, lift-off height decreased with increase in pressure and the higher
HRRs increased the flame lift-off heights. For-example, at HRR = 12 kW, flame lift-off height
decreased from 2.1 cm at P = 104 kPa to 0.9 cm P = 270 kPa. Droplet vaporization distance, which
is the axial distance a droplet travels before it is completely vaporized, is a major factor that affects
the flame lift-off height. The variation in flame lift-off height with change in pressure is attributed
to the relationship between droplet vaporization distance and flow velocity. At a given ALR and
HRR, the flow velocity decreases at higher pressures, giving rise to slow moving droplets which
require smaller travel distance to completely vaporize. Besides, at higher pressures, the decrease
in flow velocity results in sufficient residence time for diffusion mode combustion to take place
prior to complete vaporization.
Figure 5.9 (a) and (b) respectively show plots of CO and NOx concentrations measured at
the combustor exit plane, at different pressure for three HRRs. CO levels decreased with increase
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in chamber pressure from a maximum of 36 ppm at 104 kPa to 3 ppm at 458 kPa. This could be
explained by the fact that for a given fuel flow rate and chamber volume, combustion residence
time increases with increase in pressure because of the increase in density of the gases and lower
flow velocity. Longer residence time ensures better completion of combustion. Comparing CO
levels for the different HRR at a fixed pressure, generally increase in HRR resulted in slightly
lower CO levels. However, the differences are very small within the range of uncertainty. NOx
emissions on the other hand exhibited opposite trend to CO levels for all conditions. NOx levels
increased with increase in pressure for all cases. For example at 12 kW, NOx concentration
increased from 20s ppm at P = 104 kPa to 40s as pressure doubled; similarly at HRR = 18 kW,
NOx levels increased from 40s ppm at P = 159 kPa to 60s at P = 310 kPa and at HRR = 24 kW
NOx increased from 40s ppm at P = 206 kPa to 70s at P = 451 kPa. At a given pressure, generally,
the higher HRRs resulted in slightly higher NOx levels. With increase in pressure, flames tended
to be more compact and higher amount of heat is released per unit volume in the combustion zone.
This results in higher temperatures favoring generation of thermal NOx (Flagan and Seinfield,
2013). Another condition that favored thermal NOx is combustion residence time, which is longer
for the higher pressures.

5.3.3 Vegetable oil Vs Diesel
Figure 5.10 compares diesel and VO flames at chamber pressures P = 104.1 kPa and 206.8
kPa. In all cases, HRR, ALR and global equivalence ratio were kept constant at 12 kW, 2.67 and
0.76 respectively. At the lower pressure, both fuels produced premixed mode blue flames;
however, VO produced larger flame around 10 cm in length compared to 6 cm with diesel. With
increase in chamber pressure, however, though both flames showed significant reduction in flame
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width and overall size, presence of significant yellow wrinkles indicating soot formations are
observed only in diesel flames at the higher pressure. VO flames at both pressures are larger than
diesel flames, and completely blue even at the higher pressure. However, at much higher pressures
even VO is expected to produce yellow flames unless the velocity of flow is increased
proportionately (as can be noted at pressures above 300 kPa in Figure 5.7). As can be referred from
the section 5.3, further increase in chamber pressure results in VO flames with yellow. However,
compared to diesel flames, VO flames exhibited more distributed combustion and less sensitivity
to chamber pressure variations. Some of the reasons for VO flame’s larger size and less sooty
flames are its smaller heating value and lesser volatility (see Table 5.1). Another possible reason
is, even though FB injector produces very fine droplets with both fuels, VO sprays generally have
slightly larger droplet sizes when compared to diesel. For this reason, VO droplets penetrate longer
distance inside the combustion chamber before they are completely vaporized. Longer penetration
distance combined with less volatile properties contributes to VO’s more uniform and distributed
combustion.
Figure 5.11 (a) and (b) show bar chart compares CO and NOx levels for the two fuels, at
chamber pressures P = 104.1 kPa and 206.8 kPa for HRR= 12 kW, ALR = 2.67 and Φ = 0.76. CO
levels are very similar for the two fuels at both pressures. However, at the higher pressure, diesel
produced significantly higher NOx. The higher NOx with diesel at high pressure can be attributed
to localized high temperature zones in diesel flames characterized by soot formation. From flame
comparisons shown in Figure 5.10 it can be seen that generally, at high pressure conditions VO
burned more uniformly with less soot formation compared to diesel.
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5.4 Conclusions
Effect of operating pressure on VO combustion in a swirl stabilized combustor utilizing
FB injector has been investigated at different ALRs and HRRs and sample results of VO flames
and emissions have been compared with that of diesel. Flame images showed that with increase in
ALR flames tended to get bluer indicated good mixing and clean combustion. CO and NOx
concentrations measured at the combustor exit plane at the different ALRs also showed reduction
in emissions with increase in ALR. Flame lift-off height increased with increase in ALR, and
decreased with increase in operating pressure. Combustion experiments different HRRs and
pressures showed that for a given fuel flow rate or HRR, CO levels decreased with increase in
operating pressure and NOx emissions on the other hand increased with increase in operating
pressure. Lift-off height deceased with increase in pressure and the higher HRRs resulted in
slightly higher lift-off heights. Flames tended to produce more yellow branch formations as
pressure increased. However, as HRR increased, the pressure at which noticeable yellow
formations appear became. Compared to diesel, VO produced larger flames exhibiting more
distributed combustion and showed less sensitivity to chamber pressure variations. At lower
pressures, both diesel and VO produced complete blue flames. However as pressure increased
diesel formed a flame with noticeable yellow branches while VO stayed all blue. Besides VO
produced less NOx compared to diesel at higher pressure
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Figure 5.1 Schematic illustration of FB atomization
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Figure 5.2 Experimental Setup of High Pressure Combustion System
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Figure 5.3 Flame images of VO at different ALR at P = 158 kPa (Φ = 0.76 and HRR =12 kW)
All dimensions in cm.
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Figure 5.4 CO and NOx emissions of VO at different ALR at P = 158 kPa (Φ = 0.76 and HRR
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Figure 5.5 Images of VO flames at different chamber pressures for HRR = 12 kW (ALR = 2.67
and Φ = 0.76)
All dimensions in cm.
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Figure 5.6 Images of VO flames at different chamber pressures for HRR = 18 kW (ALR = 2.67
and Φ = 0.76)
All dimensions in cm.
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Figure 5.7 Images of VO flames at different chamber pressures for HRR = 24 kW (ALR = 2.67
and Φ = 0.76)
All dimensions in cm.
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Figure 5.9 Plots of (a) CO and (b) NOx emissions VS chamber pressure of VO flame, at multiple
HRRs (ALR = 2.67 and Φ = 0.76)
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Figure 5.10 Comparisons of diesel Vs VO flames at chamber pressures P=104.1 kPa and
P=206.1 kPa. (HRR = 12 kW, ALR = 2.67 and Φ = 0.76))
All dimensions in cm.
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(a)

(b)
Figure 5.11 Bar charts of CO and NOx emissions for VO and diesel flames at chamber pressures
of 104.1 kPa and 206.8 kPa (HRR = 12 kW, ALR = 2.67 and Φ = 0.76)
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
In this study, a FB atomizer’s scalability, high-pressure combustion performance, and pressure
drop characteristics were investigated at different operating conditions. A swirl stabilized
combustion system with FB atomizer was first scaled-up to deliver an order of magnitude higher
heat release rate of an existing laboratory system. Combustion performance of the scaled-up
system was then investigated and compared to that of small scale-system with diesel and VO
fuels. Next, combustion characteristics of glycerol, a high viscosity and low energy density fuel,
was investigated using the scaled-up system in laboratory and industrial environments. The study
further investigated the FB injector’s pressure drop characteristics and combustion performance
with diesel at elevated pressures. Finally combustion performance of the high pressure system
with VO is investigated and the results were compared to that of diesel. The following
conclusions were drawn from the research.


Scaling methodology for FB injector in a swirl stabilizer combustion system is
developed.



Flame and emissions characteristics of diesel and VO combustion experiments on
the scaled-up system resulted in similar flame structure, lift-off heights and CO
and NOx emissions when compared to the small scale system, demonstrating
scalability of FB injector. The results also validated the scaling methodology.



In a lab environment, the scaled-up combustor was able to burn glycerol cleanly
with low CO and NOx emissions.
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Glycerol combustion in industrial test site results higher CO levels compared to
lab experiments. This result is attributed to variations in firing orientation and
downstream conditions of the two experimental environments. In lab settings, the
burner was fired vertically and the exhaust was directed into fan driven exhaust
pipe. On the other hand, at the industrial site, the combustor was fired horizontally
and combustion products were exhausted into open ambient inside a furnace.



Normalized pressure drop of atomizing-air line across the injector (ΔP/P), which
an important parameter determining compatibility of the injector in existing
aviation and gas turbine combustion systems increased with increase in mass flow
rate of atomizing air.



ΔP/P decreased with increase in chamber pressure and is projected to be as low as
1-2 % at high pressures, and that the FB injector has a great potential to meet the
strictest pressure drop requirements of aviation industry.



ΔP/P is independent of atomizing air volume flow rate or flow velocity.



Diesel combustion experiments at elevated pressures showed that CO and NOx
concentrations decreased with increase in ALR regardless of the operating
pressure. Flame lift-off height increased with increase in ALR, and decreased
with operating pressure. CO levels decreased with increase in operating pressure
and NOx emissions increased with increase in operating pressure.



Both diesel and VO tended to produce more yellow branch formations as pressure
increased, and as HRR increased, noticeable yellow formations appear became
higher. However, VO flames generally showed less sensitivity to chamber
pressure variations.

150



At elevated pressures, compared to diesel, VO produced lower NOx and larger
flames characterized by more distributed combustion with bluer flames.



Increasing ALR more premixed flames and lower emissions in all investigated
scales, HRRs and pressures.



Following the invention and initial small scale atmospheric experiments on FB
injector in a swirl stabilized combustion system this study represents a significant
step towards developing fuel-flexible, low-emission combustion systems for high
pressure gas turbines operated on liquid fuels.

Recommendations


Spray visualization and droplet characteristics experiments on FB injector at
elevated pressures and different scales or orifice diameters can be conducted to
obtain additional insights.



Geometrical optimization of FB injector would minimize atomizing air flow rate
and pressure drop requirements, hence improve injector efficiency and stability.



Adding extra optical access window on the high pressure system would provide
capabilities for laser diagnostics.



Incorporating a pilot non-premixed gaseous fuel injector in the high pressure test
rig would provide a simpler ignition system.



FB injector’s interaction with swirler can be studied to identify well defined
configurations and optimal design recommendations.
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APPENDIX A
This section provides a calibration curve of the sonic nozzle mass flow meter, which has
been used to measure the atomizing air flow rate of portable burner discuused in chapter 3.
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APPENDIX B
PORTABLE SCALED-UP BURNER DRAWINGS
This section provides assembly and detailed drawings of the horizontally fired portable
burner for industrial testing described in chapter 3. Figure B.1 and B.2 respectively show 3D
assembly models of the burner and burner tube sections. Detailed views of the components are
provided in Figures B.3 to B.8. Burner mount plate is shown in Figure B.9.

Figure B.1 3D assembly model of portable burner on a cart
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Figure B.2 3D model of burner tubes assembly
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Figure B.3 Detailed drawing of blower Adapter
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Figure B. 4 Detailed drawing combustion chamber
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Figure B. 5 Front and side views of dummy flange
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Figure B.6 Front and top views of dump-plane tube

163

Figure B.7 Front and top views of mixing tube
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Figure B.8 Front and top views of convergent end
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Figure B.9 Burner mount-plate with hole-patterns
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APPENDIX C
HIGH PRESSURE LIQUID FUEL COMBUSTION EXPERIMENTAL CHALLENGES AND
OPERATING PROTOCOLS
C.1 Overview
Liquid fuel combustion experiments with the high pressure system discussed in chapters 4
and 5 pose a number of challenges associated with strong pressure gradients developed at the
interfaces of combustion chamber, premixed supply tube, and FB injector’s liquid fuel and
atomizing air boundaries during trasient oeprations. Three different causes of transient flow
conditions are identified, which are ignition, combustion chamber pressurization and ALR
manupulation. This section discusses the challenges associated with these transient conditions and
operational protocols followed to ensure smooth operation and data taking.

C.2 Ignition
One of the experimental challenges of high pressure combustion is igniton related. The
nozzle shaped ending of the high pressure combustor discussed in chapter 4 has a small exit
diameter, and creates a flowfield which is prone to sudden surge of pressure during ignition. This
may result in flow revesal of air and fuel supplies causing abrupt flame blow-off of flashback. A
critical flow nozzle (sonic nozzle) was installed upstream of the primary air inlet port to minimize
the degree of flow reversal and two operational measures were taken to avoid the sudden pressure
surge during ignition. First, starting with reduced reactant flow rates mimimizes the degree of
pressure surge. Typically, around 10 kW of HRR combined with less than 200 SLPM of
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combustion resulted in good outcomes. However, this has to be in combination with opening up
of pressure relief ports in addition to combustor exit. To achieve this, two of the probe ports on the
combustion chamber walls were opened up, so that exhaust exit area would increase up-to 3 times
of the default combustor exit. The ports were then closed after ignition. These measures resulted
in a stable and smooth ignition.

C.3 Pressurizing Reacting Flow
When pressurizing the chamber during active liquid fuel combustion, non-uniform
responses of the different flows (primary air, atomizing air liquid fuel), create transient instabilities
or blow-off. Two different techniques have been applied to solve the issue: (1) Starting with natural
gas and pressuring the chamber to the desired pressure before transitioning to liquid fuel. (2) Using
very small incremental pressures (takes more time). At low pressures below 2 atm, increment rates
shouldn’t exceed 1 psi per minute. At higher pressures, however, higher rates of pressure
increments (up-to 5 psi per minute at 3 atm and above) are possible.

C.4 Increasing Fuel and Atomizing Air (AA) Flow Rates at Elevated Pressure.

When increasing AA flow rate during combustion, disruptions in the two phase interaction
of liquid-fuel and atomizing air may result in momentary interruption of liquid fuel injection in
the combustion zone and results in flame blow-off. Increasing flow rates in small steps of
increments always solved the issue.
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APPENDIX D
HIGH PRESSURE LIQUID FUEL COMPONENTS DRAWINGS
The high pressure liquid fuel combustion system described in experimental set-ups of
chapter 4 and chapter 5 was developed by modifying an existing high pressure gaseous fuel
combustion system, which is shown in Figure D.1. All the components below the thick horizontal
line in the center of the figure were redesigned to implement liquid fuel combustion components,
in addition to the gaseous fuel combustion capabilities. Figure D.2 shows 3D assembly model the
new design. Detailed views of the components annotated in Figure D.2 are provided in Figures
D.3 to D.8.
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Figure D.1 High pressure gaseous fuel apparatus developed by Sequera and Agrawal (2011)

170

Figure D.2 3D model of the high pressure liquid fuel combustion system assembly
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Figure D.3 Top view drawing of the HP combustion system base plate
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Figure D.4 Detailed view of top support
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Figure D.5 Detailed view of internally threaded flange
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Figure D.6 Detailed view of mixing tube
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Figure D.7 Detailed view of plenum tube
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Figure D.8 Detailed view of air tube adapter
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APPENDIX E
Atomizing air pressure drop across FB injector has been conducted on the small scale
injector of 1.5 mm orifice diamter and the large scale injector of 4 mm orifice diameter. First,
pressure drop across different parts of the scaled-up injector were experimentally measured to
identify zones of high pressure loss, and to develop a method of measuring pressure drop across
the main components of FB injector. The important FB pressure drops are across the liquid fuel
line (orifice) and across atomizing-ail line (spacer plus orifice). Figure D.1 shows pressure drop
across different components of the 4 mm injector at different atomizing air flow-rate per unit area.
The result shows that most of the pressure drops occur across the non-essential components of FB
injectot, that is, across the holes and grooves. With proper design, these pessure drops can be
significantly reduced without affecting FB injector’s performance. Figures F.2 and F.3
respectivelly show pressure drop across the FB injector’s main part for the 1.5 mm and 4 mm
injectors at different atomozin-air flow rate per unit areas. Figure E.4 shows coefficient of
discharge for the two injectors.
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Figure E.1 Pressure drop across different components of scaled-up injector
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Figure E.2 Normalized pressure drop across orifices of the small scale and scaled-up injectors at
different AA flow rate per unit areas
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