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Chapter 1

Introduction

1.1 Flash Atomization Process

Flash atomization is a thermodynamic process by which a dispersed spray of droplets is

produced. This process occurs when a liquid, maintained at a temperature and pressure

which renders it super-heated relative to the ambient, is introduced rapidly into ambient

conditions. The thermodynamic process is illustrated in Figure 1.1.

Figure 1.1: Phase diagram of water. Points A, B, and C represent the state of the fluid
prior to, during, and following the release, respectively.

This phase diagram in Figure 1.1 illustrates the process which occurs as the super-heated

liquid is released. This diagram assumes that the release occurs iso-thermally. Given the
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short transit time of the fluid, this model will be used to gain a general understanding of the

phenomenon. As the pressure undergoes a rapid drop (from point A to B on Figure 1.1), the

liquid is no longer in a thermodynamically stable state. At point B, representing the state

of the fluid immediately after release, the pressure and temperature indicate that the stable

state is vapour. In order to achieve thermodynamic equilibrium, a portion of the liquid

boils rapidly, resulting in a two phase mixture of saturated vapour at point C. The system

returns to a thermodynamically stable state as the latent heat of the phase change process

removes excess energy from the remaining liquid state (Vetrano et al. (2012)). Given the

large density ratios between liquid and vapour phases ((ρl/ρg)H2O
≈ 1600), even for low

mass fractions of vapour, the void fraction is large.

The onset of the phase change process occurs at nucleation sites. It is at these locations

that the meta-stable liquid can form a vapour bubble which consequentially grows until the

system is once again stable. As reported by El-Fiqi et al. (2007), these nucleation sites may

be in the form of dissolved gases or impurities, or surface roughness of the outer walls of

the pipe or nozzle. Following the onset of nucleation, the process enters the bubble growth

phase. With the phase change process initiated, the continued boiling continues until the

latent heat absorbed by converting the liquid to a vapour is balanced by the excess energy

of the liquid which initially rendered it thermodynamically unstable. As the liquid is broken

up into smaller droplets, the effects of surface tension become significant. For small drops,

the effect of the surface tension is to increase the internal pressure of the droplet beyond the

ambient pressure. As a result, the saturation temperature of small droplets is larger than

that of large droplets. The complex process of nucleation and bubble growth is treated in

greater detail by Sher. et al. (2008).

1.2 Other Atomization Techniques

Given the ubiquity of atomized sprays in a variety of technical fields, there exists many

means by which an atomized spray can be produced. Numerous mechanisms exist in order

to achieve atomization with a wide variety of fuels and under a broad range of operating

conditions.

A simple form of atomization uses pressure atomizers. These systems spray a single

component liquid jet under high pressure into an ambient medium. Turbulent structures

within the liquid jet enhance the entrainment of the ambient medium and the large velocity

ratio between the jet and the ambient provides sufficient shear forces to produce atomized

droplets (Kolev (2005)). This type of atomization does not require the introduction of the
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gas phase into the liquid prior to the nozzle outlet. The mixing occurs downstream of the

nozzle outlet as the high velocity liquid interacts with the stationary ambient. This is a

stagewise process, with the breakup of the liquid jet occurring from the free surface inwards

(Brennen (2005)). This type of atomization is commonly used in Diesel engine injectors.

Payri et al. (2012) note four separate breakup regimes of this type of spray, dependant

upon the relative velocity of the jet and ambient. At high velocities, the breakup of the jet

occurs next to the nozzle outlet. Pressure atomizers of this type are capable of producing

fine atomization, with D32 ≈ 10µm, according to Dernotte et al. (2012). However, in order

to achieve this level of atomization, high pressure differences of up to 150 MPa are required.

It is noted by Dernotte et al. (2012), however, that as the pressure difference is increased,

the penetration length is also increased. Furthermore, the D32 values produced by such

systems are positively correlated with the fuel viscosity (Dernotte et al. (2012)). This fact

indicates that the atomization of high viscosity fuels is better suited to alternative systems.

Another atomization technique common in industrial applications is effervescent atom-

ization. This is a technique similar to flash atomization. Gas is introduced into the liquid

flow upstream of the nozzle. As the pressure drops through the nozzle, these gas expands

and creates liquid ligaments which are further broken up by the effects of the bubble break

up and shear forces within the jet, (Jedelsky and Jicha (2012)). This type of atomization

is common within the heavy oil industry, where high temperature steam is injected into a

high viscosity bitumen flow in order to produce an atomized spray (Rahman et al., (2012)).

This type of atomizer was developed in order to produce effective atomization of uncon-

ventional hydrocarbons (Konstantinov et al. (2010)). It is noted by Konstantinov et al.

(2010) that effervescent atomization results in a decreased dependency on fluid viscosity,

thereby enabling the use of a single atomizing nozzle for a variety of fuels and applications.

This type of atomization is highly dependent on the operating conditions. It was found by

Sarkar and Ramamurthi (2007) that the flow regime of effervescent atomizers is dependent

on both the Reynolds number of the flow as well as the gas to liquid ratio. A change on

the flow regime (eg. from bubbly flow to slug flow) can result in significant changes in the

spray characteristics downstream of the nozzle. This is an undesirable trait, particularly

in situations where constant, steady operating conditions are not guaranteed. Addition-

ally, despite improved effectiveness compared to other atomization techniques in terms of

dependence on the fluid viscosity, Ferreira et al. (2001) note that the spray characteristics

of effervescent atomization still exhibit significant dependance on the fluid viscosity.

Large molecular weight hydrocarbons typically posses a large viscosity. This makes
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the atomization of such fuels difficult with conventional systems. Large scale fluid cokers

used in heavy oil applications utilize effervescent atomizers by injecting high temperature

steam into the bitumen flow (Rahman et al. (2012)). There may be the possibility of

improving the efficiency of this process using flash atomization. Due to the compressibility

effects, there are comparatively large energy expenditures in pressurizing steam (as in the

industrial fluid cokers) compared single phase liquids. Using flash atomization, it may be

possible to create a long chain hydrocarbon suspension in a single phase liquid. The liquid

component can then be boiled into vapour via the flashing process leaving only the fuel

particles in a dispersed spray.

1.3 Literature Review

Flash atomization is a phenomenon that is well documented in the scientific literature.

However, Sher et al. (2008) state that the limited fundamental understanding of the flash

atomization process has limited its use in a variety of possible areas. To fill this knowledge

gap, various researchers have studied aspects of the flash atomization process. A wide array

of experimental techniques have been employed under numerous operating conditions. This

section will outline the fields, methodologies, and results of published literature in the field

of flash atomization.

1.3.1 Applications

As opposed to many typical atomization techniques which rely on shear forces to produce

an atomized spray, flash atomization is driven by the phase change of the fluid. This

provides many challenges and opportunities for the implementation of flash atomization.

The continued study of the flash atomization process may lead to incremental improvements

in energy systems and the reduction of hydrocarbon related pollutant emissions (Kim et al.

(2012)).

Much of the research involves the flash atomization of binary liquid mixtures. In these

scenarios, a two component mixture of liquids is prepared in which one of the components

flashes at a lower temperature than the other. After the flashing process, a two phase spray

is obtained from the original single phase mixture. The component of the mixture with the

lower flashing temperature boils rapidly into a dispersed vapour phase while the remainder

of the liquid is dispersed by the rapid expansion of the flashing component. Such systems

were studied by Zhang et al. (2005) as well as Sher and Zeigerson-Katz (1996). These

mixtures allow for a single phase mixture to be converted into a two phase spray.
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Compared to many conventional atomization techniques, flash atomization produces a

spray with a large effective spray angle and minimized penetration depth, (Park and Lee,

1994). Because the atomization is initially produced by the flashing mechanism instead of

shear forces, flash atomization does not require very large velocity gradients. This reduced

inertia minimizes the penetration depth of the spray into the ambient medium and also

allows for a larger effective spray angle. These characteristics render flash atomization a

potentially useful phenomenon in the field of combustion systems and fuel injectors. Li et

al. (2012) have studied the potential of flash atomization in diesel fuel injectors. Diesel

fuel blended with Dimethyl Ether (DME) was tested using a flash atomizing nozzle. DME

concentrations of 10% and 20% by weight were used in this study. Yu et al. (2010a) and

Yu et al. (2010b) studied the use of DME blended fuel in homogenous charge compression

ignition engines. These technologies have the potential to significantly lowering both the

particulate and nitrogen oxide (NOx) emission(Yu et al. (2010a))

An interesting distinction was raised by Aleiferis and Romunde (2013) who studied

various fuels in a multi hole injector for a spark ignition engine. They noted that under hot

conditions and at low load (therefore lower receiver pressure), flash atomization may occur

in the injectors of spark ignition engines. Though the onset of flash atomization results in

higher dispersion of the fuel droplets, it can be undesirable in spark ignition engines since

the high dispersion and low penetration depth result in “spray collapse” and the destruction

of the directionality of the spray. Given the lower injector pressures used in spark ignition

engines as opposed to diesel engines, the onset of “spray collapse” occurs more readily. At

present, the more active area of research is into using flash atomization in diesel injectors.

Another potential avenue of research involving flash atomization is for the spray and

combustion of coal and water suspensions. This work was studied by Yu and Beer (1998).

More recently, Kim et al. (2012) investigated the effectiveness of using flash atomization

to improve the spray characteristics of a heavy oil emulsion used in a swirl injector. The

emulsified heavy oil results in a significantly reduced viscosity and, combined with im-

proved atomization techniques, allows for the utilization of heavy oils as a fuel source while

mitigating many often associated pollutant problems.

In hydrocarbon suspension systems, the fuel droplet size can be made to be a property

of the suspension. In this case, there exists the potential to decouple the spray droplet

diameter from the operating pressure. Since the fuel particle size is determined by the

suspension properties (eg. fuel droplet size and concentration), the fuel particle size can

be prescribed, provided that there exists sufficient energy to initiate the flash atomization
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process. This type of system has potential benefits; by decoupling the droplet size from

the upstream pressure, the spray characteristics may be only minimally affected by changes

in operating pressure or flow rates or physical scale up. This is a beneficial characteristic

in power generating systems, where demand fluctuates and typical atomizers lose efficiency

when the flow rate deviates significantly from the design point.

1.3.2 Methodology in Literature

There are many different measurement techniques used in the study of flash atomized sprays.

There are also many difficulties in gathering measurements in the dense spray environment

produced by many flash atomization systems. The nature of the desired data will often

dictate the type of measurement system used.

An early, yet persisting method of measuring dispersed sprays is the use of shadowgra-

phy. A short exposure photograph is taken of a back-lit spray. This method can be used to

measure aggregate spray characteristics and works well even in dense sprays. Kamoun et

al. (2010) used high speed shoadowgraphy with a 1µs camera exposure in order to measure

the effect of reservoir conditions on the spray angle and lateral spreading of a flash atomized

spray. Kim et al. (2012) used a similar type of system with a 7 − 10 ns exposure with a

high intensity back light. A 1 000 frame per second high speed video camera was used by

Zhifou et al. (2012) in order to characterise the spray produced by a flashing R134a jet.

With proper magnification and equipment, Li et al. (2012) used a 10µs flash in order to

measure individual droplet diameters. A drawback of this method is that detailed droplet

diameter measurements can be difficult to obtain and require the use of advanced software

for data processing.

Given that the temperature of the pressurized liquid and subsequent dispersed spray

is an important parameter in determining the spray characteristics, there has been signifi-

cant research into measuring the temperature field of flash atomized sprays. Zhifou et al.

(2012) measured the average droplet temperature of an R134a jet using a custom designed

type-T thermocouple probe. In order to obtain a sufficient level of spatial resolution, many

successive thermocouple measurements were taken at various axial and radial positions. In

measuring the effect of temperature on the mass flow rate of a flashing jet, Rossmeissl and

Wirth (2006) used thermocouples embedded in the nozzle, as well as an additional ther-

mocouple on the spray axis 1 mm downstream of the nozzle. The use of thermocouples

is limited by both the response time of the measurement and the need for a contact mea-

surement. The mass of the thermocouple impacts the response time and in sprays with

6



significant thermal gradients in time, the use of thermocouples may only read the spatially

averaged values. Furthermore, in investigating the temperature distribution of a flashing

jet, Vetrano at. al. (2012) noted that intrusive measurements, such as the use of ther-

mopcouples, can trigger the flashing of the spray earlier than would otherwise happen. It

was noted that instruments such as rake thermocouples may be used in the fully developed

region of the flow, downstream of the nozzle, but a non-intrusive system is required in the

near field region.

In order to achieve a large field temperature measurement, Vetrano et al. (2012) used

planar laser induced fluorescence (PLIF) in order to determine the temperature of the spray

over a large area. PLIF measurements show a temperature dependence in the fluorescent

light emitted and can therefore be used in order to measure the droplet temperature in

the measurement plane. The use of PLIF measurements is limited, however, due to high

sensitivity to spatial alignment and low signal strength from small droplets. This study

used a pulsed Nd:YAG laser and a two camera system to measure the temperature. This

system used allowed for the measurement of the droplet temperature from the nozzle outlet

to a position 144 mm downstream. Because this is a non-intrusive measurement, the flow

field remained undisturbed.

Laser based systems are also widely used in order to collect droplet velocity and diameter

data from flash atomized sprays. There are many different types of optical measurement sys-

tems, each with certain benefits and limitations. Yu and Beer (1998) used a laser diffraction

analyzer in order to measure the droplet diameter in their coal suspension spray. Another

similar system is the Malvern particle sizer, used by Park and Lee (1994) in order to obtain

diameter measurements of a developing flash atomized flow. The Malvern particle sizer

provides the diameter distribution of particles passing through the measurement volume.

Lecourt and Barricau (2009) used both particle image velocimetry (PIV) and a Malvern

particle sizer to analyze flash atomized sprays. The particle sizer used in their study pro-

vides the diameter distribution over a large spatial volume (135 mm by 10 mm diameter

cylinder). This prevented a detailed analysis of the spatial variance in the droplet distri-

bution. The PIV system provides the particle velocity over a large spatial area, though it

can be difficult to use in dense sprays. Aleiferis and Romunde (2013) used both a Malvern

particle sizer and a phase Doppler particle analyzer (PDPA) system in studying the flashing

of a two component fuel in a direct injection engine. The PDPA system provides concur-

rent velocity and diameter data, though only localized at the relatively small measurement

volume.
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The use of optical measurement systems in flash atomizing systems can be complicated

by the nature of the spray. A high spray density can limit the optical transparency of the

spray. In these cases, the data rate from most optical systems diminishes. Higher laser

power and tuned optics can be used to mitigate these problems, but the issue persists.

This problem was encountered by Hervieu and Veneau (1996), whose research necessitated

the use of protections to limit the spray density in the measurement region. In order for

the PDPA system to provide sufficient signal, obstructions were placed that blocked the

majority of the flow and introduced errors of up to 40% in velocity measurements and 20%

in diameter measurements. Yidliz et. al. (2004) studied the feasibility of various laser based

measurement techniques in flash atomization research and found that, while useful, PDPA

measurements are subject to some limitations. First, spray measurements in the near field

of the nozzle outlet were complicated by the relatively high concentration of large, non-

spherical ligaments in the flow. These ligaments are rejected by the PDPA system and

the data rate declines. Furthermore, Yidliz et. al (2004) noted that in order to limit the

overall spray density, the flow rate had to be limited. Doing so allowed for sufficient optical

transparency in the spray for PDPA measurements.

1.3.3 Results in Literature

Flash atomization systems have demonstrated the ability to produce fine, dispersed sprays

in a manner that is competitive with other atomization methods. The research focus has

been broad and a wide variety of results have been collected.

An important parameter in many sprays is the spray angle and width of the spray

envelope. These parameters influence the degree to which the spray mixes with the ambient

fluid. This is of considerable importance in combustion applications where sufficient mixing

with the ambient air is required for optimal performance. Kamoune et al. (2010) tested

the effect of the degree of superheat on the spray angle in flash atomized sprays. It was

found that when the liquid is not super-heated, or only super-heated to low levels, the spray

formation is dominated by mechanical breakup. Once the onset of flashing begins, the spray

angle increases rapidly and exhibits a positive correlation with the degree of super-heat.

This effect was also observed by Kim et al. (2012) in studying the effect of flash boiling in

emulsified heavy oils. Park and Lee (1994) studied the effect of liquid temperature on the

spray angle as well. These results indicated that increasing temperatures results in increased

spray angles , but only for a certain temperature range. Beyond a certain temperature, the

spray angle remains relatively constant or decreases. This effect is explained as being a
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balance of enhanced atomization at high temperatures, resulting in smaller droplets with

larger radial velocities, and with the increased effect of air entrainment on small droplets.

The velocity profiles of flashing sprays have also been studied in detail. In studying a

flashing R134a spray, Zhifu et al. (2012) measured the velocity profiles a variety of axial

distances from the nozzle outlet. it was found that the velocity profiles were Gaussian in

shape and that the centerline velocity decreased at larger axial distances. As the spray

envelope increased in the downstream direction, the velocity profile became increasingly

uniform. Yildiz et al. (2006) found that, as in single phase jets, the maximum velocity at a

given axial location is located on the jet centerline. It was also noted that while the droplet

velocities decreased in the radial direction, the root-mean-squared (RMS) of the velocities

increased, indicating increased fluctuations.

Another important parameter in the measurement of spray systems is the droplet di-

ameter produced by the spray. In reactive flows, this parameter is of vital importance. In

studying DME blended diesel fuel, Li et al. (2012) found that as the mass percentage of

DME in the fuel increased resulted in decreased droplet diameters. The authors attributed

this decrease in diameter to the flash boiling of the DME in the injector system. Lecourt

and Barricau (2009) studied the flashing phenomenon in a single fluid spray. Their work

found negative correlations between the Sauter mean diameter and the degree of super-

heat. These correlations were consistent across a variety of nozzles and the general effect of

upstream super-heat on the diameter distribution was posited to be independent of nozzle

type. Zhang et al. (2005) found that, like in other forms of atomization, delivery pressure

can also influence the droplet size. In their study, it was found that increased injection

pressures resulted in decreased values of the Sauter mean diameter. The tests performed

operated at high pressures of up to 8 MPa. Decreased droplet diameter results in a larger

surface area to volume ratio. as this ratio increases, so does the reaction rate in combustion

process. In applications with combustion, by reducing the reaction time, complete combus-

tion can occur more rapidly and pollutant emissions may be reduced. Sher et al. (1996)

state that a flash atomized spray can be used in fuel injectors in order to achieve comparable

fuel atomization with lower injector pressures.

1.4 Hypothesis

The current literature does not highlight a detailed study of the effects of the degree of

superheat at a variety of pressure levels, particulary over a broad range of both parameters.

The relationship between superheat and the droplet velocities and diameters has been mea-
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sured, but the evolution of this relationship as the pressure ratio is increased is, as of yet,

unknown. The current study aims to explore the effects of both parameters, pressure ratio,

pr (The ratio of the reservoir pressure to atmospheric pressure) and degree of superheat

∆TSH (The difference between the reservoir temperature and the saturation temperature

at atmospheric conditions), on the droplet characteristics of a flash atomized spray. Unlike

many conventional atomization systems where pressure dependance dominates, flash atom-

ization has been shown to be strongly dependant on the degree of superheat. The current

study aims to determine if the temperature dependance dominates, and the spray produced

is relatively robust with respect to changes in the pressure, and if so, at what degree of

superheat does this robustness occur.
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Chapter 2

Experimental Setup and
Methodology

2.1 Experimental Setup

The flash atomization research was performed in the combustion and sprays laboratory in

the Department of Mechanical Engineering at the University of Alberta. The experiments

were performed from January to October 2012. A schematic of the flash atomizing system

can be found in Figure 2.1. This schematic denotes the important auxiliaries attached to

the pressure vessel.

Locations of temperature and pressure measurement are denoted by the T and P symbols

respectively A ball valve was used immediately upstream of the nozzle in order to control

the spray. This schematic also illustrates the angle of the PDPA receiver relative to the

axis of the PDPA emitter. An angle of 30 ◦ was chosen. Using water with a refractive index

of 1.33, the angle of 30 ◦ provides a strong signal in the forward scatter mode. The signal

is received via the first order refraction of the laser light through the water droplets.

In this study, liquid water was used as the flashing fluid. The water was contained

within a cylinder and pressurized using a regulated N2 bottle. The regulator used allowed

for a maximum pressure of approximately 1.75 MPa. Because the N2 supply is constant,

even whilst the liquid is spraying, the upstream pressure of the fluid fluctuates minimally.

This is a benefit over other flash atomization system with utilize a pressurized container

of some flashing fluid (eg. R134a). In these scenarios, as the flashing fluid is utilized, the

upstream pressure decreases. This results in an unsteady state spray [29].

In order to provide the energy required to superheat the liquid water, three (3) 200 W

band heaters were placed around the hydraulic cylinder. The portion of the cylinder not

heated was insulated in order to minimize heat loss and internal temperature gradients in
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Figure 2.1: Schematic of spray subsystem with PDPA measurements

the water. The temperature of the water was measured using a type J thermocouple probe

inserted into the hydraulic cylinder.

In this experiment, the release of the liquid was designed to be adiabatic. In order to

limit the heat loss of the fluid as it passes through the nozzle assembly, the valve, nozzle,

and pipe downstream of the hydraulic cylinder were pre-heated with a 120 W flexible band

heater. Three (3) surface mounted type T thermocouples were used in order to measure

the temperature along the nozzle assembly. During experiments, a maximum allowable

deviation of 5 ◦C from the reservoir temperature was used for the nozzle assembly. The

nozzle temperature was maintained throughout the release of the flashing fluid in order to

maintain a relatively constant exit temperature. In Appendix B, the heat transfer within

the nozzle assembly is modeled. It was found that the outlet temperature varies by less

than 5 ◦C for variations in the surface temperature of up to 10 ◦C. By minimizing the tem-

perature gradients along the flow direction, the model of an adiabatic process is validated.

All pressure and temperature transducers were connected to a National Instruments data
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acquisition card to allow for the accurate and concurrent measurement of all values.

Long exposure images of the flashing spray were also collected. This was done using

a commercial CCD camera (Canon Rebel XTi). The setup used for imaging the spray is

shown in Figure 2.2. An incandescent light source was used in a back scatter configuration

in order to obtain the 30 s exposure images.

T
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T

T

P

N2

in
Q

Hydraulic Cylinder

Nozzle Assembly

z

r

0

1

2

3

CCD Camera

Light Source

Figure 2.2: Schematic of spray subsystem with long exposure images

A solid model of the experimental was made in order to illustrate the setup of the

entire system. This model is shown in Figure 2.3. A hydraulic cylinder was used in order

to contain the flashing fluid at the required temperature and pressure. This vessel was

mounted on a cantilevered steel frame over a plastic collector basin. A lid over the collector

basin provided a means to apply a small negative pressure to the collector basin. This was

done in order to collect the spray droplets downstream of the measurement location so as

to prevent any obstruction of the optical measurement system. This negative pressure was

applied with a small industrial vacuum. As shown in Figure 2.3, the PDPA receiver and

emitter were mounted aluminium optical rails that were attached to a motorized three axis
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traverse system (Schridtmotor C-104). This computer controlled traverse systems allows for

the movement of the measurement volume in three spatial axes. Because both the emitter

and receiver were mounted to the traverse on rigid optical rails, any translation maintained

the relative position and orientation between the emitter and receiver. This allows for the

measurement of the droplet properties at a variety of spatial positions during an individual

flashing release. Due to the high spray density near the nozzle outlet, PDPA measurements

were made along a plane an axial distance of z = 150 mm from the nozzle outlet. At this

position, the PDPA data rates were sufficiently high in order to acquire data across the

entire radial profile during a single experimental release.

Three Axis Traverse

PDPA Receiver

PDPA EmitterHydraulic Cylinder

Band Heaters

Collector Basin

Figure 2.3: Solid model of experimental setup

Velocity and diameter measurements were made using a phase Doppler particle analyzer

(Dantec FlowLite 2D). This non-intrusive laser based measurement system allows for the

concurrent measurement of the 2-dimensional velocity as well as the droplet diameter. The

Dantec PDPA uses a 10 mW He-Ne laser (λ = 632.8nm) and a 10 mW Nd:YAG laser

(λ = 532nm). A schematic illustrating the operating principle of the PDPA system is

shown in Figure 2.4.
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Figure 2.4: PDPA Operating Principle

These lasers intersect at the probe volume where the measurements are made. The

PDPA receiver is mounted and aligned so that as a particle passes through the measurement

volume, an interference pattern is created at the receiver optics. The doppler burst fequency,

known as the Doppler frequency, fD is related to the particle velocity, U . Here, λ represents

the leaser wavelength, θ represents the angle of the intersecting beams, and Df is the fringe

spacing of the interference pattern.

U =
λfD

2sin(θ/2)
(2.1)

A four beam system (two lasers with each beam split), is capable of measureing two normal

componenets of velocity.

The PDPA system also allows for the measurement of droplet diameters, provided that

the droplets are spherical. The PDPA receiver contains 3 optical receivers. The light

incident on each receiver travels a different path through the droplet to the receiver, resulting

in a phase shift in the Doppler burst. The particle diameter can be found using the phase

difference between the signals from two detectors, Φ, the angle between the emitter and

receiver, φ, the angle of the detectors to the measurement volume, ψ, and the relative index

of refraction of the droplets and medium, nrel = ndroplet/nmedium.

Φ =
−2πDp

λ

nrel sinθ sinψ√
2(1 + cosθ cosψ cosφ)(1 + n2

rel − nrel

√
2(1 + cosθ cosψ cosφ))

(2.2)

2.2 Methodology

In order to generate a flashing spray and obtain the desired measurements, the experiment

was assembled and prepared for measurements. First, liquid water was placed within the
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hydraulic cylinder. Using a compressed N2 bottle, the liquid water in the hydraulic cylinder

was pressurized to the desired value. This pressure was achieved using a standard pressure

regulator. The pressurized liquid water was then heated using the band heaters on the

hydraulic cylinder. At the same time, the nozzle assembly was pre-heated to the desired

value using the 120 W flexible band heater. The temperature of the nozzle assembly was

monitored using the surface mounted thermocouples and the heat supplied was controlled

using a variable AC power supply.

While the pressurized water was heating, the PDPA laser system was powered up and

allowed to stabilize. The PDPA laser alignment was periodically tested using a PIN diode

in order to assure the power achieved was maximized. This was done by adjusting the

four degree of freedom fibre launchers and maximizing the output as measured by the PIN

diode.. Furthermore ore, the alignment of the PDPA receiver was tested regularly in order

to assure the data rates achieved were maximized.

Once the reservoir and nozzle temperatures reached the desired value, the flashing release

was initiated by opening the ball valve in the nozzle assembly. The PDPA system recorded

data at each radial position until 5000 data points had been collected. The three axis

motorized traverse was used in order top collect data at numerous radial positions. Due to

the limited time of the flashing release, measurements at a maximum of ten positions were

collected.

Data collection was done using the Dantec BSA flow software. The data were collected

and sorted according to the operating conditions of the jet. Using multiple measurements

at each condition, data averages for each conditions were calculated and tabulated. This

allowed for the easy plotting of average values across the radial profile.

In order to properly measure and present the data gathered, the PDPA settings were

selected in order to optimize the data rate within the range of values expected. This was

done by selecting the operating parameters of the PDPA system. The PDPA settings used

were as outlined in the experimental setup chapter and are summarized in Table 2.1.

The PDPA settings were chosen in such a manner as to maximize signal strength while

maintaining measurement integrity. The emitter and receiver focal length were selected

from a variety of possible options. A small emitter focal length results in a smaller probe

volume with higher power density, thereby providing improved signal strength, particularly

in dense sprays. However, as the emitter focal length is decreased, the maximum measurable

diameter is reduced. Based on the manufacturer’s specifications, the maximum measurable

diameter was chosen to be approximately 10 times the largest expected diameter. This
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Table 2.1: PDPA Settings and Parameters

Property Value

Laser Power Nd:YAG 25 mW
(nominal) HeNe 20 mW

Laser Wavelength
Nd:YAG 532 nm
HeNe 632.8 nm

Emitter Focal Length 400 mm
Receiver Focal Length 310 mm
Velocity Range 0− 50 m/s
Diameter Range 0− 200 µm

allowed for accurate measurements and provided some allowance for particles larger than

expected. The velocity range was chosen in the Dantec software and the range was centered

about the typical mean centerline velocity.

The PDPA software collected the data and performed some initial post processing of

them. Further post processing for this study was performed using customs scripts in com-

mercial software(MATLAB 2012a). The data sets gathered include 5000 data points at

each measurement location. The collection of 5000 data points was chosen as a compromise

between limiting uncertainty in the data and collection time. Given the limited volume of

fluid available in each flashing release, the time available for measurements was limited to

approximately 90 s. Li et al. (2012) state that for an accuracy of 5% with a 95% confi-

dence interval, a minimum of 5000 individual diameter measurements is needed. With 5000

data points at each location, typical 95% confidence intervals in measurements of D32 were

± 0.1− 0.2µm for each measurement.

Another important parameter of the flash atomization system was the nozzle. The

nozzle used was a conical converging-diverging nozzle as illustrated in Figure 2.5. Nozzle

dimensions are summarized in Table 2.2. If the flow rate of the nozzle was too high, the

large amount of light attenuation through the spray resulted in limited or negligible data

rates from the PDPA system. As such, several nozzles with different throat diameters were

built and tested in order to achieve an acceptable flow rate while still preserving the ability

to utilize the PDPA system. It was found that a throat diameter of 0.8 mm proved an

acceptable option. Based on the outlet diameter of D2 = 1.6 mm, the chosen nozzle has an

aspect ratio of L/D ≈ 16.

The diameter distributions collected are presented in this paper on a logarithmic scale
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Figure 2.5: Nozzle geometry

Table 2.2: Nozzle dimensions

Dimension D0 D1 D2 L

Value (mm) 10.3 0.8 1.6 25.4

since droplet size distributions typically follow a log-normal distribution(Bowen (2012)).

This presentation is done by using logarithmically scaled diameter bins for the construction

and presentation of the probability distribution functions. In presenting the data in this

manner, the characteristics of the distribution at small diameters is not obscured by the

relatively large span of the data set. Figure 2.6 represents a characteristic diameter distri-

bution with linear axes whereas Figure 2.7 illustrates the same distribution on a logarithmic

axis. From these figures, it is clear that the use of linear axes obscures the characteristics

of the distribution, particularly at small diameters.

A final set of experiments was performed with the purpose of collecting long exposure

photographs of the spray. This was done in order to observe the effects of the inlet condi-

tions on the spray in aggregate. While the PDPA system provides detailed and concurrent

measurements of both velocity and diameter, the measurement is confined to one spatial

position of the probe volume. The use of long exposure photography, while unable to pro-

vide either velocity nor diameter measurements, illustrates the effect of inlet conditions on

the angle of the spray. In order to obtain these measurements, back scatter images were

collected over the course of a 30 s exposure. This method minimizes the effect of instanta-

neous instabilities in the spray while maximizing the contrast in the image. A calibration

image was collected in order to provide a scale for the images. The spreading angle of the

spray was characterized using two measurements. The near-field spreading angle, θn was

measured in the region of z = 3.4−10.2 mm and the far-field spreading angle was measured
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Figure 2.6: Probability density function with linear abscissa

in the region of z = 45.0 − 190 mm. The angles were measured using binarized images

in order to locate the edge of the spray. The process of the edge detection is outlined in

Figure 2.8.
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1. Raw Image 2. Binarized 3. Edge Detection

Figure 2.8: Process of detecting spray edges for spreading angle measurement
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Chapter 3

Experimental Results

3.1 Velocity Measurements

3.1.1 Radial Profiles of Droplet Velocity

The PDPA system was used in order to concurrently measure the droplet velocity and

diameter. By using the three axis traverse system, the measurements were made across

the spray profile. The velocity profiles represent the average droplet velocity, Uz at various

radial locations for an axial location of z = 150 mm. The measurements were made from

the jet centerline towards the jet periphery. Due to declining data rates near the periphery

of the spray, PDPA measurements could not be collected beyond r = 30 mm. Beyond this

point, the low droplet velocity and low spray density resulted in prohibitively low data

rates.

Figures 3.1 through 3.4 represent the effect of the reservoir pressure on the velocity

profiles of the spray. Each individual figure represents data collected at a single reservoir

temperature, but at a variety of pressures. This allows for the observation of the effect of

changing reservoir pressure has on the droplet velocity profile for a given reservoir temper-

ature.

These data were also used to produce plots demonstrating the effect of reservoir tem-

perature on the droplet velocity profile. Figures 3.5 through 3.8 represent the droplet

velocity profiles collected at constant reservoir pressures. In doing so, each individual figure

illustrates the effect of reservoir temperature on the droplet velocity profile.
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Figure 3.1: Radial profile of Uz with
∆TSH = 20 ◦C
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Figure 3.2: Radial profile of Uz with
∆TSH = 40 ◦C
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Figure 3.3: Radial profile of Uz with
∆TSH = 60 ◦C
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Figure 3.4: Radial profile of Uz with
∆TSH = 80 ◦C
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Figure 3.5: Radial profile of Uz with pr = 6.8
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Figure 3.6: Radial profile of Uz with pr = 10.2
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Figure 3.7: Radial profile of Uz with pr = 13.6
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Figure 3.8: Radial profile of Uz with pr = 17.0
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3.1.2 Velocity Plots

The profile plots included earlier provide insight into the effect of the reservoir conditions on

the overall velocity profiles. However, it can be difficult to observe local trends in the data.

In order to more accurately depict the effect of reservoir conditions on localized droplet

velocities, the localized effects of upstream conditions were plotted. These figures represent

the effect of varying a single upstream condition (pr or ∆TSH) on the droplet velocities

measured at a single radial position.

Figures 3.9 through 3.12 represent the effect of the pressure ratio on the measured values

of Uz at various radial locations. Each of set of figures contains data collected at a different

value of ∆TSH . These figures assist in determining the effect of the inlet conditions on the

droplet velocity at a variety of radial locations. The evolution of these relations as the radial

position is increased can also be observed. The droplet velocities at various radial positions

were also plotted as a function of the degree of super-heat. These plots are presented in

Figures 3.13 through 3.16.
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Figure 3.9: Effect of pr on Uz at various radial
locations with ∆TSH = 20 ◦C
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Figure 3.10: Effect of pr on Uz at various radial
locations with ∆TSH = 40 ◦C
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Figure 3.11: Effect of pr on Uz at various radial
locations with ∆TSH = 60 ◦C
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Figure 3.12: Effect of pr on Uz at various radial
locations with ∆TSH = 80 ◦C
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Figure 3.13: Effect of ∆TSH on Uz at various radial
locations with pr = 6.80
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Figure 3.14: Effect of ∆TSH on Uz at various radial
locations with pr = 10.2
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Figure 3.15: Effect of ∆TSH on Uz at various radial
locations with pr = 13.6
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Figure 3.16: Effect of ∆TSH on Uz at various radial
locations with pr = 17.0
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3.2 Long Exposure Images

In order to independently determine the qualitative effect of reservoir temperature and

reservoir pressure on the spray envelope, a series of long exposure photographs of the spray

was taken. The spray was tested under a variety of operating conditions and for each

condition tested, a 30 second exposure photograph was taken. These images were used in

order to determine the effects of pr and ∆TSH on both the spreading angle as well as the

operating regime of the spray.

Figure 3.17 represents the effect of reservoir pressure on the spray envelope. This figure

includes photographs at 4 reservoir pressures. In each case, the degree of superheat was

maintained at ∆TSH = 60 ◦C. This figure allows for the determination of the effect of the

pressure ratio on the spray angle and envelope of the spray operating at a constant degree

of superheat.

Figure 3.17: The effect of pr on a flash atomized spray
All measurements made with ∆TSH = 60 ◦C

This figure shows no discernable qualitative difference in the spray operating at the

various pressure ratios tested. In each case, the spreading angle appears approximately

equal and the spray regime appears constant.

Figure 3.18 represents the effect of reservoir pressure on the spray envelope. This figure

includes photographs at 4 reservoir pressures. In each case, the pressure ratio was main-

tained at pr = 10.2. This figure allows for the determination of the effect of the degree of
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superheat on the spray angle.

Figure 3.18: The effect of ∆TSH on a flash atomized spray
All measurements made with pr = 10.2

In this figure, a clear effect of the degree of superheat on the spray characteristics is

apparent. At low degrees of superheat, the spray is relatively narrow and there appears to

exist an intact liquid core. As the degree of superheat is increased, the spray angle increases

and the spray regime appears more uniform.

A quantitative analysis on the spray angle under various operating conditions was per-

formed. The long exposure photographs were binarized in software and the near-field spread-

ing angle, θn and the far-field spreading angle θf were measured using an edge detection

algorithm. The results obtained were plotted as functions of ∆TSH and pr, and are shown

in Figures 3.19 and 3.20, respectively.
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Figure 3.19: Effect of ∆TSH on θn and θf .
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3.3 Data Rate Profiles

The long exposure photographs provide some measure of the width of the spray envelope.

However, because the width of the spray envelope in the binarized images is dependent on

the image processing technique, these images provide only qualitative results. The normal-

ized data rate, N̄ , of the PDPA system provides some insight into the droplet density of

the spray. N̄ represents the frequency of measurement events recorded by the PDPA. This

value is normalized to the maximum data rate in each radial profile in order to allow for

comparison of relative values under various operating conditions. This is not a predictive

measure, however, because the PDPA system does not perform ideally when the measure-

ment volume occupies a highly dense region of the spray, or in regions containing large

numbers of non-spherical liquid ligaments. Regardless, the radial profile of the PDPA data

rate provides a measure of the spray density, particularly in regions where the measurement

volume is not obscured.

Figures 3.21 through 3.24 show the radial profiles of the PDPA data rate at various

degrees of superheat and a pressure ratio of 13.6. The values of the data rate are normalized

to the maximum data rate at each condition. This allows for the comparison of the relative

data rates at various operating conditions.

Figures 3.25 through 3.28 help demonstrate the effect of the degree of superheat in

the radial profiles of the normalized data rate. These figures show the radial profile of the

PDPA data rate as temperature was varied at a constant pressure ratio of 17.0. Again, these

figures are normalized to the local maximum data rate in order to facilitate the comparison

between the figures.
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Figure 3.21: Radial profile of N̄ with pr = 6.8
and ∆TSH = 60 ◦C
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Figure 3.22: Radial profile of N̄ with pr = 10.2
and ∆TSH = 60 ◦C
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Figure 3.23: Radial profile of N̄ with pr = 13.6
and ∆TSH = 60 ◦C
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Figure 3.24: Radial profile of N̄ with pr = 17.0
and ∆TSH = 60 ◦C
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Figure 3.25: Radial profile of N̄ with pr = 17.0
and ∆TSH = 20 ◦C
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Figure 3.26: Radial profile of N̄ with pr = 17.0
and ∆TSH = 40 ◦C
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Figure 3.27: Radial profile of N̄ with pr = 17.0
and ∆TSH = 60 ◦C
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Figure 3.28: Radial profile of N̄ with pr = 17.0
and ∆TSH = 80 ◦C
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3.4 Diameter Measurements

The droplet distribution is a vitally important characteristic of an atomized spray. Droplet

diameter influences the combustion characteristics of fuel sprays and the measurement of

droplet size in flash atomized sprays is an active area of research. Concurrent with the

velocity measurements, droplet diameters were also measured with the PDPA system.

3.4.1 Diameter Profiles

Using the PDPA system and the three axis traverse, the average droplet diameters across

the radial profile of the spray at an axial distance of z = 150 mm were measured. These

measurements were performed at a variety of pressures and temperatures and are illustrated

in Figures 3.29 through 3.32. These measurements allow for the determination of the spatial

distribution of the droplets based on the droplet diameter. Each figure presented represents

a series of tests at varying temperature with a constant reservoir pressure. The scale of the

D32 axis is kept constant in each figure in order to more easily compare the trends observed

in each figure. These results are presented, as is the standard in spray research, using the

Sauter mean diameter, D32 as a measure of the droplet size. The use of D32 provides a

measure of the volume to surface area ratio, and is a particularly useful measure in the field

of reactive flows. The Sauter mean diameter is defined as follows:

D32 =

∑
D3
p∑

D2
p

(3.1)
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Figure 3.29: Radial profile of D32 with pr = 0.6.8

0 5 10 15 20 25 30
0

20

40

60

80

100

120

140

r (mm)
D

3
2
(µ
m
)

 

 ∆TSH = 20 ◦C, pr = 10.2
∆TSH = 40 ◦C, pr = 10.2
∆TSH = 60 ◦C, pr = 10.2
∆TSH = 80 ◦C, pr = 10.2

Figure 3.30: Radial profile of D32 with pr = 10.2
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Figure 3.31: Radial profile of D32 with pr = 13.6
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Figure 3.32: Radial profile of D32 with pr = 17.0
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With the figures presented as they were, with equal scaling of the D32 axis, the dif-

ferences between figures is made clear. However, in doing this, the variations within each

individual figure are not always obvious. As such, the same figures are reproduced in Fig-

ures 3.33 through 3.36, with each axis scaled to the view the centerline values. This allows

for the observation of local trends, particularly at higher pressures where the centerline to

peripheral variance in D32 is relatively small.

Using the same data, the figures can be presented in another manner. Figures 3.37

through 3.40 illustrate the same profiles of D32. However, in these figures, the data are

presented such that each figure contains test data at various reservoir pressures but with

constant temperatures. In this manner, the effect of changing reservoir temperatures on

the profile of D32 can more easily be determined.

Again, a similar trend is observed. With ∆TSH = 20 ◦C there is a large variation

between the centerline and peripheral values of D32. At ∆TSH = 80 ◦C, this variation is

lessened, resulting again in a more uniform atomization. At higher reservoir temperatures,

the scatter of values at all radial positions appears to decrease. This indicates that at high

temperatures, the atomization is consistent and demonstrates some robustness with regards

to changes in reservoir pressure.
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Figure 3.33: Radial profile of D32 with pr = 6.8 with
scaled axis.
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Figure 3.34: Radial profile of D32 with pr = 10.2 with
scaled axis.
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Figure 3.35: Radial profile of D32 with pr = 13.6 with
scaled axis.
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Figure 3.36: Radial profile of D32 with pr = 17.0 with
scaled axis.
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Figure 3.37: Radial profile of D32 with ∆TSH = 20 ◦C
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Figure 3.38: Radial profile of D32 with ∆TSH = 40 ◦C
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Figure 3.39: Radial profile of D32 with ∆TSH = 60 ◦C
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Figure 3.40: Radial profile of D32 with ∆TSH = 80 ◦C
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As with the radial D32 profiles plotted at constant pressure, the radial profiles plotted

at constant temperature are also reproduced with axes scales such that the variations along

the spray centerline are visible. These plots are shown in Figures 3.41 through 3.44.
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Figure 3.41: Radial profile of D32 with ∆TSH = 20 ◦C
with scaled axis.

0 5 10 15 20 25 30
0

2

4

6

8

10

12

14

16

18

20

r (mm)
D

3
2
(µ
m
)

 

 

∆TSH = 40 ◦C, pr = 6.80
∆TSH = 40 ◦C, pr = 10.2
∆TSH = 40 ◦C, pr = 13.6
∆TSH = 40 ◦C, pr = 17.0

Figure 3.42: Radial profile of D32 with ∆TSH = 40 ◦C
with scaled axis.
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Figure 3.43: Radial profile of D32 with ∆TSH = 60 ◦C
with scaled axis.
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Figure 3.44: Radial profile of D32 with ∆TSH = 80 ◦C
with scaled axis.
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The centerline values of D32 are summarized in Table 3.1. This table lists the centerline

D32 values at all tested conditions. Also included is an uncertainty estimate in the D32

values. This estimate considers both the measurement uncertainty of the PDPA as well as

the repeatability uncertainty from the number of repeated trials. This error was determined

using student’s t-distribution to a confidence level of 95%.

Table 3.1: Centerline D32 summary

pr ∆TSH D32 εD32

(−) (◦C) (µm) (µm)*

0.68

20 7.8 0.2
40 8.8 5.6
60 10.9 3.1
80 (−) (−)

10.2

20 13.7 3.7
40 10.3 2.4
60 9.3 3.5
80 8.0 2.3

13.6

20 15.9 4.8
40 8.1 0.7
60 10.3 7.0
80 7.7 1.1

17.0

20 9.3 1.7
40 8.3 0.7
60 9.5 1.0
80 7.9 0.8

*p = 0.95 confidence
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3.5 Probability Density Functions

While the average droplet diameter is an important quantity, the distribution of droplet

diameters at a given location is also a valuable measure. D32 is used for the aggregate

measure of droplet size, and given its definition in Equation 3.1, the value obtained is more

affected by large droplets. As such, the probability density functions (PDFs) of droplet

diameters along the jet center line were measured.

Figure 3.45 includes PDFs of the particle diameter, Dp along the jet centerline. In this

figure, all measurements were taken with ∆TSH = 60 ◦C. The pressure ratio was varied and

the PDFs were plotted on a single figure. This was done in order to observe the effect of

the pressure ratio on the droplet diameter distribution.
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Figure 3.45: Probability functions with ∆TSH = 60 ◦C

The PDFs of the droplet diameters were reproduced in order to determine the effect of

the degree of superheat on the droplet diameter distribution. In Figure 3.46, the PDFs of

the droplets diameters are shown. This figure presents data collected at a constant pressure

ratio with a variable degree of superheat.

The values of the particle diameters along the jet centerline at all operating conditions

tested are shown in Table 3.2. This table includes the mean, µDp and standard deviation,

σDp of the particle diameters. Also included in this table are the geometric median diameter,

Dg and the geometric standard deviation, σg. Given that the distribution of the particle
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Figure 3.46: Probability functions with pr = 17.0

diameters is log-normal, these two extra parameters are included as is the standard when

working with log-normal distributions. These parameters are defined in Equations 3.2

and 3.3.

Dg =

∑
lnDi

N
(3.2)

σg =

[∑[
(lnDi − lnDg)

2
]

N − 1

]1/2

(3.3)
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Table 3.2: Centerline diameter summary statistics

pr ∆TSH µDp σDp Dg σg
(−) (◦C) (µm) (µm) (µm) (−)

0.68

20 2.6 2.1 1.9 2.5
40 3.3 2.9 2.3 2.6
60 2.9 2.3 2.1 2.6
80 (−) (−) (−) (−)

10.2

20 3.2 3.3 2.2 2.6
40 2.5 2.3 1.7 2.6
60 2.6 1.9 1.9 2.5
80 2.9 2.5 2.0 2.6

13.6

20 2.6 3.1 1.6 2.9
40 2.4 2.3 1.6 2.7
60 3.0 2.4 2.1 2.6
80 2.9 2.3 2.0 2.6

17.0

20 2.9 2.9 2.0 2.5
40 3.6 2.6 2.7 2.4
60 3.6 2.6 2.7 2.4
80 2.6 2.2 1.8 2.7
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Chapter 4

Discussion of Results

4.1 Adiabatic Void Fraction

An important parameter in the field of dispersed sprays is the void fraction, α. This is a

measure of the fraction of the spray cross sectional area occupied by the gas phase. Because

the ratio of densities of liquid water to steam are so large, ρl/ρg ≈ 1600, a large void fraction

can be achieved, even with a relatively small mass fraction of steam and prior to entraining

ambient gas. The measurement of the void fraction in dense sprays can become complicated

and for this reason, it will be modeled using theoretical predictions.

In order to estimate the unmixed adiabatic void fraction, the mass fraction of steam

must first be estimated. The steam quality is estimated by assuming that the initially sub-

cooled mixture flashes at the reservoir temperature and the resultant two phase mixture

exists at the saturation temperature of the ambient conditions. It is assumed that no heat

transfer occurs between the two phases, nor the ambient. For a given initial temperature,

T1, the stream quality can be estimated using Equation 4.1.

x =
hl,T1 − hl,100 ◦C

hlg,T1 + hg,100 ◦C − hl,100 ◦C
(4.1)

For an ambient pressure of approximately 1 atm, the saturation temperature of water is

100 ◦C. Using the saturated steam tables in Moran and Shapiro (2008), these conditions give

hf,100◦C = 419.04 kJ/kg and hg,100◦C = 2676.1 kJ/kg; where hl,T represents the enthalpy of

saturated liquid at temperature, T , hl,T represents the enthalpy of saturated vapour at

temperature, T , and hlg,T represents the latent heat of evaporation at temperature, T ,.

The steam quality represents the mass fraction of steam in the two phase mixture. The

evaluation of the steam quality depend upon the enthalpy of the sub-cooled liquid as well

as the enthalpy of evaporation at the reservoir temperature. The remaining parameters

are dependent only upon the saturation temperature of the ambient conditions, which is
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taken to be 100 ◦C. With this quantity known, the void fraction can be estimated using

Equation 4.2 from Rice (1987).

α =
xρl

Sρg(1− x) + xρl
(4.2)

In Equation 4.2, the quantity, S represents the slip ratio. This is the ratio of the

gas velocity to the liquid velocity. In order to accurately measure this quantity, detailed

measurements of the local velocities of both the continuous and dispersed phase are needed.

Due to the difficulties in obtaining these measurements, particularly in dense spays, this

quantity will be modeled using correlations found in literature. Bar-Kohany et al. (2007)

cite a relation for determining the slip ratio of the fluids. This relation was calculated by

minimizing the spray momentum with respect to the slip ratio and is shown in Equation 4.3

S ≡ Ug
Ul

=

(
ρl
ρg

)1/2

(4.3)

With the above relations, the adiabatic void fraction of the spray at each of the tested

reservoir temperatures was calculated. These results are shown in Table 4.1. As can be

seen, even with a steam quality of only 8%, the void fraction is approximately 78%.

Table 4.1: Steam quality and void fraction of Flash atomized spray

∆TSH hf,Treservoir hfg,Treservoir x α
(◦C) (kJ/kg)* (kJ/kg)* (−) (−)

20 503.71 2202.6 0.0159 0.3928
40 589.13 2144.7 0.0385 0.6157
60 675.55 2082.6 0.0595 0.7168
80 763.22 2015.0 0.0804 0.7778

*Source: Moran and Shapiro (2008)

4.2 Velocity results

4.2.1 Radial Profiles of Droplet Velocity

The radial profiles of droplet velocity measured at constant temperatures are shown in

Figures 3.1 through 3.4. These figures demonstrate the effect of changing reservoir pressure

on the droplet velocity profiles. Each figure contains velocity profiles for all tested pressures

for the given reservoir pressure.

Firstly, it can be noted that, in general, the droplet velocity profiles fit an expected

Gaussian distribution. This is the type of velocity profile expected of single-phase jets
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and is consistent with velocity profiles measured by Yildiz et al. (2006) and Zhifu et al.

(2012). The maximum spray velocity occurs at or in the near vicinity of the jet centerline.

At increasing radial positions, the droplet velocities decrease monotonically, in general,

towards a minimum at the spray periphery. This general trend is present regardless of the

reservoir conditions.

The effect of reservoir pressure on the droplet velocity profiles is shown in these figures.

It can be seen that at higher reservoir temperatures, the effect of the pressure ratio on the

centerline velocities diminishes. At ∆TSH = 20 ◦C, the centerline velocities of the droplets

range from Uz ≈ 24 m/s for pr = 6.8 MPa, to Uz ≈ 36 m/s for pr = 17.0 MPa. conversely,

with ∆TSH = 80 ◦C, the centerline droplet velocities for all tested pressures are within

the range of 32 − 35 m/s. The distribution of the droplet velocities also narrows as the

radial position is increased. This is evident in all cases except when ∆TSH = 80 ◦C, where

the centerline droplet velocities are more narrowly distributed than those on the periphery.

As the air is entrained, the droplets transfer momentum and begin to slow. The velocity

gradients decrease towards the spray periphery, and under all test conditions, the velocities

near the outer edge of the spray envelope lie in the 3− 5 m/s range.

In most cases, higher reservoir pressure results in a higher droplet velocity, particularly in

the vicinity of the jet centerline. This is an expected result, particularly on the jet centerline

where the effect of the entrained ambient air is minimized. However, for ∆TSH = 80 ◦C, the

droplet velocity is narrowly distributed and no clear trend is present. This is particularly

true in regions near the jet centerline, with r = 0 − 15 mm. At this high temperature,

the adiabatic void fraction was estimated to be α180◦C = 0.7778. It is possible that at

this temperature, the flow approaches or achieves choked flow. If the two phase flow at

the nozzle throat becomes choked, further increases in reservoir pressure will not result in

increased throat velocity. Rossmeissl and Wirth (2006) state that the sonic velocity of a

two phase mixture is significantly lower than that of wither single phase. They state that

the sonic velocity, alg of a two phase mixture can be determined using the sonic velocity

of the liquid phase, al and gas phase ag as well as the fluid densities and the void fraction

using Equation 4.4.

alg =
1√

α
a2g

[
1 + (1 + α)

(
ρl
ρg
− 1
)]

+ 1−α
a2l

[
1 + α

(
ρg
ρl
− 1
)] (4.4)

Using this equation and values of ag = 477 m/s and al = 1547 m/s, as outlined in

sectionA, the sonic velocity of the mixture with ∆TSH = 80 ◦C is alg = 28.6 m/s. This
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calculated value is larger than the predicted sonic velocity. However, it has been found

by Zhou et al. (2011) that further expansion downstream of the nozzle outlet results in

the acceleration of the liquid droplets. Their study found that the maximum velocity of

a flashing R404a spray occurred 50 mm downstream of the nozzle outlet, then the velocity

decreased along the spray direction.

Firstly, it can be noted that, in general, the droplet velocity profiles fit an expected

Gaussian distribution. This is the type of velocity profile expected of single-phase jets

and is consistent with the findings reported by Wiltox and Bowen (2002). The maximum

spray velocity occurs at or in the near vicinity of the jet centerline. At increasing radial

positions, the droplet velocities decrease monotonically, in general, towards a minimum at

the spray periphery. A notable characteristic of the velocity profiles is that at both high

temperatures and pressures, the droplet velocities near the jet centerline are increasingly

uniform. At both lower temperatures and pressure, the deviation of velocities along the jet

centerline in noticeably larger.

4.2.2 Velocity Plots

The profile plots included earlier provide insight into the effect of the reservoir conditions on

the overall velocity profiles. However, it can be difficult to observe local trends in the data.

In order to more accurately depict the effect of reservoir conditions on localized droplet

velocities, the droplet velocities at radial locations of r = 0 mm, r = 15 mm, and r = 25 mm

and under various operating conditions were plotted.

Figures 3.9 through 3.12 demonstrate that, as expected and as noted in the velocity

profile plots, the pressure ratio has a notable impact on the droplet velocities in the vicinity

of the jet centerline. This relation appears strongest at ∆TSH = 20 ◦C and r = 0 mm. This

relation persists until ∆TSH = 80 ◦C. At this degree of superheat, there is no clear relation

between the pressure ratio and the centerline droplet velocity. These figures also show

that towards the spray periphery, droplet velocity shows no discernable correlation to the

pressure ratio of the spray. These figures indicate that, within the parameter ranges tested,

the pressure ratio of the spray has a positive correlation with droplet velocity, though only

near the jet centerline and only at degrees of superheat less than ∆TSH = 80 ◦C. This

indicates that, for a large portion of the spray cross section at the tested axial position of

z = 150 mm, the droplet velocity shows no clear dependence on the pressure ratio of the

spray.

The effect of the degree of superheat on the droplet velocity at various radial locations
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is illustrated in Figures 3.13 through 3.16. In the majority of these plots, there is no clear

correlation, regardless of the tested pressure ratio or the radial position. Despite the fact

that the adiabatic void fraction was estimated to increase from α ≈ 40% at ∆TSH = 20 ◦C

to α ≈ 80% at ∆TSH = 80 ◦C. This increase in the volume of the dispersed phased

demonstrated no clear effect upon the velocity of the distributed phase. Given the large

value of the slip ratio calculated earlier, S = 40.04, the continuous phase of the spray is

assumed to have a considerably larger velocity. Therefore, the effect of the continuous phase

velocity on the dispersed phase velocity is minimal, relative to the effect of the operating

pressure ratio.

4.3 Long Exposure Images

A qualitative indicator of the effect of the reservoir conditions on the flash atomized spray

was obtained using long exposure photographs. These photographs demonstrate the effect of

the reservoir conditions on the spray envelope. Figure 3.17 illustrates the spray operating at

varying pressure ratios and at a constant degree of superheat of ∆TSH = 60 ◦C. Under each

condition, the spray operates in a qualitatively similar manner. The spray angle exhibits

no discernable change, and the width of the spray envelope remains approximately constant

across the range of pressure ratios tested.

With the pressure ratio maintained at 13.6, the spray was tested at a variety of reservoir

temperatures. The results are summarized in Figure 3.18. These photographs indicate a

distinct qualitative change in the operating conditions of the spray as the reservoir temper-

ature is changed. The spray angle increases with increasing temperature; as does the width

of the spray envelope. Another important characteristic revealed by these photographs is

that at low degrees of superheat (for ∆TSH = 20 ◦C), an intact liquid core appears to exist

along the jet center line in the near field region of the nozzle outlet. This is an indication

that the energy released via the flashing process was insufficient to fully atomize the spray,

thereby leaving a liquid core. At low temperature, the spray appears to operate in the

partially shattering regime, as defined by Peter et al. (1994). At all higher temperatures,

the jet appears to operate in the flare shattering regime.

As shown in the remaining long exposure photographs, the liquid core persists at all

tested reservoir pressures, provided that the temperature is sufficiently low. That this liquid

core persists along the jet center-line indicates that under the studied operating conditions,

the onset of flashing occurs at nucleation sites along the nozzle wall and the flashing occurs

primarily from the nozzle wall towards the jet core. It can also be noted that all cases,
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even those operating in partially shattering regime, the spray cone is coincident with the

nozzle outlet. This is indicative of an internal flashing regime. That is, the onset of the

nucleation occurs prior to the nozzle outlet. Given the findings of Park and Lee (1994),

providing a nozzle aspect ratio of L/D = 7 above which flashing occurs internally, and the

large aspect ratio used in the current work (L/D = 16), this result is in agreement with

published literature. This indicates a two-phase spray is present within the nozzle, prior to

the outlet.

The spreading angles of the jet in the near and far-field (θn and θf , respectively) were

measured using the long exposure images at a variety of upstream conditions. In Figure 3.19,

the effect of the degree of superheat on each of the spreading angles is illustrated. From

this figure, it is clear that the near field spreading angle increases significantly as ∆TSH is

increased. In general, it can be seen that the near-field spreading angle is larger than the

far-field spreading angle. This indicates a curvature in the jet, as the rapid spreading in

the near-field lessens downstream. For ∆TSH = 30 ◦C, however, θn and θf are of similar

values. This indicates a relatively constant spreading rate at low degrees of superheat.

As ∆TSH is increased, θn becomes larger. The rate of increase of θn, however, is lower

at high values of ∆TSH , indicating that the dependance of θn on ∆TSH decreases at high

temperatures. This finding is consistent with the work of Kamoun et al. (2010). Their

study noted that spray angle increased as the degree of superheat was increased, but at

high degrees of superheat, the spray angle began to decrease. In Figure 3.19, the far-field

angle remains relatively constant as ∆TSH is increased. This indicates that sufficiently far

downstream, the increased spreading caused by the higher degrees of superheat is no longer

evident.

In Figure 3.20, the near and far field angles were measured as the pressure ratio of the

spray was altered. From this figure, it can be seen that both θn and θf appear relatively

robust with respect to changes in pr. For all degrees of superheat except ∆TSH = 20 ◦C,

the near-field angle is significantly larger than the far-field angle. However, as the pressure

ratio is increase, there is only a minimal change in the values of both θn and θf .

4.4 Data Rate Profiles

The data rate of the PDPA system was measured and the radial profiles of its value are

shown in Figures 3.25 through 3.28. These normalized radial profiles of the PDPA data rate

were collected at various degrees of superheat with a constant pressure ratio of 17.0. From

these figures, it is clear that the maximum data rate does not occur on the jet centerline,
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where the maximum spray density is expected. Instead, the data rate generally peaks in

the region of r = 10 − 20 mm. Because the flash atomizer produces such a dense spray,

the PDPA system does not function as well when measuring near the spray centerline. The

high spray density obscures the signal as it travels to the receiver. Therefore, there is an

optimum region where the spray density remains high, but the visibility of the receiver is

unobscured. From the figures presented, this region exists in the region of r = 10− 20 mm.

Beyond this region, though the visibility increases, the low spray density results in an ever

decreasing data rate.

It can be seen that, in all cases, the data rate at the spray periphery is decreasing as

the radial position is increased. In Figure 3.25 with ∆TSH = 20 ◦C, the data falls below

10% of the maximum at r = 25 mm. Measurements beyond this point were not possible

due to the prohibitively low data rates and limited experimental release time. For higher

values of ∆TSH , It was possible to obtain measurement up to r = 30 mm before the data

rate became too low. This supports the earlier conclusion that the spray envelope decreases

as the temperature is reduced.

4.5 Diameter Results

An important aspect in the field of atomization is the size of the droplets produced. It is

also important to quantify the spatial variance of the diameters as well as the distribution

of the diameter sizes. To this end, the PDPA proved a valuable measurement device due to

its ability to acquire spatially resolved diameter measurements of the spray.

4.5.1 Diameter Profiles

The spatial distributions of D32 under a variety of measurement conditions were obtained.

Figures 3.29 through 3.32 demonstrate the radial profiles ofD32 with each figure representing

operation at a constant pressure ratio. From these figures, there are a number of apparent

trends.

Firstly, it is noted that, in general, the values of D32 are smaller at smaller radial posi-

tions. The general trend in these figures is for D32 to increase towards the spray periphery.

There are several possible reasons for this occurrence. The nozzle geometry may impact the

diameter profiles downstream. Another possible explanation involves the ambient air that

is entrained into the jet, as stated by Wiltox and Bowen (2002). Given that the spray cools

as it enters the ambient a conservative estimate of the Reynolds number can be obtained

by evaluating parameters at the mean of the ambient and saturation temperatures:
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Re =
ρV Dp

µ
=

(
1.09 kg

m3

) (
5m

s

)
(3µm)

1.95× 10−5 Ns
m2

= 0.84 (4.5)

In the region of the spray periphery, the Reynolds number of the droplets is approxi-

mately 0.84. Creeping flow occurs for flow with Re << 1. Under the measured conditions

with Re = 0.84, it is assumed that the flow is not creeping. For non-creeping laminar flow,

the drag force on an object varies as the projected area, in the case of a sphere, F ∝ D2
p.

The mass of a spherical droplet varies with the volume, m ∝ D3
p. Therefore, the drag force

per unit mass, F/m for these water droplets is:

F

m
∝
D2
p

D3
p

=
1

Dp
(4.6)

It can therefore be seen that the force per unit mass is larger for larger diameter particles.

As the air is entrained and migrates towards the jet centerline, low inertia droplets will be

disproportionately affected. Given the relatively low inertia of the low mass droplets and

the higher drag force per unit mass of small particles, this effect would cause a relative

abundance of smaller droplets towards the jet centerline. In order to determine the process

by which the diameter profiles observed are formed, further measurements at axial locations

closer to the nozzle outlet must be made. With the equipment limitations imposed, this

was not possible in the current study.

Another trend apparent in the four figures presented is that the variation between the

centerline and peripheral D32 values becomes smaller as the reservoir pressure is increased.

It can be noted that the highest pressure studied (pr = 17.0), the value of D32 never exceeds

40µm, this is approximately one third of the maximum value obtained with pr = 6.8. It

can be concluded that under high pressures, the atomization of the spray is increasingly

uniform.

Given the variation between the centerline and peripheral values of D32, Figures 3.29

through 3.32 obscure the local trends in the profile in the region near the jet centerline. In

order to better observe the data trends in this region, Figures 3.33 through 3.36 use a scaled

ordinate in order to focus on the trends at low radial positions. The trends observed in these

figures mirror those evident in Figures 3.29 through 3.32. Notably, the diameter distribution

become increasingly uniform at higher pressure ratios. Figures 3.29 through 3.32 make

apparent, however, that at pressure ratios of 10.2 and 13.6, there is a local maximum of

D32 at r = 0 mm for ∆TSH = 20 ◦C. This peak is not apparent at pressure ratios of 6.8

or 17. Based on the previous analysis of the long exposure photographs in Section 4.3,
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it is likely that this local maximum of D32 is the result of the greater axial reach of the

intact liquid core present when ∆TSH = 20 ◦C. Given that the flashing process does not

atomize the spray completely under these conditions, the remaining liquid core is left to

break up under the action of shear forces downstream of the nozzle. The radial profiles

indicate that this results in a localized region of relatively large values of D32. Under the

pressure ratios of 6.8 and 17 this effect is not observed. This is perhaps the result of the

liquid core breaking up upstream of the measurement plane. At low pressure, this may be

due to the lower inertia of the spray, whereas for pr = 17.0, the increased pressure may

result in enhanced shear forces on the jet core. Measurements along the centerline at axial

locations farther upstream may assist in illuminating the cause of this observed peak.

In order to more clearly observe the effect of the degree of superheat on the radial

profiles od D32, Figures 3.37 through 3.40 demonstrate the same radial profiles of D32

but presented in figures of constant temperature. The trends observed earlier hold in this

presentations. The largest values appear at the spray periphery, but the magnitude of the

maximum value decreases with increasing degree of superheat. Notably however, is the fact

that for ∆TSH = 20 ◦C, there is no data beyond r = 25 mm. This is consistent with the

findings of the long exposure photographs. The spray envelope decreases as the degree of

superheat decreases. As such, PDPA measurements were not feasible beyond r = 25 mm

for ∆TSH = 20 ◦C. Also worth noting is that the radial profile of D32 for ∆TSH = 80 ◦C

exhibits minimal variation between the centerline and peripheral values of D32.

With a magnified ordinate, the radial profiles at constant temperature are reproduced

in Figures 3.41 through 3.44. The local maxima noted earlier and attributed to the intact

liquid core are visible in Figure 3.41, with ∆TSH = 20 ◦C. As the degree of superheat is

increased, the uniformity of the profiles operating under various pressure ratios increased.

This is particularly apparent in the region of r = 0 − 15 mm with ∆TSH = 80 ◦C. In this

area, the effect of pressure on the radial profile of D32 is imperceptible. This is consistent

with the effect of the degree of superheat on the radial profiles of droplet velocities. At high

degrees of superheat, the spray properties appear to be robust with respect to changes in

the operating pressure ratio.

The above findings relating to D32 are reflected in the summary in Table 3.1.

4.6 Probability Density Functions

The effect of the pressure ratio on the probability density function is shown in Figure 3.45.

This figure contains data collected at a constant degree of superheat of ∆TSH = 60 ◦C and
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variable pressure ratio. In all cases, the peak of the distribution occurs in the region of

2 − 4µm. The distributions appear unimodal about the peak value. However, there is a

small secondary bump occurring at approximately 0.1µm. This secondary peak is present

at all pressure ratios tested. From this figure, it can be concluded that the pressure ratio of

the spray does not have any discernable effect on the diameter distribution. This conclusion

is supported by the data in Table 3.2. Both the mean diameter and the geometric median

diameter vary by approximately 1µm as the pressure ratio is changed. Furthermore, the

value of the geometric standard deviation is consistent at all pressure ratios. The geometric

mean diameter is a dimensionless measure of the distribution of the data. That this quantity

does not vary significantly indicates that the changing pressure ratio has a minimal impact

on the diameter distributions measured.

Figure 3.46 depicts the effect of a variable degree of superheat on the PDFs of the

droplet diameters measured at a constant pressure ratio of pr = 17.0. Again, the PDFs

have a primary peak at approximately 2−4µm. It can be seen, however, that the secondary

peak at approximately 0.1µm becomes larger at ∆TSH = 80 ◦C. This result is consistent

with work done by Batenin et al. (2010). In their study of a flash atomized water jet with

a coaxial air flow, they noted a bimodal distribution of the droplet diameters. Their study

produced PDFs with a peak at approximately 0.1 − 0.2µm and another at approximately

1 − 3µm. This is consistent with the findings in Figure 3.46. However, Batenin et al.

noted a mass fraction of approximately 50% at diameters less than 1µm. This is likely

due to the fact that their experiments were performed with ∆TSH = 140 and pr ≈ 80.

This high degree of superheat creates a more energetic flashing of the spray as the pressure

drops in the nozzle. However, Batenin et al. note that the presence of this secondary

peak becomes particularly apparent at ∆TSH ≈ 70 ◦C. They note that colder jets exhibit

unimodal distributions. Though the current work is limited in the degree of superheat

attainable, the results obtained are consistent with the literature.
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Chapter 5

Conclusions

This study investigated the effects of the operating conditions of a flash atomized spray on

the droplet characteristics downstream. In order to obtain concurrent velocity and diameter

results, a PDPA system was used. Spatially resolved data was obtained by mounting the

PDPA system on a motorized three axis traverse. The degree of superheat and the operating

pressure ratio of the spray were systematically altered in order to measure the effect of each

on the droplet characteristics of the spray.

The velocity profiles were measured using the PDPA system. The results were consis-

tent with the literature and exhibited a Gaussian shape. It was found that the pressure

ratio of the system had a positive correlation with the droplet velocity, though only in the

region near the jet centerline. Near the jet periphery, the effect of the pressure ratio was

indeterminate. It was also found that the degree of superheat had no discernable impact

on the droplet velocity. Despite the increased mass fraction of vapour in the spray as the

degree of superheat was increased, the droplet velocity remained relatively unaffected. At

high degrees of superheat, however, it was also found that, even on the jet centerline, the

pressure ratio had no measurable effect on the droplet velocity. At high degrees of super-

heat, the void fraction of the spray increases. As this happens, the sonic velocity of the

spray decreases to a value less than that of either pure vapour or liquid. The robustness of

the droplet velocity with respect to pressure ratio at ∆TSH = 80 ◦C is indicative of choked

flow.

Long exposure photographs were taken and used in order to qualitatively determine

the effect of the inlet conditions ion the spray produced. The 30 s exposure photographs

revealed that the spray angle and envelope both increase as the degree of superheat is

elevated. This finding was corroborated when plotting the radial profiles of the PDPA data

rate. At ∆TSH = 20 ◦C, the data rate became prohibitively low at r = 25 mm whereas at
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higher degrees of superheat, measurements were made up to r = 30 mm. Furthermore, it

was found that at low degrees of superheat, ∆TSH = 20 ◦C, the flashing process fails to

completely atomize the spray. As a result there exists an intact liquid core along the jet

centerline. It was noted that the effect of this liquid core persisted downstream and it’s

influence resulted in elevated values of D32 at the measurement plane of z = 150 mm.

As the degree of superheat was increased, the atomization of the spray became increas-

ingly uniform. It was noted that with ∆TSH = 80 ◦C, the variation between the centerline

and peripheral values of D32 was minimized, with centerline values of D32 ≈ 8µm and pe-

ripheral values of D32 ≈ 10− 20µm. At lower degrees of superheat, this variation increases

significantly.

Overall, it can be concluded that at sufficiently high degrees of superheat, the charac-

teristics of the flash atomized spray are robust with respect to changes in the operating

pressure ratio.

The data collected indicates that, under the tested conditions, the flashing process

initiates inside the nozzle. This results in a two-phase flow inside the nozzle which, at

high degrees of superheat, appears to become choked. Based on the images collected and

the data obtained using the PDPA system, it was found that the flash atomized spray

produces increasingly uniform characteristics as the degree of superheat was increased. The

droplet velocities show minimal dependence on the pressure ratio, provided that the degree

for superheat is sufficiently high. It was posited that this indicates a choked two-phase

flow in the nozzle throat. The radial profile of droplet diameters also becomes increasingly

uniform at high degrees of superheat. The pressure ratio of the spray has only a minimal

impact on the droplet diameters when the degree of superheat is large. This characteristic

is beneficial in power generating applications where pressure fluctuations due to varying

load are common.

5.1 Future Work

The experiments discussed thus far have dealt with the flash atomization of a single-phase,

single-component fluid; namely, water. However, many industrial applications of flash at-

omization involve the flashing of a fluid containing dispersed solids in suspension. This can

be done with coal or other long chain hydrocarbons. This type of system is beneficial in

that the emulsified fluid facilitates transport via pipeline. Furthermore, it may be possible

to predetermine the fuel diameter in the spray by tailoring the suspended particles to the

desired application. Such systems may provide increased usability and efficiency of heavy
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hydrocarbons which were previously under utilized due to economic impediments. How-

ever, the research and development of such systems is complicated by a complex and poorly

understood physical mechanism and difficulties in obtaining reliable measurements. Future

work in this area could be oriented towards applying these methodology to suspended fuel

solutions.

As a first investigation into flash atomization of suspended fuel particles, glass spheres

were mixed with the water in the pressure vessel and heated to super critical tempera-

tures. The manufacturer’s specified average diameter of the glass spheres was 20µm. Given

the large disparity between the diameter of the glass spheres and the previously observed

droplet diameters under flashing conditions, a bimodal diameter distribution was expected.

However, the presence of the glass spheres may complicate the interfacial physics of the

flashing process.

The measurement system remained unchanged from the previous tests. In order to

minimize the buoyancy effects of the glass spheres, the suspension was made and left to

settle for several hours. This allowed for only the approximately neutrally buoyant glass

spheres to be used in the flashing experiment.

The PDPA system was once again used in order to measure the droplet and particle

diameters in the flashing spray. With ∆TSH = 40 ◦C and PR = 13.6, the glass sphere

suspension was flash atomized and measured with the PDPA system. The PDF of the

centerline diameters of the obtained results is shown in Figure 5.1. This distribution is

overlayed on the results obtained using only water at the same conditions. The results are

also summarize in Table 5.1.

Table 5.1: Comparison of suspension with single component spray.
PR = 13.6, ∆TSH = 40 ◦C

Type of Release
µDp σDp Dg σg D32

(µm) (µm) (µm) (−) (µm)

Water 2.4 2.3 1.6 2.7 8.1
Glass Sphere Suspension 10.4 11.9 6.2 3.0 43.8

From the figure, it is clearly visible that the expected bimodal distribution is not present.

However, the influence of the glass spheres is observable in the fact that, though unimodal,

the diameter distribution with glass spheres is significantly shifted towards larger diameters.

The shape of the distribution remains relatively unchanged, save for the fact that the
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Figure 5.1: Comparison of glass sphere suspension spray and water spray

diameter sizes are, in general, larger. From this figure, it is unclear whether the glass spheres

and water droplets are distinct entities within the spray or if they have amalgamated.

Table 5.1 clearly indicates that the measured droplet size and D32 are significantly

larger with the addition of the glass spheres to the spray. Given that the geometric standard

deviations of the two release types are of similar magnitude, the dispersion of the data about

their respective geometric median diameters are approximately equal. This indicates, as is

visible in Figure 5.1, that the shape of the distribution remains relatively unchanged.

Unfortunately, a detailed investigation into the characteristics of the glass sphere sus-

pension spray is not possible with the measurement system used. Firstly, the presence of

the glass spheres increased the opacity of the spray significantly. As such, the data rates

of the PDPA system were reduced, thereby limiting the number of measurements possible

during a single release. Secondly, and most importantly, the index of refraction of the glass

spheres is not equal to that of the water droplets. As is evident in Equation 2.2, the index

of refraction of the measured particles is used in order to determine the particle diameter.

This disparity in the index of refraction renders the accurate measurement of the diameters

of the two components intractable using the current system.

In order to further study the phenomenon of the flash atomization of a glass sphere

in water suspension, adjustments must be made to the measurement system. A possible

solution is to place a fluorescent dye into either the glass spheres or water. Then, using

selective filters in the receiver, the signal from the component with the fluorescent dye can
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be attenuated, thereby leaving only the Doppler burst corresponding to the unaltered com-

ponent. However, In order to obtain concurrent measurements of both the water droplets

and the glass spheres, an additional PDPA receiver will be required.

Alternatively, a distinct measurement system may offer improved suitability to the prob-

lem. As was found by Yildiz et al. (2004), the use of particle image velocimetry (PIV), is

possible (though not without difficulty) in flashing sprays. A PIV system could be used in

order to measure the velocities of both the water droplets and glass spheres. The benefit of

using a PIV system lies in the fact that the system returns a vector field of velocity measure-

ments as opposed to the single point measurement provided by the PDPA. However, PIV

does not provide particle diameter measurements, which are of crucial importance in atom-

ization systems. In order to obtain diameter measurements, rapid exposure photographs

using a long working distance microscope objective and a pulsed laser as a light source may

be used. The high spray density may complicate the use of such a system, but, if need be,

the release rate of the suspension can be limited in order to allow for accurate diameter

measurements.

The field of flash atomization is active in the research community, and given the increased

interest and investment in unconventional fuels, further advances in the understanding and

implementation of such systems are undoubtedly forthcoming.
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Appendix A

Speed of Sound Calculations

A.1 Speed of Sound in Water

cp − cv = ν
Tβ2

κ

Properties evaluated at 100 ◦C (Source: Moran and Shapiro (2008)):

cp = 4.220 kJ/kg ·K

β = 4.578× 10−4 K−1

κ = 4.418× 10−10 m2/N

ν = 1.0435× 10−3 m3/kg

cv = (4.220 kJ/kg ·K)−
(

1.0435 m3

kg

)
(373 K)

(
4.578× 10−4

K

)2(
N

4.418× 10−10 m2

)
cv = 4.041 kJ/kg ·K

The speed of sound is calculated using the following relation

al =

√
kν

κ

with k = cp/cv = 1.044 gives

al =

√
(1.044)(1.0435× 10−3) m3 N

4.418× 10−10 m2 kg

al = 1 547 m/s
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A.2 Speed of Sound in Steam

cv = cp −R

With the following properties

R =

(
8.314 kJ

kmol K

)(
kmol

18.02 kg

)
R = 0.4614 kJ/kg ·K

cp =

(
0.4614 kJ

kg K

)
(4.070− 1.108× 10−3(373 K) + 4.152× 10−6(373 K)2

− 2.964× 10−9(373 K)3 + 0.807× 10−12(373 K)4)

cp = 1.890 kJ/kg ·K

Using these results,

cv = 1.890
kJ

kg K
− 0.4614

kJ

kg K

cv = 1.429 kJ/kg ·K

This gives k = cp/cv = 1.323. Using ideal gas relations, the speed of sound can be found:

ag =
√
kRT

ag =

√
(1.323)

(
0.4614 kJ

kg K

)
(373 K)

ag = 477 m/s
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Appendix B

Heat Transfer in the Nozzle
Assembly

Te = Ts − (Ts − Ti)exp

[
−hAs
ṁcp

]
(B.1)

Ti Inlet temperature
Te Exit temperature
Ts Surface temperature
h Convective heat transfer coefficient
As Surface area
ṁ Mass flow rate
cp Specific heat

Estimate of mass flux: ṁ = 0.01 kg/s

Dpipe = 0.0035 m

Vpipe =
4ṁ

ρπD2
pipe

= 1.0851
m

s

Re =
ρVpipeDpipe

µ
=

(957.9 kg
m3 ) (1.0851m

s ) (0.0035m)

2.82× 10−4 kg
ms

= 12 901

Given the large value of Re, the flow is expected to be turbulent. The proper relations

for this flow were chosen:

f = (0.790ln[Re]− 1.64)−2 = 0.0293

Nu = 0.125fRePr1/3 = 57.0

h =
Nuk

D
=

(57.0) (0.679 W
mK)

0.0035m
= 11 064

W

m2K

The outlet temperature is determined using Equation B.1 for a variable surface temper-

ature. It was found that for a maximum deviation of 10 ◦C between the inlet temperature
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and the surface temperature, the outlet temperature varies by less than 5 ◦C, as shown in

Figure B.1
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Figure B.1: Effect of surface temperature on outlet temperature.
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