
ABSTRACT 

KARNATAKI, HERAMB GIRISH. Diffusion Flames. (Under the direction of Dr. Tiegang 
Fang). 

This report details the construction of a burner that uses compressed air to combust 

fuel atomized by a siphon air assisted swirl nozzle. The apparatus is composed of a silica 

infused quartz chamber to observe the flame. The quartz window makes it possible to 

observe the nature of the flame under the effect of honeycomb straightened coflow and 

swirling coflow. Images of the flame were obtained with high frame rate and low frame rate 

under different inlet coflow conditions and atomization inflow settings. Long exposure 

images were obtained using ND-8 neutral density filter to understand the average flame 

structure, while optical bandpass filters were used to study CH* and HCHO variations. Spray 

Cone Angle was obtained by collating frames obtained using a Phantom high speed camera. 

A laser based Particle Size Analyzer was used to obtain droplet size distributions and Sauter 

Mean Diameters (SMD).   

It is observed that coflow air affects the  CH* and HCHO but has little impact on the 

flame structure. Overall, the atomization of diesel and biodiesel was the primary factor in 

deciding flame height, flame width, and color. Flames obtained with swirling coflow are 

wider than parallel coflow flames. Swirling coflow reduced flame height when injected in 

addition to parallel coflow. These effects are more pronounced under fine atomization of 

fuel. The spray angle decreases with increasing fuel flow rate and is larger for less viscous 

fluids. The SMD  for diesel sprays is less than 30 microns and is seen to increase with higher 

fluid-air surface tension.     
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Symbols 
Φ: Equivalence Ratio 
m: mass flow rate 
ET: Exposure Time 
p: Pressure 
 
Subscripts 
f: fuel flow 
a: air flow to atomizer mixing chamber  
CP: Parallel Coflow 
CS: Swirling Coflow 
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1 INTRODUCTION 

A traditional kerosene heater shown in Figure 1 features a wick at the centre that absorbs 

kerosene poured into a fuel tank which is necessary for a primary combustion process to 

occur. In order for the kerosene to be lit, there is a special ignition plug to vaporize and 

subsequently burn the kerosene to generate heat. A mechanical control is integrated into the 

centre of the burning units which allows the amount of air entering the base of the heater to 

be regulated. In addition, the exposed area of the wick in the heater can also be altered, 

affecting the height of the flame and the amount of heat that is produced. The wick is usually 

circular in shape and is composed of either cotton or fibreglass. It is possible for the kerosene 

heater to warm up surroundings by using either radiation or convection heating methods, 

blower fans being used for heavy duty applications. Lowering the wick out of the burner 

turns off the heater, extinguishing the flame. 

  

Figure 1: Picture of a Kerosene Heater         
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Figure 2: Picture of a KFA 125 DGD Burner 

A Dura Heat Convection Kerosene Heater is capable of heating a room in a 360-degree 

radius providing maximum coverage area without utilizing a fan or a blower. The heater has 

a capacity of 23,000 Btu/h and coverage area of 1000 ft2, and serves as an emergency backup 

or portable heat source. Its safety features include automatic shut off when not vertically 

positioned and a metal cage style guard around the heater to prevent human contact with hot 

surfaces. 

A salamander heater, commercially known as a torpedo heater, is any of a variety of portable 

forced-air or convection heaters, often kerosene-fueled, used in ventilated areas for worksite 

comfort. Salamander heaters are most often found at construction sites. Salamander heaters 

require electrical power input to operate a fan for blowing air over a spark plug and an 

atomizer that are placed at the mouth of a combustion chamber. The directional nature of 

flow makes sure the air exits the combustion chamber along the axial direction, in contrast to 

the radial nature of air flowing out of traditional kerosene burners. Salamander burners most 
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commonly consist of air assisted swirl nozzles similar to the design popularized by Delavan. 

The nozzle draws fuel from a sump by creating a vacuum in a constricted mixing chamber. 

The intensity of the vacuum determines the fuel flow rate and this intensity is determined by 

inlet pressure of air that is assisting atomization. This serves as a fuel flow control 

mechanism in large air heaters such as the KFA 125 DGD manufactured by GHP Group Inc. 

The KFA 125 DGD shown in Figure 2 provides 100,000 to 125,000 Btu/h of heat to an area 

of 3000 ft2 for a period of 12 hours on a full 10 gallon tank. It is equipped with an air 

pressure gauge and a 520 CFM blower for co-flow. 

This report aims to present operation of a device that uses compressed air as a co-flow air 

source. It was felt that observing the viability of using readily available compressed air in a 

typical garage or warehouse would be an interesting research problem, with the dual aim of 

eliminating the fan and constructing an experimental setup that allows visualization of a 

diffusion flame of a liquid jet using a silica infused quartz chamber. Although the 

equivalence ratio of combustion occurring in this device is vastly different from the 

equivalence ration of KFA 50 DGD, a burner designed to generate 50,000 Btu/h of heat 

energy, this research serves as a preliminary study of combustion influenced by coflow. The 

nozzle that is used to atomize fuel has been procured from the KFA 50 DGD assembly. 

Atomization is normally achieved by discharging a liquid at high velocity into a relatively 

slow moving air stream. Typical examples include the various forms of pressure atomizers 

and also rotary atomizers that eject the liquid at high velocity from the periphery of a rotating 

cup or disc. An alternative method is to eject a high-velocity airstream to a relatively slow 

moving liquid. The latter approach is generally called twin-fluid, air assisted, or air blast 
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atomization. The air assisted atomizer is a typical twin-fluid atomizer, where the compressed 

air is supplied for atomizing the liquid, while the liquid is supplied by one of the three ways, 

pressure feed, gravity feed, and siphon principle. The air assisted atomizers provide a fine 

degree of atomization under a given flow capacity and supplied pressure. In a siphon air 

assist atomizer, the pressurized air expands within the internal mixing chamber, thereby 

helping the liquid be siphoned by a vacuum pressure due to the ejector effect. The atomizer 

has a primary nozzle and secondary nozzle, which lead to a relative complex structure from 

the perspective of manufacturing.  

A siphon air assisted atomizer with an orifice in the flowing air tube shown in Figure 3 was 

patented by Sadatomi and Kawahara. The atomizer is supplied pressurized air from a 

compressor and consumes less power, it contains straight tubes thus being simple to 

manufacture, and can provide droplets below 20 microns in size due to the porosity of the 

water inlet.  

 

Figure 3: Picture of Sadatomi's Patented Design [5] 

 

 

4 



 

2 LITERATURE REVIEW 

A few nozzle designs and experimental setups constructed to study spray characteristics from 

internal mixing siphon air-assist atomizers have been studied and summarized in the 

following section. A majority of the publications listed sought to examine the effect of inlet 

fluid and air conditions on spray parameters D32 diameter and mass flux density over lateral 

and longitudinal dimensions. 

Kufferath et al. [1] constructed an internal mixing nozzle system which allowed them to gain 

control over geometrical parameters like exit length and diameter of air-fluid mixture and the 

inlet length and diameter of fluid. Additionally, the fuel flow was externally controlled to 

observe the effect of fluid inlet conditions on pressure drop of air. The mixing chamber and 

exit region was studied through two acrylic walls of a square shaped exit region. Atomization 

of glycol-water mixture was observed using a Phase Doppler Analyzer (PDA) 200 mm 

downstream of nozzle exit. The authors observed that short exit lengths result in significantly 

higher D32 diameters at the nozzle centerline for laminar jets but are evenly distributed for 

laminar jets with long exit lengths and turbulent jets irrespective of exit lengths. Also, air 

pressure drop in the expanding region of the mixing chamber is limited by the cavitation 

which caused asymmetries to occur in spray jet. The transition region between laminar and 

turbulent behavior should be avoided due to instabilities in the spray behavior. 

Yao et al. [5] studied a design patented by Sadatomi and Kawahara (2012) with water as the 

working fluid. The same atomizer design was scaled to study the effect of outlet port size on 

D32 diameters and pneumatic power. It was found that, in addition to being superior to 

traditional twin fluid atomizers in terms of energy consumption, the smaller siphon atomizer 
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consumes energy more economically across a large range of flow rates, although a medium 

sized atomizer is more energy efficient at higher flow rates. Additionally, a propeller fan was 

attached below the nozzle exit to increase the spread of the spray which was measured using 

a patternator. The propellers resulted in a 50 % decrease of SMD due to secondary 

atomization. An optimization study was conducted to obtain the outlet port length for the 

highest water suction flow rate. This length is an intermediate value and corroborates the 

authors' suggestion that too long exit lengths cause large pressure losses while too short exit 

lengths mean shorter vacuum pressure regions. 

Kushari [2] carried out a similar exercise by varying the exit length and outflow area of a 

siphon air-assist atomizer and observing the effects on performance. Three injector models 

with different air inlet holes and hole diameters were taken into consideration. Water is 

sprayed into a high pressure chamber with coflow to prevent misting of windows that allow 

measurements using a PDA at 62.5 mm downstream of the nozzle exit. Increased Air/Liquid 

ratio resulted in decreased SMD due to higher liquid kinetic energy but reduced liquid flow 

rate due to flow constriction. Reduction in liquid flow rate is the predominant effect at lower 

Air/Liquid ratios but at higher ratios it is less sensitive to change. Also SMD at center of 

spray was higher than at periphery due to encroachment of high velocity air at the centre of 

the spray. Increase in exit port length resulted in reduced SMD due to better mixing of air 

and fluid due to longer interaction time. Beyond a certain value of Air/Liquid ratio, the SMD 

increase slows down. 

Lal et al. [3] investigated spray characteristics of a twin fluid atomizer in which the fluid 

reservoir was pressurized using compressed air to control water flow rate instead of relying 
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on siphon action. The Air/Liquid mass flow ratio (ALR) increased with an increase in air 

supply pressure but the rate of increase was a rising tendency indicating water supply reduces 

with increasing air supply pressure. This behavior is more stark at lower ALR but reduces in 

intensity at higher ALR due to reduced flow area available to water, due to reduction in the 

discharge coefficient. Increase in ALR caused a reduction in SMD although the water flow 

rate reduced.   However the span remained constant indicating symmetrical distribution at all 

ALRs. Higher liquid flow rates caused smaller SMDs due to increase kinetic energy of 

exiting jet. Lal et al. were able to obtain a non-dimensionalized droplet diameter represented 

in terms of the Ohnesorge Number (Oh) and nozzle geometry, ultimately establishing its 

decreasing relationship with the ALR for this particular nozzle and verifying their 

suppositions with experimental data, which was in accordance. The authors also concluded 

that air supply pressure must be increased to maintain SMD with increasing water supply 

pressures.  

Sadatomi, Murai et al. [7] developed a mist generator for the purpose of providing high air to 

fluid ratio sprays with high inlet air flow rates while minimizing power consumption and 

droplet size. 

 

Figure 4: Sadatomi and Murai's Design with sphere [7] 
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They developed an atomizer with a sphere in the supply line that breaks fluid into small 

droplets by the action of shear at its periphery. The droplet size distributions indicate that a 

majority of droplets are smaller than 30 microns in size at 0.2 LPM of flow rate. The authors 

verified results using Nukiyama and Tanasawa's correlation for estimating droplet sizes and 

found their results to be approximately 1.5 times their experimental data.  

Nukiyama and Tanasawa's correlation:    𝒅𝑺𝑴 =  𝟎.𝟓𝟖𝟓
𝒗𝑮𝑳

�
𝝈
𝝆𝑳

+  𝟓𝟑.𝟐 � 𝝁𝑳
�𝝆𝑳𝝈

�
𝟎.𝟒𝟓

 �𝑸𝑳
𝑸𝑮
�
𝟏.𝟓

  

The authors also found their results to be in accordance with a similar sized atomizer 

designed by Tanno et. al. 

 

Figure 5: Sadatomi et al. [7] and Tanno et al.'s results [8] 

Watanawanyoo et al. [4] studied not only the effect of nozzle inlet flow parameters on 

atomization but the visual images of spray at different critical flow rates using a 

shadowgraphy setup, to obtain spray angles and penetration lengths. Increasing the inlet air 

pressure resulted in intensifying the vacuum generated to drive water flow, but only up to an 
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extent after which the curve plateaus. Increased supply pressure caused increased ALR but 

corroborated Lal et al.'s finding that ALR increases at a faster rate as supply pressure in 

increased. Contrary to Lal et al.'s findings, the coefficient of discharge increased with 

increase in supply pressure which fails to explain reduced water flow rate at higher supply 

pressures. Information obtained from images indicates that spray angle remained relatively 

constant across the range of supply air pressures. Shadowgraphs at 170 kPa, 520 kPa, and 

790 kPa were observed. It was inferred that prompt atomization occurs at 790 kPa, the water 

jet maintained its integrity for a longer distance from the nozzle tip at 170 kPa, and the 

filaments broke into droplets at 520 kPa.  

Liu [6]  published a review of ejector efficiencies in which he documents expressions put 

forward by multiple researchers. Expressions include an efficiency based on inflow and 

outflow state enthalpies and the entrainment ratio, which are readily measurable. Another 

expression includes work rate recovered by expansion and maximum recoverable work rate. 

A particularly interesting expression is one containing dimensionless parameters containing 

an ideal gas term, a pressure drop term, and a ratio of Ohnesorge numbers of air flow to 

water flow, in addition to a few dimensionless constants dependant on nozzle geometry. Liu 

also describes attempts by several researchers to change atomization behavior by inserting a 

needle in the nozzle exit length, evaporating pressure of suction fluid, internal heat exchanger 

inside the nozzle structure, varying nozzle exit tube diameter and length, temperature of 

motive/primary fluid, and by inserting the same fluid into the suction and motive fluid inlets.  
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Liu [6] goes on to express component details like diffuser efficiency, mixing efficiency, 

suction and motive nozzle efficiency, and pressure recovery coefficient, concluding with the 

approximate values considered by researchers.  

Among research conducted on visualization of diffusion flames, a few publications were 

consulted to get acquainted with the commonly constructed system designs. The publications 

discussed in this chapter have aided the development of the coflow burner, the subject of this 

report. The coflow burners have varying dimensions, state of fuel - liquid spray or gaseous, 

fuel delivery methods, oxidizer supply systems, and measurement systems. Objectives of 

different burner designs range from studying NOx concentrations, to obtaining axial and 

radial temperature profiles. However, the setup constructed by the author provides scope for 

examining multiple parameters in the future if not documented in this report, which was the 

motivation behind a chronological study of a variety of experiments. 

Chen and Gomez [9] constructed a coflow burner to study heptane flames from 

monodisperse sprays. They studied the effect of three dimensional fan-induced coflow versus 

the effect of parallel coflow on the flame height and width.  

 

Figure 6: Chen et al. studied (a) 3-D v/s (b) 1-D coflow [9] 
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The principle focus of their research was determining droplet life histories along the flame 

centerline. The authors concluded that droplets follow d-squared law with respect to time and 

axial location as shown in Figure 7. The evaporated droplets form a cloud that is surrounded 

by the flame, while individual droplet burning does not occur, for which droplet interaction 

needs to be less vigorous. 

 

Figure 7: (a) Droplet diameter v/s axial location; (b) Droplet diameter v/s time [9] 

Chen and Gomez [10] later used the same setup to observe transition from group combustion 

to individual droplet burning. The parameter used for this purpose was called Group 

Combustion Number G. G >>1 indicates presence of vaporizing droplets surrounding the 

flame's core containing non-evaporating droplets while G << 1 indicates individual droplet 

burning.  

𝑮 = 𝟐𝝅𝒏𝑫𝑹𝒄𝟐 

where n is the number density of droplets, D is the inter-droplet distance, and Rc is the group 

radius. The critical G is dependent on oxygen concentration in the oxidizer. At high oxygen 
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molar concentrations, the absence of soot in the lower part of the flame was seen. This 

allowed the authors to visually observe individual droplets burn. Increasing oxygen content 

resulted in increasing critical value of G.  

 

Figure 8: (a) Group Combustion in Air versus (b) Individual Droplet Burning in 

Oxygen-rich Oxidizer [10] 

Karpetis and Gomez [11] studied turbulent spray flames of a methanol jet diffused from an 

air assisted nozzle. They came up with the results in Figure 9 and Figure 10 that show the 

dimensionless flame height increasing with increasing fuel-air ratio. Increasing liquid flow 

rate or decreasing air flow rate results in increased number density of droplets raising local 

fuel air ratios, that cause longer and thicker gas diffusion flames.  
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Figure 9: Left: Fixed liquid flow rate, increasing gas flow rate (left to right) 

Right: Fixed gas flow rate, reducing liquid flow rate (left to right) [11] 
 

  

Figure 10: Dimensionless Flame height versus overall stoichiometric air fuel ratio [11] 
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Chen et al. [12] studied acetone turbulent spray flames from a burner with the provision of 

atomizing the fuel using an ultrasonic nebulizer and pilot coflow air to stabilize the flame. 

Air is used as a spray carrier before the fuel is injected imparting a premixed nature to the 

flames. 

 

Figure 11: SMD at injector of flame AHC > AHF. [12] 

Chen et al. use Figure 11 to describe the effect of droplet diameter at the injector mouth on 

spread of liquid droplets over the flame region. Flame AHC, by virtue of its higher SMD (21 

μm)  at injector tip, has widespread liquid droplets. The smaller SMD droplets of flame AHF 

(18 μm) evaporate in the turbulent combustion environment. Flame AHC contains a large 

unburnt particle concentration at its periphery and the liquid droplets have a small response 

to flow turbulence. On the other hand, evaporation of droplets is clearly effected by 

turbulence in the finely atomized flames.  
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Masri and Gounder [13] also studied piloted flames of acetone in a setup similar to Chen et 

al. and concluded that at low jet velocities the flame is non-premixed. They obtained OH 

scattering images to understand the reaction zones in the flame. Varying jet velocity led to a 

change in the mean temperature as the jet moved towards transition from non-premixed to 

premixed.  

 

Figure 12: Increasing Jet Velocity (left to right) causes transition from non-premixed to 
premixed [13] 

 
Reddy et al. [14] studied the effect of coflow on liftoff height of liquid spray diffusion 

flames. They concluded that increased coflow velocity linearly increases liftoff height. Also, 

diluting coflow with nitrogen and then increasing the coflow mass flow rate results in the 

same availability of oxygen although its molar concentration is smaller. Increasing the 

temperature of coflow air reduces the liftoff height, due to higher fuel evaporation rate.  

Figure 13 displays the different coflow burner experimental setups used in the publications 

reviewed. 
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Figure 13 : Experimental Setups (clockwise from top left) 
(a) Chen and Gomez [9]; (b) Karpetis [11]; (c) Masri [13]; (d) Chen and Starner [12] 
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3 EXPERIMENTAL SETUP 

The burner design used in the following experiments is shown schematically in Figure 14  

and pictorially in Figure 15. It is modeled off the KFA 50 DGD burner manufactured by 

GHP Group Inc. with the exception that co-flow air source is compressed air obtained from a 

Rotary Screw compressor and combustion is observed through a vertically placed SiO2 

infused quartz combustion chamber shown in Figure 16. Effort was done to replicate original 

conditions by placing a restrictor at the outlet of the combustion chamber, that deflects the 

flame inside and creates a recirculation zone leading to increased air outlet temperatures. 

Concerns over the maximum temperature the chamber can sustain resulted in abandoning a 

restrictor and instead an open flame was observed. 

 

Figure 14: Schematic Diagram of Experimental Setup 
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Figure 15: Picture of the Coflow Burner 

 

 

Figure 16: Quartz Cylinder 
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Air is injected both axially from the bottom and tangentially through the 4 side ports. The two 

air streams mix to form a swirling velocity profile, which flows around the central fuel tube. 

The flow can be characterized by the non-dimensional swirl number, defined as  

where Gφ is the mass flux of axial air and Gz is the mass flux of tangential air. A swirl 

number of zero represents a conventional co-flow burner with no swirl, and a swirl number 

of five represents a relatively high swirl flame. At the top of the burner, fuel is sprayed and 

mixed with the swirling air, and burns. The combination of swirling air and the low pressure 

zone created by the expansion causes the flame to form a recirculation zone, where 

combustion gasses are pulled from the outside of the flame back to the centre. As the 

swirl number is raised, the flame height will decrease dramatically. 

In order to effectively atomize the kerosene and diesel, Siphon type air atomizing nozzles are 

used. These nozzles use pressurized air to atomize the liquid fuel as shown in Figure 17. When 

used with conventional fuels such as kerosene and diesel, these nozzles require low air pressure 

(3-5 psi) and no fuel pump. Viscous fluids would require higher flow rates to draw enough fluid 

for combustion. 

The construction of the siphon air atomizing nozzle has been pictorially shown in Figures 18, 19, 

20, 21, and 22. It consists of 6 parts: A polymer cover; an insert with a through hole for fuel flow 

and flutes on the outside for air flow; a conical part that forms the front body of the nozzle and 

contains a mixing chamber and nozzle outlet through which the air fuel mixture flows; a conical 

tip having helical air flow passages that fits at the end of the insert opening the air and fuel flow 

to the mixing chamber; two washers; a spring; a rubber stopper to prevent backward movement 
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of the assembly inside the cover and to prevent intermixing of fuel and air before it reaches the 

mixing chamber. The cover contains two separate inlets for air and fuel.  

 

Figure 17: Principle of Operation of Siphon Air Assist Atomizer [16] 

 

Figure 18: Nozzle assembly 
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Figure 19: Exploded View of Nozzle Assembly 

 

 

 

Figure 20: Assembly Details 
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Figure 21: Assembly without Front Portion 

 

Figure 22: Tip with helical air passages and central fuel passage 

As discussed previously, in order to further strengthen the flame recirculation zone above the 

spray nozzle and to provide a significantly hot environment for the flame, a metal enclosure was 

placed at the outlet of the quartz combustion chamber as shown in Figure 23. To accomplish this, 

the radiation shield of a kerosene forced air heater was cut using shears and placed on top of the 

quartz chamber and tightened using steel strips with worm screws. Fused quartz can safely 

sustain temperatures up to 1000 oC. Pictures of the system in operation with a metal enclosure 

and a quartz enclosure have been taken and compared. The metal enclosure does not allow a 
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clear study of the flame. Meanwhile, the quartz cylinder with a thickness of 3 mm, outer 

diameter of 170 mm and height of 12", provides a complete view of the interiors of the 

combustion chamber from the nozzle tip up to the restrictor. The restrictor caused the flame to be 

deflected inwards causing soot particles to be deposited on the quartz chamber walls hampering 

the experimental readings.  

 

 

Figure 23: Metal Restrictor held using a steel worm strip 

The annular space was designed in a manner that does not affect the nature of swirling air flow. 

The outer cylinder was made of plain carbon steel, in which 4 holes were drilled diametrically at 

a mindpoint distance along its length. The cylinder sits atop a stainless steel base plate that 

contains a total of 8 holes for coflow air inlet. Of these eight holes, half supply air to the annular 

space and half provide air to the inner cylinder. The outer cylinder is concentric to an inner 

stainless steel cylinder that contains an arrangement to hold the nozzle and spark plug at the 

centre of the setup. The nozzle contains a protruded portion on the outer surface of its body. The 

spark plug has a cavity that allows it to fit into the nozzle body and maintain the distance 
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between the nozzle exit and the electrodes that is necessary for proper ignition. DC power supply 

is provided to the electrodes via a capacitor shown in Figure 24 while air supply is provided to 

the nozzle via a separate pneumatic circuit. The nozzle draws fluid through a flexible tube. The 

tubes for air supply and fuel supply to the nozzle, and the wires for electric supply to the spark 

plug enter the apparatus through a hole in the base plate that is concentric with the inner 

cylinder. The co-flow air that enters this space is stratified using steel wool and an Aluminum 

honeycomb mesh. The tubes necessitated cutting a central hole in the honeycomb inside the 

inner cylinder that might induce small experimental errors. The outer cylinder has OD 3/8" 

stainless steel tubes entering diametrically through the four peripheral holes as shown in Figure 

27. These tubes were bent by an angle of 90 degrees, shown in Figure 28, in order to simulate 

entry of fluid tangentially. The idea of drilling holes tangentially along the outer cylinder's 

surface was discarded due to the possibility of a drill but being deflected sideways due to the 

curvature of the cylinder. Also, inserting tubes offers the added flexibility of changing the helix 

angle of air entry for swirl coflow. This is because the tubes are held on the outside using test 

tube clamps and they can be rotated at will before fixing their positions. Devising means to 

carefully adjust the helix angle for all tubes could be one of the vital tasks in future 

improvements. In this report, the results presented have been obtained with a helix angle of 

approximately 45 degrees.  
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Figure 24: Capacitor 

 

 

Figure 25: Atomizer and Spark Plug 
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Figure 26: PCB  

 

 

Figure 27: Swirl Flow inlet tubes clamped 
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Figure 28: Tube bends 

 

In order to supply coflow air to the chamber that would flow axially, stainless steel Swagelok 

tube fittings with 1/4" tube OD were used. The 8 nuts were welded to the base plate, shown in 

Figure 29, using a MIG welding setup that allowed the apparatus to be made leak-proof. The 

other ends of the tube fittings were joined together using 4-way and 3-way connectors, ultimately 

resulting in a single air supply tube linked to a pressure regulator, a rotameter, and a ball valve. 

The same system is replicated for the four swirl flow inlet tubes as well as the tube supplying air 

to the atomizer, having a separate pressure regulator, rotameter and ball valve. This allowed 

efficient experimental process, since the flow rates were independently controlled. The 

author could construct a three-dimensional matrix, its parameters being the parallel coflow 

flow rate, swirl coflow flow rate, and fuel flow rate. The air supply tubes for the coflow have 

similar lengths in order to have similar pressure drops and consequently similar velocity 

profiles at the exit. 
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The air entering the system from the base plate has a highly unidirectional nature. Coarse 

steel wool placed on the base plate from the inside performs the function of dissipating the 

air's momentum in the axial direction, at the same time spreading it evenly over the cross-

section of the annulus and inner cylinder with minimal head loss. The air passes through a 2 

inch-thick Aluminum mesh that is held in place by virtue of friction between its curved 

surface and the cylinder surfaces. The air velocity, after passing through the mesh, has a 

large axial component with minimal radial and tangential components.  
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Figure 29: Base Plate with welded tube fittings 

 

 

Figure 30: Three sets of Ball Valve, Rotameter, and Pressure Regulator 

29 



 

The quartz pipe has an outer diameter of 6.92" that is much smaller than the inner diameter 

of the outer steel pipe necessitating the construction of a mounting arrangement. A steel 

plate, having an outer diameter equal to that of the outer cylinder and inner diameter barely 

smaller than that of the quartz cylinder is manufactured by waterjet cutting of a steel plate. 

This steel ring is screwed at the flat surface of the outer cylinder and the quartz pipe is 

placed centrally on the flat ring as shown in Figure 31.  

 

Figure 31: Quartz Pipe placed on Steel Plate mount 

The quartz pipe was not fixed to the apparatus due to its brittle nature, and it was decided 

that any material reduction efforts would result in deterioration of the surface. In order to 

prevent the quartz chamber from being toppled over, a steel cage was constructed. The base 

plate offered enough space to place the 4 supports of the cage and the small curvature of the 

outer cylinder prevented lateral movement of the cage. Movement of the supports of the cage 
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was restricted by welding a metal stopper at the edge of the base plate. This prevented lateral 

and angular movement of the cage allowing only upwards movement for assembly and 

disassembly. 

Flame was observed with a Nikon Nikkor 105mm UV lens attached to a Canon Rebel T4i 

DSLR camera with an F to EF Mount adapter due to incompatibility of Nikon and Canon 

parts. The camera was mounted on a tripod, as shown in Figure 32, at a distance of 

approximately 10 feet from the setup and the portion of the setup above the bottom of the 

quartz chamber was brought into focus till the flame height was covered for the case of 

maximum flame height. This involved moving the camera to and fro till the correct distance 

from the setup was obtained. Long exposure photographs involved using filters to reduce 

transmissivity of light emanating from the flame. An Altura Neutral Density filter of notation 

ND8, having 12.5% transmittance, was used to observe natural colors of the flame. OH and 

HC luminescence was observed using 430 nm and 470 nm Edmund Optics band pass filters 

respectively. These were held in front of the camera lens using grippers. The process 

required operating the device in a dark room without any light sources except that emitted by 

the flame. The F-Stop value was set at 4.5, the maximum value possible.  
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Figure 32: DSLR Camera Setup with Filter and holder 

Emission readings were taken using an FGA4000 XDS gas analyzer, shown in Figure 33, 

manufactured by California Instruments. A dome was constructed and kept on the four 

supports of the cage. It has a converging portion that is at a height sufficient to leave it 

untouched by the flame. The probe of the exhaust gas analyzer was placed in this converging 

portion, as shown in Figure 34, to sample gas before it was vented out. The height of the 

quartz chamber and the unidirectional nature of the coflow led to minimal flow of exhaust 

being vented sideways. Readings were obtained for each case after 30 seconds of operation, 
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when constant nature of readings would be established. The analyzer was calibrated from 

time to time.  

 

Figure 33: FGA 4000 XDS Gas Analyzer 
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Figure 34: Exhaust Gas Sampling Probe inserted in Steel Dome 

Spray angle and droplet size distribution measurement experiments were also carried out on 

flow from the siphon air assisted swirl atomizer. A Phantom High Speed camera was used to 

visualize the zone of the spray at a distance of approximately 2" from the nozzle tip. A 

Nikon 50 mm lens was used for this purpose and the observation zone was illuminated from 

the front side by a 1000 watt lamp.  The camera captured images at 3000 frames per second. 

A series of 2000 images were obtained by providing trigger to the camera manually. These 
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images were collated using MatLAB's Image Processing Package into a single grayscale 

image that averaged the grayscale values for each location on all images using Matlab's 

imfuse () command. This provided a sharp image of the spray with high grayscale values in 

regions of spray with a contrasting background. The contrast between the background and 

the spray was used to determine location of the spray edge based on a user specified 

threshold value. These values were stored in an array and fit along a linear curve. The slopes 

of the two curves along the two edges were used to determine spray angle for various nozzle 

inlet air pressures ranging from 5 psig to 60 psig. 

The droplet size distribution was determined using a Malvern Spraytec laser based particle 

size analyzer. The nozzle was held in a clamp and, similar to the spray angle experiment, the 

zone  at approximately 2" from the nozzle exit was placed between the transmitter and the 

receiver of the analyzer. It was felt necessary to observe the region of spray closest to the tip 

for the concern of particle deposition on the lenses of the transmitter and receiver when 

observing sprays with large spray angles. The Malvern Spraytec operates on the principle of 

light scattering. The transmitter uses a Helium- Neon Laser to produce a laser beam that 

passes through the spray delivered past the measurement zone. Detecting optics in the 

receiver module detect the light diffraction pattern produced by the spray, converting the 

light detected into electrical signals. The signals are processed by analogue and digital 

electronics boards, and passed to the analysis software. The light diffraction pattern is 

analysed using an appropriate scattering model to calculate the spray size distribution. The 

software displays the results in a number of forms, including histograms. 
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Figure 35: Fundamentals of Operation of Particle Size Analyzer [15] 

As shown in Figure 35 the light from the laser (1) is scattered by the spray droplets (3). The 

laser beam is expanded by the collimating optics (2) to provide a wide parallel beam. The 

scattered light is focused by a focusing lens (4) in a Fourier arrangement and picked up by 

the detector array (5). Unscattered light is focused by the focusing lens (4), so that it passes 

through the pinhole at the centre of the detector array. This is measured by the beam power 

detecto to give the light transmission. 

The angle at which a particle diffracts light is inversely proportional to its size. The detector 

array is made up of over 30 individual detectors, each of which collects the light scattered by 

a particular range of angles. There is a data channel for each of these. Measuring the angle of 

diffraction determines the size of the particle. Diffraction is also influenced by the material 

which makes up the particles.  

A typical light scattering pattern is shown in Figure 36. Each bar in the histogram represents 

the scattered light captured by one of the detectors. 
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Figure 36: A Typical Light Scattering Pattern [15] 

 

In cases where the particle concentration is high, the measurement process is complicated by 

scattered light being re-scattered by other particles before it reaches the detector. The 

Spraytec software can apply a patented multiple scattering algorithm to correct for this. 

The Fraunhofer approximation is used to predict scattering patterns of particles exceeding 50 

microns in size. However, a model based on this approximation is incapable of measuring 

small particle sizes, especially when they are not approximated as solid opaque discs. The 

Mie theory approximates the particles as spheres and requires knowledge of the absorption 

coefficient and refractive index of particles. The Mie theory can measure all particle sizes 

under all material and physical conditions and is employed in Malvern Spraytec. The concept 

of equivalent spheres is used to obtain a single unique number to describe an irregularly 
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shaped droplet. The Spraytec uses the volume of the droplet to measure its size. The 

fundamental size distribution derived is volume-based. The analysed distribution is expressed 

in a set of size bands, optimised to match the detector geometry and optical configuration 

which gives the best resolution. All parameters are derived from this fundamental 

distribution. 

Distribution parameters and derived diameters are calculated from the fundamental 

distribution using the summation of the contributions from each size band. In performing this 

calculation the representative diameter for each band is taken to be the geometric mean of the 

size band limits. The geometric mean is chosen in these calculations as more appropriate to 

the logarithmic spacing of the fundamental size classes. 
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4 RESULTS AND DISCUSSION 

Low Exposure Time Images  

The flame was visualized using a DSLR camera under different air and fuel flow conditions. 

The Coflow air flow rate was varied from 100 lpm to 60 lpm in the parallel configuration and 

from 38 lpm to 23 lpm in four steps in the swirling configuration. It was observed that the 

swirl caused the flame width to increase. The swirl flow air was purposely inserted at lower 

pressures to avoid contact of the flame with the transparent quartz chamber. This caused soot 

to be deposited on the quartz surface defeating the purpose of visualizing the flame. The flow 

rate of air entering the siphon air assist atomizer was also varied from 21 lpm to 12 lpm in 

two steps in order to study the influence of atomization on flame characteristics. This caused 

the fuel flow rate to vary which was affected by the nature of fluid as well. It was evident 

from measurements, that of the two fuels tested, biodiesel was entrained by the atomizer at a 

faster rate than diesel, all other conditions remaining same. 

The camera settings were varied to get the picture most appropriate for studying the average 

shape of the flame as well as its instantaneous behavior. Two sets of images were obtained. 

To study time averaged flame, exposure time was set to 8 seconds, F-Stop value was set to 

4.5, the minimum value possible with the Nikon 105mm lens, and ISO was set to 100. All 

light sources in the surroundings were switched off. A neutral density filter of specification 

ND8 was used to reduce transmissivity by 1/8th. To get an instantaneous snapshot of the 

flame, exposure time was set to 0.2 seconds, ISO to 100, and F-Stop value to 32 i.e. aperture 

was kept to a minimum. As described previously, the flame pictures were segregated 

according to three parameters; the parallel coflow flow rate, the swirl coflow flow rate, and 
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the fuel flow rate. Figure 37 shows the contrasting images obtained by varying exposure time 

and aperture all else being maintained constant.  

 
 

Figure 37: ET: 8 sec and F-stop: 4.5 (left) and ET: 0.2 sec and F-stop: 32 (right), 
 mCP: 70 lpm, mf : 0.025 kg/min, ma: 18 lpm 

 

The averaged image is ideal for studying flame height, flame width, lift off height from 

nozzle tip, and shape of the flame. The instantaneous snap shot provides detail about the 

vividness of colors which is useful for determining the type of chemical reaction that creates 

the flame. Figure 37 shows the flame at the flow conditions specified to be approximately 16 

in. long, achieving its largest width at approximately 9 in. from the nozzle outlet. The low 

exposure time image shows that combustion is initiated 1/2-1" from the nozzle outlet because 

the air-fuel mixture is not warm enough to burn. Once the fuel is atomized by secondary 
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atomization, combustion commences. The image on the right suggests that the flame front is 

not uniform but curving from bottom left to top right. This may be caused by the presence of 

spark plug electrodes that hamper uniform spread of the spray. The flame front is blue in 

color due to the ample supply of oxygen from below.  

 
Figure 38: ET: 0.2 s; ma: 21 lpm; Diesel mf: 0.0297 kg/min 

mCP in lpm (left to right): (a) 100, (b) 90, (c) 80, (d) 70, (e) 60 
 

 

Figure 38 shows images of the flame at varying coflow rates keeping primary atomization 

parameters constant. The blue nature of the flame is due to leaner combustion and is seen in 

decreasing nature from left to right as would be expected.  

Figure 39 shows images of the flame with same coflow rates as Figure 38 but with reduced 

fuel flow rate and coarse atomization. The issue of atomization will be discussed 

subsequently. The equivalence ratios show that the mixture is leaner than the images in 

Figure 38, at the cost of larger droplet sizes.  
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Figure 39: ET: 0.2 s; ma: 12 lpm; Diesel mf: 0.0235 kg/min 
mCP in lpm (left to right): (a) 100, (b) 90, (c) 80, (d) 70, (e) 60 

 
 

The image in Figure 38 (b) and Figure 39 (a) have same air flow rates but Figure 38 (b) has a 

higher fuel flow rate and hence a higher equivalence ratio. However 38 (b) dedicates 21 lpm 

of air for atomization compared to 12 lpm by Figure 39 (a). This might be a reason Figure 38 

(b) appears much bluer than Figure 39 (a) due to incomplete combustion of fuel. This can be 

seen in Figure 38 where atomization has a stronger impact on combustion than flow rate of 

swirling coflow air.  

Figure 40 and Figure 41 shows images of combustion with swirling coflow with varying 

primary atomization conditions over a range of coflow settings. Figure 40 shows a large blue 

portion at the base of the flame and a less intense reducing yellow part of the flame. Figure 

41 in comparison has a large yellow and white portion that indicate a reducing atmosphere. 

Figures 40 (a), 40 (b), and 40 (c) show little difference and the same is true for Figures 41 

(a), (b) and (c).  
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Figure 40: ET: 0.2 s; ma: 21 lpm; Diesel mf: 0.0297 kg/min 

mCS in lpm (left to right): (a) 38, (b) 33, (c) 23 
 
 

 
Figure 41: ET: 0.2 s; ma: 12 lpm; Diesel mf: 0.0235 kg/min 

mCS in lpm (left to right): (a) 38, (b) 33, (c) 23 
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This indicates that coflow conditions have a lesser impact on combustion as compared to 

atomization of fuel. The droplet size under cold flow conditions is approximately 35 microns 

for Figure 40 and approximately 60 microns in Figure 41. This might be one of the factors 

that explain why Figure 41 images appear to have a reducing region in spite of having lower 

fuel flow rates.  

Height of flames with different coflow inlet velocities and same primary atomization 

conditions is similar for a particular fuel flow rate with minor differences. This indicates that 

coflow inlet velocity affects the reaction but it does not have a bearing on axial momentum of 

flame. Figure 40 has narrower flames than Figure 41, possibly due to the high velocity of 

injection of the fuel. Also Figure 40 contains a bright zone much closer to the nozzle fuel exit 

as compared to Figure 41, possibly due to the atomized fuel droplets reacting faster with the 

air. On the other hand, Figure 41 shows images with a bright portion much farther away from 

the nozzle exit and spread out over a larger area. This could be due to the necessity of 

sufficient secondary atomization to occur before the droplet is small enough to combust 

properly resulting in the droplet travelling farther and wider before it combusts. Figure 40 

and Figure 41 have flames that are lesser in width than their counterparts in Figure 38 and 

Figure 39 due to the smaller axial component of swirling air. The coflow air in the parallel 

configuration is assumed to have no radial or tangential components. This assumption is 

supported by the narrow flames obtained at all primary atomization conditions.  It is also 

observed that the base of the flame is less serrated and more smooth under parallel coflow 

than swirling coflow. Figure 38 and Figure 39 show flames that are symmetrically located 

about the axis of the quartz chamber, whereas the flames in Figure 40 and 41 are tilted to the 
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right. The irregularity associated with assembling the swirling coflow inlet tubes could be a 

reason for this occurrence. As mentioned in the previous chapter, the helix angle cannot be 

properly regulated and hence these results serve as preliminary, at best, to more systematic 

experimentation in the future.  

Although it has been concluded that the coflow inlet velocity does not appreciably affect the 

physical characteristics of the flame, it is seen that flames with lower coflow inlet velocity 

have a smoother base in parallel coflow configuration. Also, as coflow inlet velocity is 

increased, the bright white portion shifts farther away from the nozzle exit. This might point 

to the fact that coflow air does have  an effect on secondary atomization, pushing the smaller 

droplets further up before they completely react and generate energy. This can be verified 

from images in Figure 39 that have a slight tinge of red at the bottom of the flame at large 

coflows but the base is completely white at lower coflows.  

Spray angle decreases as primary atomization settings are varied from a low fuel velocity to 

high. Figure 40 shows a blue portion occurring farther away from the nozzle exit as 

compared to Figure 41. This indicates that the droplets do not have enough residence times to 

consume all the oxygen in the coflow air before they have travelled a significant distance 

away from the nozzle tip. Increasing coflow air inlet velocity beyond the maximum value 

used in this project might provide a deep blue diffusion flame.   
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Figure 42 ma: 21 lpm, Biodiesel mf: 0.033 kg/min;  

ma: 12 lpm, Biodiesel mf: 0.016 kg/min 
 
 

 
Figure 43 ma: 21 lpm, Biodiesel mf: 0.033 kg/min;  

ma: 12 lpm, mf: 0.016 kg/min 
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Figure 42 and Figure 43 show flames of biodiesel under parallel and swirling coflow 

respectively with varying primary atomization conditions. The flames in Figure 42 (a) and 

(b) and Figure 43 (a) and (b) are significantly more blue as compared to Figure 38 (a) to (e) 

and Figure 39 (a) to (c). This may be due to the presence of fuel bound oxygen in biodiesel. 

Also, the flame appears blue near the nozzle exit, yellow downstream, and blue further 

downstream. The fluid ejected by the nozzle travels at a high velocity. With the amount of air 

entering the combustion environment via coflow there is just enough oxygen to properly 

combust the spray and form an oxidizing region at the base of the flame. Also, the flame 

height is less as observed in Figures 42 (c), 42 (d), 43 (c), and 43 (d), when compared to 

diesel flames. This may be due to the viscous nature of biodiesel that impedes droplet travel 

which results in longer residence time for atomized fuel droplets causing reaction zone to 

occur closer to the nozzle exit compared to diesel flames. Also, diesel flames at lower 

primary atomization settings were not appreciably lesser in height, which is seen in the case 

of biodiesel flames. This may be due to the higher viscosity of biodiesel causing larger 

droplets and thus a larger drag force. The deceleration of biodiesel droplets once ejected 

would be higher than that of diesel influencing the distance travelled before momentum is 

lost by friction. This would be further exacerbated in a combustion environment. However, 

atomization is the principal governing factor in deciding the physical characteristics of the 

flame, coflow inlet velocity having little bearing on the flame's structure. 

  

47 



 

 

Figure 44 ma: 21 lpm, Diesel mf: 0.029 kg/min 
mCP in lpm (from left to right): (a) 100, (b) 60  

 

 
Figure 45 ma: 12 lpm, Diesel mf: 0.024 kg/min 
mCP in lpm (from left to right): (a) 100, (b) 60  
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High Exposure Time Images 

Figure 44 and 45 show long exposure images of the flame obtained using a Neutral Density 

ND-8 filter which has a transmissivity of 12.5%. The images were obtained with 8 seconds 

of exposure time to average out instantaneous variations and provide an approximate 

representation of the flame at any time instant under a set of conditions. Figure 44 (a) and (b) 

show a narrower flame than Figure 45 (a) and (b), flame heights being similar. This 

corroborates the conclusions from short exposure time flame images. A unique observation 

has been the occurrence of a kink some distance away from the nozzle exit in the otherwise 

smooth flame profile, which is observed predominantly at high coflow inlet velocity. Also, 

higher the coflow velocity, the farther this portion moves downstream. At lower atomization, 

the underside of the flame is bright white whereas this portion is blue for fine atomization. 

Figure 46 and 47 show the effect of primary atomization for diesel and biodiesel sprays. 

Varying atomization seems to affect biodiesel flame height much more significantly than 

diesel flame height. This might be due to the fact that not only would the droplet size of 

biodiesel sprays be lower than diesel sprays for the same fuel flow rate, there would be a 

much larger difference between the SMDs of biodiesel sprays under different conditions.  At 

higher fluid injection velocities, a major part of the flame is bluish violet whereas it is 

yellowish-red for lower injection velocities indicating higher equivalence ratio at local spots 

due to larger droplet size although the air flow rate indicates the combustion should be 

leaner. Figures 50, 51, 52, and 53 show flames under parallel and swirl combined coflow. 

Flames in 50 (a), 51 (a), 52 (a), and 53 (a) are shorter than 44 (a) and 45 (a) in spite of larger 
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inflow rate of air (123 lpm v. 100 lpm). The swirling component dampens the effect of the 

parallel component, causing this behavior to occur. 

 
Figure 46 mCP: 100 lpm, ma in lpm (left to right): (a) 21, (b) 18, (c) 12  

Diesel mf in kg/min (left to right): (a) 0.0301, (b) 0.0247, (c) 0.0238  
 

 
Figure 47 mCP: 100 lpm, ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Biodiesel mf in kg/min (left to right): (a) 0.0330, (b) 0.0258, (c) 0.0161 
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Figure 48 mCS: 38 lpm, ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Diesel mf in kg/min (left to right): (a) 0.0301, (b) 0.0247, (c) 0.0238 

 
 

 
Figure 49 mCS: 38 lpm, ma in lpm (left to right): (a) 21, (b) 18, (c) 12 

Biodiesel mf in kg/min (left to right): (a) 0.0330, (b) 0.0258, (c) 0.0161 
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Figure 50 Diesel Combustion with Tandem Parallel-Swirl Coflow 

Left to right: (a) 100 lpm mCP, 23 lpm mCS, (b) 70 lpm mCP, 28 lpm mCS, (c) 60 lpm mCP, 
38 lpm mCS; ma: 21 lpm, Diesel mf: 0.0297 kg/min 

 
 

 
Figure 51 Diesel Combustion with Tandem Parallel-Swirl Coflow 

Left to right: (a) 100 lpm mCP, 23 lpm mCS, (b) 70 lpm mCP, 28 lpm mCS, (c) 60 lpm mCP, 
38 lpm mCS; ma: 12 lpm, Diesel mf: 0.0235 kg/min 
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Figure 52 Biodiesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right: (a) 100 lpm mCP, 23 lpm mCS, (b) 70 lpm mCP, 28 lpm mCS, (c) 60 lpm mCP, 

38 lpm mCS; ma: 21 lpm, Biodiesel mf: 0.033 kg/min 
 

 
Figure 53 Biodiesel Combustion with Tandem Parallel-Swirl Coflow 

Left to right: (a) 100 lpm mCP, 23 lpm mCS, (b) 70 lpm mCP, 28 lpm mCS, (c) 60 lpm mCP, 
38 lpm mCS; ma: 12 lpm, Biodiesel mf: 0.0161 kg/min 
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                                 Images with 430 nm Optical Bandpass filter (CH*) 

 Figures 54 to 63 show flames studied using a 430 nm optical filter that provides a 

representation of CH* concentration in the flame region. Figures 4.54 (a) and 4.55 (a) show 

an effect of the presence of spark plug electrodes on the distorted symmetry of the flame. A 

bulge appears on the right side of the image at both atomizing conditions but this bulge is 

much farther away from the nozzle exit for higher coflow inlet velocities. This might indicate 

greater CH* concentration in regions of low droplet concentration. The coflow inlet velocity, 

although not having an impact on overall flame structure, is critical in deciding the reaction 

zones over the flame structure. Although the four images in Fig 54 and 55 seem identical in 

their outline, they vary in the color distribution appreciably. Also, noticeable is the increase 

in white portion of the flame as atomization is relaxed, proving that higher flow rates result 

in significant primary and secondary atomization of the fuel droplets and thus lead to 

efficient combustion with a smaller overall hydrocarbon concentration and hence a cleaner 

flame. However, in the Figures 56 (b) and 57 (b) show larger CH* concentration than 56 (c) 

and 57 (c) in spite of having a larger fuel flow rate. A possible explanation for this could be 

the sharper increase in the effect of atomization as atomization air flow rate increases from 

18 lpm (56 (b)) to 21 lpm (4.56 (a)) as compared to the increase from 12 lpm (4.56 (c)) to 18 

lpm (4.56 (b)), while the fuel flow rate increases at a slower rate as atomization air flow rate 

is increased. Although the ratio of total air flow rate to the total fuel flow rate in the system 

reduces as the atomization supply air is increased, the smaller droplet size compensates for 

the increased richness of fuel.  
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Figure 54 ma: 21 lpm, Diesel mf: 0.029 kg/min 
mCP in lpm (from left to right): (a) 100, (b) 60 

 

 

Figure 55 ma: 12 lpm, Diesel mf: 0.024 kg/min 
mCP in lpm (from left to right): (a) 100, (b) 60 
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Figure 56 mCP: 100 lpm 
ma in lpm (left to right): (a) 21, (b) 18, (c) 12 

Diesel mf in kg/min (left to right): (a) 0.0301, (b) 0.0247, (c) 0.0238 
 

 
Figure 57 mCP: 100 lpm 

ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Biodiesel mf in kg/min (left to right): (a) 0.0330, (b) 0.0258, (c) 0.0161 
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Figure 58 mCS: 38 lpm 
ma in lpm (left to right): (a) 21, (b) 18, (c) 12 

Diesel mf in kg/min (left to right): (a) 0.0301, (b) 0.0247, (c) 0.0238 
 

 
Figure 59 mCS: 38 lpm 

ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Biodiesel mf in kg/min (left to right): (a) 0.0330, (b) 0.0258, (c) 0.0161 
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Figure 60 Diesel Combustion with Tandem Parallel-Swirl Coflow 

Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS 
ma: 21 lpm, mf: 0.0297 kg/min 

 

Figure 61 Diesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS  

ma: 12 lpm, mf: 0.0235 kg/min 
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Figure 62 Biodiesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS 

ma: 21 lpm, mf: 0.0330 kg/min 
 

 

Figure 63 Biodiesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS 

ma: 12 lpm, mf: 0.0161 kg/min 
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The effect of swirling coflow can be seen in Figures 60 to 63. Varying the swirling coflow air 

inlet flow rate has no effect on the overall CH* concentration. Increasing coflow flow rates 

beyond those presented in this report might provide a different picture. Increasing the 

percentage of swirling coflow air in the total air flow rate reduced the flame height. This 

caused the CH* concentration near the nozzle exit to rise and the spread of the profile 

decreased. Overall it cannot be determined with these results whether swirling coflow caused 

the CH* concentration to reduce. However it is evident that the reaction zone shape is altered 

due to swirl. This might have a consequence in practical applications where a restrictor used 

to contain the flame and create a recirculation zone can be avoided, by injecting a swirling 

component in the axial coflow air without compromising the combustion chemistry. 

However, at lower atomizing pressures the CH* profiles are identical, pointing to the fact 

that atomization, although consuming negligibly higher air supply, has a defining effect on 

CH* concentration, and this can be further affected by altering coflow air supply rate.  

Images with 470 nm Optical Bandpass filter (HCHO) 

Figures 64 to 73 show images obtained using a 470 nm filter with a DSLR camera. These 

images provide a representation of the average formaldehyde (HCHO) concentration over the 

flame structure. Formaldehyde and soot have a strong correlation and studying HCHO 

profiles in the reducing diffusion flame was considered necessary. Figure 64 shows a effect 

of coflow air on HCHO profiles. As coflow air flow rate is increased, the HCHO 

concentration reduces for high atomization settings. With coarse atomization, as in Figure 65, 

there appears little difference in the profiles obtained with varying coflow.  

60 



 

Figures 66 and 67 show that atomization has a larger effect on biodiesel HCHO profiles than 

diesel. The increased atomization results in a longer and less intense biodiesel flame. 

However, diesel shows no reduction in height of profile. With increased atomization, the 

diesel profile becomes narrower and less intense. The intensity concentrates at the base of the 

flame, the profile height remaining unchanged. This is not observed in Figures 68 and 69 

where the profile is equally distributed for both fuels. However intensity of white color 

reduces with increased atomization. Figures 70 and 71 show that increased swirl component 

reduces the HCHO profile at high atomization but does not have an appreciable effect at low 

atomization, also seen in Figures 72 and 73 with biodiesel flames.  
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Figure 64 ma: 21 lpm, Diesel mf: 0.029 kg/min 
mCP in lpm (from left to right): (a) 100, (b) 60 

 

 
Figure 65 ma: 12 lpm, Diesel mf: 0.024 kg/min 
mCP in lpm (from left to right): (a) 100, (b) 60  
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Figure 66 mCP: 100 lpm 

ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Diesel mf in kg/min (left to right): (a) 0.0301, (b) 0.0247, (c) 0.0238 

 

 
Figure 67 mCP: 100 lpm 

ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Biodiesel mf in kg/min (left to right): (a) 0.0330, (b) 0.0258, (c) 0.0161 
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Figure 68 mCS: 38 lpm 

ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Diesel mf in kg/min (left to right): (a) 0.0301, (b) 0.0247, (c) 0.0238 

 

 
Figure 69 mCS: 38 lpm 

ma in lpm (left to right): (a) 21, (b) 18, (c) 12 
Biodiesel mf in kg/min (left to right): (a) 0.0330, (b) 0.0258, (c) 0.0161 
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Figure 70 Diesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS 

ma: 21 lpm, mf: 0.0297 kg/min 
 

 

Figure 71 Diesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS 

ma: 12 lpm, mf: 0.0235 kg/min 
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Figure 72 Biodiesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS 

ma: 21 lpm, mf: 0.0330 kg/min 

 

Figure 73 Biodiesel Combustion with Tandem Parallel-Swirl Coflow 
Left to right (in lpm): (a) 100 mCP, 23 mCS, (b) 70 mCP, 28 mCS, (c) 60 mCP, 38 mCS  

ma: 12 lpm, mf: 0.0161 kg/min 
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Spray Angle Experiments 

The images shown in Figure 74 are obtained with a Phantom High Speed camera at a frame 

rate of 3000 frames per second.  These images are composed of individual droplets and 

cannot be used to calculate the spray angle, for which several images have to be collated 

together. The imfuse ( ) command in Matlab's Image Processing Toolbox has been used to 

superimpose 200 images and obtain an image shown in Figure 76. Figure 75 is an image 

obtained after collating 4 images and shows the effect of using a large number of frames that 

were obtained within a short time span. The image is a matrix, whose size is dependent on 

the resolution, has each of its cells represented by a number between 0 and 255. This is an 8-

bit grayscale image. The matrices were observed carefully and it was noted that the column 

where the intensity of light reduced sharply, unsurprisingly displayed a sharp change in the 

grayscale value as well. These values were noted to be between 30 and 50. This position was 

noted while scanning each row of the matrix from right to left and left to right . It has been 

left to the discretion of the user to decide the threshold value. These locations were then fit 

with a linear curve, the slope of which provided the spray angle. 

Since the threshold value is a subjective choice, multiple threshold values were chosen and 

Figures 77 and 78 were obtained for water and diesel sprays. Under medium and high 

atomization conditions, the spray angle does not vary much with varying threshold values. 

The edge of the spray is observed to be sharper under high flow rates aiding measurement 

using the above mentioned procedure. For each flow rate i.e. air inlet pressure, the spray 

angle values for different grayscale thresholds were averaged to obtain Figure 79 and Figure 

80. The spray angle of diesel and water sprays decreases with increased air inlet pressures. 
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The rate of decrease of spray angle reduces with increasing pressure possibly due to the 

siphon action of the nozzle. The rate at which fluid is drawn into the nozzle mixing chamber 

increases as air inlet pressure (and consequently flow rate) increases. However the fluid flow 

rate peaks at a certain air pressure and reduces as air flow rate is further increased. This is 

caused due to constricted flow area in the nozzle mixing chamber, which leaves smaller 

volume available to be occupied by the liquid. The spray angles for water are larger than 

spray angles for diesel due to higher viscosity of diesel. Dynamic viscosity of water is 8.9 x 

10-4 Pa.s. while that of diesel is 2.47 x 10-3 Pa.s. This impedes secondary atomization of 

diesel causing a smaller spread. The spray angles of water sprays have a large range. For 

instance, at 8 lb/in2 air injection pressure, the spray angle is 68 degrees, while at 80 lb/in2 it is 

32 degrees. In contrast to this large decrease, the spray angle for diesel decreases from 44 

degrees to 32 degrees as the air injection pressure is increased from 8 lb/in2 to 80 lb/in2. Also 

the difference between water and diesel spray angles is less at high injection velocities. This 

points to the fact, that as the effect of inertial forces increases, the effect of viscosity is 

nullified.  

Droplet Size Experiment 

The Sauter Mean Diameters of water and diesel sprays were measured using a Malvern 

Spraytec Particle Size Analyzer. Figures 81, 82 , and 83 show the variation of spray 

parameters with respect to changing inlet flow conditions. As would be intuitively expected, 

the droplet size shows a decreasing trend as the fluid injection velocity is increased. Also, the 

primary atomization itself is affected by increasing inlet air pressure because the fluid 

interacts more vigorously with air inside the mixing chamber. This analysis does not 
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comment on the flow rate of the atomized fluid over the range of inlet pressures.  Figure 81 

shows that SMD of water sprays are larger than SMDs of diesel sprays at all air inlet 

pressures. A possible reason would be the higher surface tension of water (0.07 N/m) 

compared to diesel (0.029 N/m) which affects droplet break up. However this difference 

decreases as air inlet pressures increase. Similar to the spray angle experiment, where the 

viscous forces are negligible compared to inertial forces at high flow rates, the surface 

tension forces are negligible at high flow rates. Inertial forces dominate secondary 

atomization and the nature of fluid is of less importance. The D50 diameter is the median 

diameter of the sample spray volume. Comparing the D50 diameter with the SMD would 

serve the purpose of determining how the volume of fluid is distributed between the extreme 

drop sizes. For instance, the SMD at 10 psi inlet air pressure is 29 microns whereas the D50 

diameter is 43 microns. This shows that although the median droplet has a particular size, it 

cannot be said that the volume of fluid that is sampled is evenly distributed either side of the 

median. The D32 diameter i.e. the SMD, being smaller than the D50 diameter indicates that a 

large percentage of the sprayed fluid volume is concentrated in droplets of smaller size. This 

is a practically desirable scenario in a combustion environment. Figures 82 and 83 show a 

decrease in the variation among SMD and D50 diameter as injection velocity is raised. This 

indicates that as injection velocity increases, not only do the droplets reduce in diameter, the 

number of droplets having a small size increases, and the percentage of small sized droplets 

among the total number of droplets increases.  
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Figure 74 Singular Images of Spray taken at different time instants 

pa: 10 psi; ma: 0.022 kg/min; Water mf: 0.024 kg/min 
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Figure 75 Collated Image of images shown in Figure 2 

 
Figure 76 Collated Image of 200 images obtained successively by maintaining same air 

supply settings; pa: 50 psi 
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Figure 77 Individual Water Spray Angle Values obtained for a range of inlet air 

pressures and threshold grayscale values for Matlab program 

 
Figure 78 Individual Diesel Spray Angle Values obtained for a range of inlet air 

pressures and threshold grayscale values for Matlab program  
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Figure 79 Plot of Spray Angle vs. Inlet Air Pressure 

Working Fluid: Water 
 

  
Figure 80 Plot of Spray Angle vs. Inlet Air Pressure 

Working Fluid: Diesel 
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Figure 81 Comparison of SMDs of Water and Diesel over a range of supply air 

pressures 
 

 
Figure 82 Comparison of SMD i.e. D32 and D50 diameters for diesel spray over a range 

of supply air pressures 
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Figure 83 Comparison of SMD i.e. D32 and D50 diameters for water spray over a range 

of supply air pressures  
 

Figures 84 and 85 display the varying droplet size distributions of water and diesel 

sprays. These figures provide an indication of the droplet breakup phenomenon. For 

instance, Figure 84 (a) shows a bimodal distribution with two peaks. As injection 

velocity is raised the distribution becomes unimodal with a peak at the SMD. As 

injection pressure is further increased, the distribution shifts back to a bimodal 

distribution.  

Figure 85 shows that diesel droplet breakup results in unimodal distributions over the 

entire range of inlet pressures. The plot of D50 and SMD versus injection pressures in 

Figure 82 is well represented in Figure 83.  
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Figure 84 Droplet Size Distributions of Water Spray 

pa in psi (clockwise): (a) 5, (b) 10, (c) 50, (d) 20  
 

 

Figure 85 Droplet Size Distributions of Diesel Spray 
pa in psi (clockwise): (a) 5, (b) 10, (c) 50, (d) 20 
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Emissions 

An FGA 4000 XDS Gas Analyzer manufactured by California Instruments was used to 

measure emissions in the combustion exhaust. The setup has been described in the results 

section of this report. The parallel and swirl coflow inlet velocities were varied and emissions 

were measured for different combinations. The nozzle was supplied with air flowing at 12 

lpm during this experiment because larger air supply would result in a taller flame, and 

subsequent contact of the flame with the fume hood which is undesirable. Table 1 and Table 

2 display emissions results for different cases. The data in Table 1 consists of combustion 

with a total air supply of 110 lpm while Table 2 consists of combustion under 120 lpm air.  

Table 1 Emissions results with 110 litre/min coflow 

Sr. 
No. 

Parallel 
Coflow 

(litre/min) 

Swirling 
Coflow 
(litre/min) 

Fuel 
Flow 
Rate 
(kg/min) 

Nozzle Air 
Supply 
(litre/min) 

HC 
(ppm) 

CO 
(% 
Vol.) 

CO2  
(% 
Vol.) 

Nox 

(ppm) 
                  

1 70 28 

0.0235 12 

25 0.01 10.03 69 
2 70 28 13 0 9.45 77 
3 70 28 17 0 10.81 70 
4 60 38 32 0 12.51 73 
5 60 38 16 0.01 12.45 73 
6 60 38 39 0 12 79 

 
Table 2 Emissions results with 120 litre/min coflow 

Sr. 
No. 

Parallel 
Coflow 

(litre/min) 

Swirling 
Coflow 
(litre/min) 

Fuel 
Flow 
Rate 
(kg/min) 

Nozzle Air 
Supply 
(litre/min) 

HC 
(ppm) 

CO 
(% 
Vol.) 

CO2  
(% 
Vol.) 

Nox 

(ppm) 
                  

1 

70 38 0.0235 12 

29 0.01 12.56 66 
2 25 0.02 13.31 68 
3 19 0 12.13 76 
4 32 0 11.68 81 
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The Tables 1 and 2 show that NOx emissions lie in the range of 70 to 80 ppm, carbon 

monoxide emissions are negligibly small, HC emissions vary from anywhere between 15 and 

30 ppm, and CO2 emissions remain virtually constant between 9% and 12% by volume. In 

Table 1, swirling coflow does not result in an appreciable reduction in NOx as some literature 

suggests, possible due to the small difference between the input settings of Table 1. Changing 

the input settings to 30 lpm parallel coflow and 68 lpm swirling coflow might present a 

different picture. Also, Table 2 does not point to a significant change in emissions as total air 

supply for combustion is increased by 10 lpm. Increasing the air supply to 200 lpm might 

provide different results but it was considered undesirable for the quartz material from the 

point of view of rising temperatures with leaner combustion. The two tables however provide 

a range of values of emissions under a set of fuel and air input conditions. The sampling was 

done after operating the burner for 30 to 40 seconds and the console of the gas analyzer 

displayed a rising value of NOx emissions and a reducing value of HC emissions before 

stabilizing. The results presented above are preliminary in nature and require further 

experimentation under controlled conditions for corroboration.  

Table 3 Emissions Results with 160 litre/min and 138 litre/min Coflow 
Parallel Coflow Swirling Coflow Air to Nozzle HC CO CO2 NOx 

litre/min litre/min litre/min ppm % % ppm 

100 60 12 

0 0.01 11.96 59 
0 0.01 10.57 73 
5 0 9.37 73 
7 0 10.89 75 

100 38 12 
    6 0 9.62 64 

5 0 9.15 66 
6 0 9.91 67 
7 0 9.79 65 
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Table 3 displays emissions readings obtained when coflow air supply was increased while 

keeping the nozzle air inlet mass flow rate of fuel and air constant. The four sets of readings 

taken with 160 lpm coflow show an appreciable decrease in hydrocarbon emissions with 

respect to Table 1 and Table 2. However, carbon dioxide, carbon monoxide, NOx change 

marginally. Also, the HC emissions with 138 lpm coflow are not significantly larger than 

with 160 lpm coflow as might have been expected. The equivalence ratio with 160 lpm 

coflow is 1.67 and 138 lpm coflow is 1.91. This is significantly lower than the 2.61 and 2.39 

equivalence ratios of Tables 1 and 2 explaining the drop in exhaust HC concentration. The 

lack of change in NOx emissions can be attributed to the rich nature of combustion where the 

oxygen is primarily consumed oxidizing the hydrocarbons.   
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5 CONCLUSIONS 

This report documents combustion characteristics of a liquid spray flame from an air assisted 

swirl atomizer. Images of the flame with a DSLR camera were obtained at long and short 

exposure times with a neutral density filter, a 430 nm CH* filter and a 470 nm HCHO filter. 

The Coflow air was provided in a parallel and swirl configuration and the effect of varying 

the inlet mass flow rate was observed for both configurations. Also, the effect of varying 

inlet air mass flow rate to the atomizer was observed. In a separate set of experiments, the 

spray cone angle of water and diesel were obtained using a Phantom high speed camera. 

Droplet size distributions were obtained using a Malvern Spraytec particle size analyzer. The 

following conclusions can be established as a result of these efforts: 

1) The effect of varying the coflow inlet mass flow rate on flame height is negligible. 

However, for the same inlet coflow mass flow rate, swirling coflow results in shorter 

and wider flames than parallel coflow. 

2) Introduction of swirling coflow in parallel coflow results in reduction of flame height  

due to reduced axial momentum of the combusting mixture. This is seen for the case 

of 123 litre/min parallel-swirl tandem coflow versus 100 lpm parallel coflow.  

3) The atomizer has a defining effect on combustion. For the same coflow mass flow 

rates, higher spray injection velocities, and consequently smaller droplet sizes, result 

in a longer and bluer flame. Coarsely atomized sprays have a large white reaction 

region indicating that the droplet, by virtue of its size, travels farther before 

undergoing combustion. 
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4) At the same primary atomization and coflow settings, biodiesel flames were observed 

to be shorter than diesel flames, possibly due to the higher density and viscosity of 

biodiesel impeding droplet travel.  

5) Neutral Density filter images display a kink in the flame profile at a small distance 

away from the nozzle tip under parallel coflow. The kink moves farther away from 

the nozzle tip as coflow velocity is further increased. The occurrence of this 

phenomenon can be studied in the future. 

6) Chemiluminescence images displayed higher concentration of formaldehyde and CH* 

radicals in coarsely atomized sprays. Also, CH* and HCHO concentrations were 

observed to be concentrated near the nozzle tip with increasing percentage of swirl 

while the spread of the emissions was significantly reduced. This points to the fact 

that swirl increases residence times of the droplet in the near nozzle region whereas 

parallel coflow tends to push the droplet further downstream before combustion is 

complete. 

7) High Speed photography results show the spray angle to decrease with increasing 

inlet air mass flow rate. The rate of increase of spray angle with respect to the 

increase of air mass flow rate was seen to decrease in the case of water as well as 

diesel sprays. Also, the spray angles for water and diesel sprays at higher injection 

velocities are similar, pointing to the fact that inertial forces dominate viscous effects 

at these flow conditions. 

8) Droplet Size Distributions (DSD) showed the Sauter Mean Diameter of water sprays 

to be higher than diesel sprays for all inlet fluid conditions. The SMD of diesel was 
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seen to decrease from 30 microns at 8 psig air inlet pressure to 20 microns at 20 psig 

air inlet pressure, indicating that this atomizer is economical. DSDs of water are 

bimodal whereas DSDs of diesel are unimodal.  

9) Emissions testing leads to the conclusion that NOx emissions between 60 and 80 ppm, 

HC emissions between 20 and 30 ppm, negligibly small carbon monoxide, and CO2 

emissions between 9% and 12% by volume are obtained with a total air flow of 120 

litre/min at coarse atomization conditions. HC emissions reduced to 5-10 ppm after 

increasing total air flow to 160 litre/min, all other quantities remaining same.  
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Appendix A 
 

Program to Calculate Spray Angle 
%Program to superimpose images of spray on one another in order to find 
%spray angle 
clc 
p=input('Enter pressure in psi'); 
flag=input('Enter 1 for water, 2 for diesel'); 
  
%Triggering the camera results in obtaining a CINE file. This file is 
% a series of individual images. 
% These images are stored in .tiff file format and named as ___.001.tiff, 
% ___.002.tiff etc. 
% The Matlab program file is stored in the same folder as the image files 
  
% This is a way to segregate files for water sprays and diesel sprays 
if(flag==2) 
    str='d'; 
else if(flag==1) 
        str='w'; 
    else 
        fprintf('Wrong flag entered'); 
    end 
end 
  
% imfuse () allows collation of only 2 images at one instant. Collating 
% process is carried out iteratively in the loop below 
A =imread([num2str(p) 'psi' str '.001.tiff']); 
for i=2:9 
B=imread([num2str(p) 'psi' str '.00' num2str(i) '.tiff']); 
A=imfuse(A,B); 
end 
  
for j=10:99 
    E=imread([num2str(p) 'psi' str '.0' num2str(j) '.tiff']); 
    A=imfuse(A,E); 
end 
F=imread([num2str(p) 'psi' str '.100.tiff']); 
A=imfuse(A,F); 
  
% The rgb2gray function converts RGB images to grayscale by  
% eliminating the hue and saturation information while retaining  
% the luminance. 
I=rgb2gray(A); 
  
% imadjust is used to increase the contrast by saturating 1% of the data 
% at high and low intensities 
C=imadjust(I) 
  
D=imadjust(C) 
figure 
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imshow(D) 
hold on 
  
% Portion of the spray over which spray angle needs to be calculated  
% is specified beforehand 
lf=zeros(151,2);%161 
rg=zeros(151,2); 
k=1; 
n=1; 
  
% Image resolution is used to discretize the image into rows and columns 
[rows columns]=size(D); 
for i=100:1:250%100:1 
    lf(k,2)=i; 
    rg(n,2)=i; 
    for j=1:(columns/2) 
        % Threshold is decided by the user and the cell location at which 
        % it is crossed is stored 
        if D(i,j)>=40 
            hold on 
            lp=plot(j,i,'.','MarkerEdgeColor','yellow','Linewidth',0.01); 
            hold off 
             
            lf(k,1)=j; 
             
            break 
        end  
    end 
     
    %the loop below works on the right side of the spray image 
    for j=(columns-50):(-1):((columns/2)-1) 
        if D(i,j)>=65 
            hold on 
            
            rp=plot(j,i,'.','MarkerEdgeColor','yellow','Linewidth',0.01); 
            hold off 
             
            rg(n,1)=j; 
             
            break 
        end  
    end 
    k=k+1; 
    n=n+1; 
end 
  
%the algorithm takes care of any anomalous results. If grayscale  
% threshold for a row is detected too far away from other points,  
% it's location is adjusted  by considering it an outlier 
% It is assigned the location of the median location. 
medianlp=median(lf(:,1)); 
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meanlp=mean(lf(:,1)); 
medianrp=median(rg(:,1)); 
meanrp=mean(rg(:,1)); 
  
for i=1:151 
    if (lf(i,1)<(0.8*medianlp)) 
        lf(i,1)=medianlp; 
    end 
    if(rg(i,1)>1.2*medianrp) 
        rg(i,1)=medianrp; 
    end 
end 
  
hold off 
figure 
hold on 
lfp=plot(lf(:,1),lf(:,2),'red') 
rfp=plot(rg(:,1),rg(:,2)) 
  
%The algorithm below fits a linear curve to the points that have  
% been identified as the edge of spray 
hold on 
pl=polyfit(lf(:,1),lf(:,2),1); 
pr=polyfit(rg(:,1),rg(:,2),1); 
hold on 
  
%slope of the line is used to calculate angle with respect to the vertical 
alpha1=atand(pl(1,1)); 
alpha2=atand(pr(1,1)); 
  
%This is the spray angle 
alpha=(90+alpha1)+(90-alpha2); 
  
fprintf('Value of spray angle is %f',alpha); 
  
f=@(x)pl(1,1) *x  +pl(1,2); 
fplot(f,[lf(1,1) lf(151,1) ]);%161 
   
g=@(x)(pr(1,1)*x  + pr(1,2)); 
fplot(g,[rg(1,1) rg(151,1) ],'red'); 
  
hold off 
fprintf('\n If you are not satisfied with the scatter, you can change 
threshold of grayscale'); 
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Appendix B 

 

ANSYS Simulation of Combusting Liquid Fuel Spray 

The preliminary study of  the combusting liquid spray of diesel fuel was conducted using 

ANSYS Fluent. ANSYS ICEM was used to mesh the 3-D geometry, which was constructed 

in and imported from Solidworks solid modelling software. Finer mesh density was used for 

the nozzle mixing chamber region.  

Figures A.4 to A.7 display the species settings. Liquid diesel (C10H22 <df>) has been 

specified as the fuel with air as the oxidizer. Mole fractions at inlet have been specified. The 

PDF table was generated for non-adiabatic combustion.  

Figures A.8 and A.9 specify the discrete phase settings. Liquid diesel is inserted from the 

'fuel inlet' surface. The mass flow rate has been specified. The droplet size of the spray has 

been specified as 100 microns.  

Figure A.10 describes the solution methods used. Second order schemes have been used for 

most of the variables to generate a stable solution. Figure A.11 to Figure A.14 show the 

boundaries. The air inlets induce a helical air entry into the mixing chamber for which X, Y, 

and Z components of inlet velocity have been inserted. The mass flow through all air inlets to 

the nozzle mixing chamber are equal in magnitude but varying in direction depending upton 

their orientation. The different boundaries are listed in Figure A.15. All boundaries have a 

DPM boundary condition associated with them, which is set to 'reflect' for walls and 'escape' 

for fluid inlets and outlets. Figures A.16 to A. 19 display contours of temperature, oxygen, 

carbon monoxide, and OH radicals. 
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Figure A.1. Nozzle Mixing Chamber Meshed: Blue region showing air and fuel inlets 

 
 
The results displayed serve the purpose of a preliminary study of combustion from sprays 

and should not be considered definitive. The fluid inlet conditions were chosen from one of 

the cases tested experimentally (ma = 12 litre/min, mCP = 100 litre/min, mf = 3.9e-4 kg/min). 

More extensive simulation is required to establish a clear validation of experimental results. 

In order to simulate swirling coflow, either a more complex geometry can be used, or the 

same geometry can be used with 'coflow inlet' divided into zones each having its own fluid 

inlet velocity components.  
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Figure A.2. Air and Fuel Inlets 

 
Figure A.3. Combustion chamber mesh. Length 15 in. and Diameter 6.9 in. 
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Figure A.4. Species: Chemistry 

 

 
Figure A.5. Species: Model 
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Figure A.6. Species: Control 

 
Figure A.7. Species: Create PDF Table 
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Figure A.8. Discrete Phase Model: Enabling Droplet Breakup 

 

 
Figure A.9. Setting up droplet injection 
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Figure A.10. Solution Schemes: Second Order for stability 

 
Figure A.11. Air Inlet Mass Flow BC with X,Y,Z component 
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Figure A.12. Thermal BC 

 
Figure A.13. Species Mean Mixture Fraction  
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Figure A.14. DPM Escape BC 

 

 
Figure A.15. Boundaries 
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Figure A.16. Temperature Contour for Constant Wall Temperature 

 

 
Figure A.17. O2 mass fraction contour 
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Figure A.18. CO mass fraction contour 

 

 
Figure A.19. OH mass fraction contour 
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