IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Nazeer, Y. H. (2020). Numerical modelling of in-nozzle flow transient effects and
fuel atomization characteristics of an industrial atomizer. (Unpublished Doctoral thesis, City,
University of London)

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/25417/

Link to published version:

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Numerical Modelling of In-Nozzle Flow
Transient Effects and Fuel Atomization
Characteristics of an Industrial Atomizer

City
University of London

1 MHPS

Thesis submitted for the requirement of fulfilment of the requirements for the
Degree of Doctor of Philosophy

Yasir Hayat Nazeer

November, 2020

Mitsubishi Hitachi Power Systems City University of London,
Europe, Germany UK
New Products & Innovation School of Aeronautical and Mechanical

Engineering






The project has received funding from European Union
Horizon-2020 Research and Innovation MSCA-ITN Program
with acronym HAoS: Grant Agreement No. 675676






Abstract

Internally mixing twin-fluid Y-jet atomizers are widely used in coal fired thermal power plants for start-
up, oil-fired thermal power plants and industrial boilers. The present work is the first to numerically
model the multiphase flow through twin-fluid Y-jet atomizer as function of the various operating
conditions affecting it. Two different detailed studies have been carried out. In the first study, the flow
through internally mixing Y-jet atomizers is numerically modeled using the compressible Navier-Stokes
equations; Wall Modeled Large Eddy Simulations (WMLES) is used to resolve the turbulence with Large
Eddy Simulations whereas the Prandtl Mixing Length Model is used for modeling the subgrid scale
structures, which are affected by geometric and operational parameters. Moreover, the Volume-of-Fluid
(VOF) method is used to capture the development and fragmentation of the liquid-gas interface within
the Y-jet atomizer. The numerical results are compared with correlations available in open literature for
the pressure drop; further results are presented for the multiphase flow regime maps available for
vertical pipes. The results show that the mixing point pressure is strongly dependent on the mixing port
diameter to airport diameter ratio; the mixing port length moderately affects the mixing point pressure
while the angle between mixing and liquid ports is found not to have an appreciable effect. Moreover, it
is found that the vertical pipe multiphase flow regime maps in the literature could be applied to the flow
through the mixing port of the twin-fluid Y-jet atomizer. The main flow regimes found under the studied
operational conditions are annular and wispy annular flow. In the second study, the atomization
mechanism of the gas-liquid multiphase flow through internally mixing twin-fluid Y-jet atomizer has
been studied by examining both the internal and external flow patterns. Super-heated steam and Light
Fuel Oil (LFO) are used as working fluids. VOF-to-DPM transition mechanism is utilized along with
dynamic solution-adaptive mesh refinement to predict the initial development and fragmentation of the
gas-liquid interface through Volume-of-Fluid (VOF) formulations on a sufficiently fine mesh, while
Discrete Phase Model (DPM) is used to predict the dispersed part of the spray on the coarser grid. Two
operational parameters, namely gas-to-liquid mass flow rate ratio (GLR) and gas-to-liquid momentum
ratio are compared; the latter is found to be an appropriate operational parameter to describe both the
internal flow and atomization characteristics. It is confirmed that the variation in the flow patterns
within the mixing-port of the atomizer coincides with the variation of the spatial distribution of the

spray drops.
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Research Highlights and Novelty

The compressible Navier-Stokes equations are used for the first time to model the flow in
internally mixing Twin-Fluid Y-Jet Atomizer. Hybrid RANS and LES technique i.e. WMLES (wall
modeled large eddy simulations) is used to resolve the larger eddies with LES simulation and
smaller eddies near the wall are modeled with Prandtl Length Model. VOF (volume of fluid)
method is used to capture the development and fragmentation of the gas liquid-interface. The
numerical results obtained are compared with empirical correlations of the pressure drop for

twin-fluid Y-jet atomizer available in the open literature and are found in good agreement.

Seven atomizers with different geometrical parameters are used for the study. A total of 11
simulations are run for each atomizer with different GLR (gas-to-liquid mass flow rate) ratios. A
total of 77 simulations are run for the study. Working fluids are water and air. The results show
that the mixing point pressure is strongly dependent on the mixing port diameter to airport
diameter ratio, specifically for gas to liquid mass flow rate ratio (GLR) in the range 0.1 < GLR <
0.4; the mixing port length moderately affects the mixing point pressure while the angle
between mixing and liquid ports is found not to have an appreciable effect. Chocked conditions
always occur at the exit of the gas-port, not downstream of this point. In mixing duct although
the instantaneous Mach numbers could be higher than one, there is no evidence of flow choking

in the mixing duct.

It is found that the vertical pipe multiphase flow regime maps in the literature could be applied
to the flow through the mixing port of the twin-fluid Y-jet atomizer. The main flow regimes

found under the studied operational conditions are annular and wispy annular flow.

Furthermore,

The atomization mechanism of the gas-liquid multiphase flow through internally mixing twin-
fluid Y-jet atomizer has been studied by examining both the internal and external flow patterns.
VOF-to-DPM transition mechanism is utilized along with dynamic solution-adaptive mesh
refinement to predict the initial development and fragmentation of the gas-liquid interface
through Volume-of-Fluid (VOF) formulations on a sufficiently fine mesh, while Discrete Phase
Model (DPM) is used to predict the dispersed part of the spray on the coarser grid. The variation

in the droplet Sauter Mean Diameter (SMD) distribution as the function of the liquid-to-gas

VI



momentum ratio (¢) agrees well with the mean film thickness and drop size distribution

reported previously in the open literature.

It is confirmed that internally-mixing twin-fluid Y-jet atomizer exhibits poor performance with
Heavy Fuel Oil (HFO) as a working fluid.
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Chapter 1: Introduction

1.1 Motivation

With a rapidly developing world and improving living standards, the demand for energy is increasing at a
very fast pace. Cost-effective and secure transition to a lower Carbon society demands a fundamental
transformation of the power systems (European-Comission, 2019a). The European Commission’s Energy
Union Strategy has recently proposed for the more ambitious targets for the energy transition in EU by
2030 (European-Comission, 2019b) and has set an ultimate goal of prosperous climate neutral economy
by 2050 (European-Comission, 2018). In this scenario, increased share of renewable energies, synthetic
fuels and flexibility of the power plants has to play a crucial role in the security of electricity in the

transition period.

According to an estimate, there are one hundred forty-three thousand Medium Combustion Plants
(MCP) in the whole of the European Union. Most of these are either thermal power plants or chemical
plants. Many of these plants rely on liquid fuel combustion. Large combustion power plants are coal-
fired power plants, where liquid fuel combustion is used during the startup only. Since the European
Energy policy supports energy mix with a higher share of renewable energy, the cyclic operation of large
combustion power plants is inevitable; with more increasing startups and shutdowns. Thus, the
operation of auxiliary burners with oil firing becomes of increased importance. And also, the
introduction of synthetic liquid fuels through Power-to-X technologies, such as Dimethyl Ether (Mahdi &
Christian, 2017) and (Chehade, et al., 2020), predicts the increased combustion of liquid fuels in
industrial plants. Furthermore, recently revamped European legislation (Large Combustion Plant and
Medium Combustion Plant Directives) imposes stricter emission limits for industrial burners. All these

aforementioned conditions set new challenges on the design and operation of the oil burners. Hence it



is of immense importance to study the industrial boiler's atomizer and predict its atomization

characteristics to mitigate the emissions and comply by the increasing stringent EU’s emission limits.

Ignitor Flame
P H TR -
j H| |H =
Steam & Qil /]\
Supply Flame
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Air Intake

Figure 1.1 Schematic of industrial oil burner (courtesy MHPS).

1.2 Industrial Relevance and Atomization

The transformation of the bulk liquid into sprays and other physical dispersions of small particles in the
gaseous atmosphere are of importance in several industrial processes. These include combustion (spray
combustion in industrial boilers, diesel engines, furnaces, gas turbines and rockets); process industries
(spray drying, powdered metallurgy, evaporative cooling and spray painting); agriculture (crop spraying);
and many other applications in medicine. Various devices to generate spray flows have been developed,
and they are generally designated as nozzles or atomizers. Albeit atomization does not usually imply
that the liquid particles are reduced to atomic sizes, the spray drops from atomization can be very small.
In all aforementioned industrial applications, atomization and spray process is an integral part of a much
larger practical flow system. For example in liquid fired industrial boilers, the heat produced during the
combustion process in the combustor is transferred through radiation, conduction and convection by
hot circulating gases, which has upstream compressors, pumps and fans while downstream a complex

array of heat exchangers. Combustion provides energy to the system in the form of heat. An industrial



boiler combustor is a complex device within which there is a broad range of coupled, interacting physical
and chemical phenomena, with atomization and spray being one of the most important processes. In
the combustor, energy is added to the gas stream through combustion between the air and the liquid
fuel, which is atomized first, forming a spray, before the gas-phase combustion occurs. Spray
characteristics are of great importance to industrial boiler combustors. The liquid fuel, used as the
energy source, must be atomized into smaller droplets in order to increase the surface area of fuel
exposed to the hot gases and to facilitate rapid evaporation and mixing with the oxidant ambience,

where the mixing always dominates the combustion process.

Atomization and spray process is a typical gas-liquid two-phase flow of great practical relevance in
applications such as the fuel injection in industrial boiler combustors, gas-turbine combustors of aircraft
engines and in internal combustion engines. The combustion performance and emissions are mainly
affected by the atomization of the liquid fuel, the motion and evaporation of the fuel droplets and
mixing of fuel with air. The dynamics of spray and its combustion characteristics are extremely
important in determining, for instance, the flame stability behavior at widely varying loads, the safe and
efficient utilization of energy, as well as the mechanisms of pollutants formation and destruction (Rink &
Lefebvre, 1986). Understanding and controlling atomization and spray combustion is becoming an
essential part of the industrial applications, which have been driven by increasingly urgent demands to

improve fuel and energy efficiencies, and to drastically reduce the emission of the pollutants.

Generally speaking, liquid fuel emanates through the nozzle into the combustion chamber and is
atomized to form a spray of droplets before gas-phase combustion takes place in vaporized fuel. Figure
2 depicts the simplified schematic of the liquid spray plume structure. In primary atomization region, the
liguid dominates the flow and the liquid fuel blobs disintegrate into droplets and ligaments. The
secondary atomization region has lower but still significant liquid volume fraction and includes further
disintegration of the ligaments and droplets as well as droplet-droplet interaction, such as collisions and
coalescence. In dilute spray region, spherical droplets are well formed and have a strong interaction
with the turbulent airflow. In general, the spray characteristics depend upon the type of the atomizer,
fuel injection pressure, fuel viscosity and fuel density. In case of twin-fluid atomizers, spray

characteristics also depends on the pressure and properties of the auxiliary gas.
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Figure 1.2 A schematic of a liquid spray.

1.3 Why CFD?

The rapid and steady advancements in the speed of computers and available memory storage size since
the 1950s has led to the advent of computational fluid dynamics (CFD) in 1960s and the development of
the advanced CFD approaches such as large-eddy simulations (LES) and direct numerical simulations
(DNS) in a later stage. Modern CFD is a useful tool to obtain the flow characteristics that could be
effectively utilized to comprehend physics of the flow, to interpret the available experimental data and
to guide the experimental work, as well as to execute the preliminary calculations for altered operating

conditions.

In CFD, the physical aspects of any fluid flow are governed by three fundamental principles:
conservation of mass, conservation of energy and Newton’s second law. These fundamental principles
are represented by mathematical equations, which in general form can be expressed by partial
differential equations, namely the Navier-Stokes equations. CFD determines the numerical solution to
these equations of fluid flow, whilst iterating to obtain the solution through space and/or time to

acquire a numerical description of the complete flow field of interest.
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CFD supplements experimental and theoretical fluid dynamics by providing an alternative cost-effective
means of simulating real flows, including gas-liquid multiphase flow such as atomization and spray
phenomena. Furthermore, it also provides the means of testing the theoretical advancements for the
conditions unavailable or very difficult to capture in experiments, hence providing further insight into
the complex processes such as atomization and sprays. The role of CFD in engineering has become so
prominent that now it is considered as the third dimension of fluid dynamics, the other two being the

experimental and theoretical fluid dynamics (Anderson, 1995).

As an emerged science, CFD is well integrated into the industry for engineering, design, research and
development purposes. Today traditional Reynolds-averaged Navier-Stokes (RANS) modeling of CFD
framework is predominantly followed in the industry, where the time- or assemble-averaged equations
for fluid mechanics are solved. Due to the averaging, the RANS approach does not provide enough
insight into the dynamic and unsteady feature of the flow. For the atomization and spray processes, the
unsteadiness is the dominant feature of the fluid dynamics, which can be often poorly predicted by
RANS. The advanced modeling and simulation techniques like Large Eddy Simulations (LES) and Direct
Numerical Simulations (DNS) can provide insight into such complex unsteady dynamics of the flow. DNS
and LES simulation techniques are too expensive in terms of computational time and resources to be
implemented in the industries. However, hybrid LES techniques such as Wall Modeled Large Eddy
Simulations (WMLES), is beginning to emerge as a viable alternative to time-averaged or ensemble-
averaged Navier-Stokes (RANS) turbulence modeling in industrial flows; it is able to capture flow

structures larger than the grid size, while smaller scales are modeled with subgrid-scale models (SGS).



Chapter 2: Twin-Fluid Atomizers

2.1 Introduction

Atomizers are used in industry in order to produce sprays consisting of fine droplets. Fundamentally, the
high relative velocity between the liquid to be atomized and the surrounding air or gas is required to
atomize the injected liquid. Some atomizers achieve this by emanating the liquid at high velocity
through the orifice into a relatively slow-moving stream of air. Noteworthy examples include different
kinds of pressure atomizers (Elkotb, 1982) (Adler & Lyn, 1969) and also rotary atomizers (Hinze &
Milborn, 1950) (Willauer, et al., 2006), which eject the liquid at high velocity from the periphery of
rotating disk or cup. Others need atomizing medium such as air or steam to augment the atomization
process and produce the sprays. These types of atomizers are referred to as twin-fluid atomizers. Figure
2.1 shows various types of twin-fluid atomizers. Based on the velocity of auxiliary gas, twin-fluid

atomizers could be further classified into air-assist, air-blast and effervescent atomizers.

Twin-fluid atomizers have been used in numerous industrial applications over the years such as gas
turbines (Lefebvre, 1988), internal combustion engines (Wade, et al., 1999), spray drying (Mujumdar, et
al., 2010), spray coating (Esfarjani & Dolatabadi, 2009), scramjet engines (Gadgil & Raghunandan, 2011),
fire suppression (Huang, et al., 2011), process industries (Loebker & Empie, 1997) and power plants
(Zhou, et al., 2010). They have been studied extensively over the years. Most of the studies are focused
on prefilming air-blast atomizers or effervescent atomizers due to their extensive commercial use. The
earlier are used extensively in aircraft, marine and industrial gas turbines and the latter are used in
various applications where low injection pressures and low gas flow rates are available. There exist
considerable studies on internally mixing twin-fluid air-assist Y-jet atomizers. However, the
understanding of such a nozzle is not very clear owing to complex aerodynamic and fluid dynamic flow

pattern due to the mixing of gas and liquid within the mixing chamber.



In this chapter twin-fluid atomizers, namely air-assist, airblast and effervescent atomizers, are discussed
briefly, while internally-mixing Y-jet atomizer, which is a type of air-assist atomizer, is a subject of

investigation in this thesis, is discussed in detail.

Internal-Mixing Air-assist Plain-Jet Airblast
Liquid —>» ‘\\
Liquid —> )
Gas —> /7
Gas P>

External-Mixing Air-assist Prefilming Airblast

(ﬁ Liquid m—y—ao—  —,
Liquid —>
iqui Gas —>

Gas —> f | (l.l

Figure 2.1 Various types of twin fluid atomizers (adopted from (Lefebvre & McDonell, 2017).

2.2 Atomizer Requirements

Following characteristics must be possessed by an ideal atomizer:

e Good atomization over a wide range of liquid flow rates.
e Rapid response to the variation in liquid mass flow rate.
e No flow instabilities.

e Lower power requirement.

e Design flexibility, capable of scaling.

e Low cost, light weight; ease of maintenance and servicing.

In addition to the above mentioned features, continuous flow fuel nozzles must possess the following

features also:

e Even circumferential and radial fuel distribution.
e Less prone to gum formation by heat soakage.

e Low susceptibility to carbon deposition on the nozzle face and blockage by contaminants.



2.3 Air-assist Atomizers

Air-assist atomizers employ high-velocity steam or air to impinge on the liquid jet to augment the
atomization process. Gas and liquid could be brought into contact either within the nozzle or outside of
it, the earlier is termed as internally mixing twin-fluid air-assist atomizer, and the latter is termed as
externally mixing twin-fluid air-assist atomizer. In externally mixing atomizers, high-velocity gas or steam
impinges on the liquid just outside the discharge orifice, while in internally-mixing ones, the gas or
steam mixes with the liquid inside the nozzle before being injected. In the internal mixing type, the spray
cone angle is minimum for maximum gas flow while the spray widens as gas flow reduces. This type of
atomizer is well suited for high viscous liquids as good atomization could be obtained at low liquid flow
rates (Barreras, et al., 2008). It is far more efficient than the externally mixing concept as lower gas flow
rates are needed to achieve the same degree of atomization (Tanasawa, et al., 1978). However, external
mixing atomizers have the advantage of producing sprays with constant spray angle at all liquid flow
rates independently of the backpressure, as there is no communication between the flowing media

internally.

Twin-fluid air-assist atomizers can generate small droplets even when operating at low liquid mass flow
rates. They are available in various designs. Some employ pressure principle, where liquid fuel is
supplied from pressurized source; others use the gravity principle, where gravity is used to supply the
liquid to the atomizer. Siphon principle is also utilized in some of the atomizers, where the liquid source
is self-aspirating. These atomizers can produce different spray patterns, including full cone, flat fan and
hollow cone sprays. Spray angles typically range between 20° and 60°. The liquid distribution of the
spray in full cone pattern tends to be uneven whereas flat fan sprays are available in both even and

uneven patterns.

2.3.1 Internally-Mixing Twin-Fluid Y-Jet Atomizer

Undoubtedly, there are various ways to generate the atomized sprays using various types of nozzles,
including for example rotary cups (Nguyen & Rhodes, 1998), twin-fluids (Lefebvre, 1988), (Wade, et al.,
1999), and (Zhou, et al., 2010), pressure swirl (Radclife, 1955), and (Arcoumanis & Gavaises, 1999), fan
(Dombrowski, et al., 1960), ultrasonic (Lang, 1962), electrostatic (Maski & Durairaj, 2010), diesel



injectors (Arcoumanis, et al., 1999) and (Mitroglou & Gavaises, 2011) and effervescent atomizers (Sovani,
et al., 2001) and (Saleh, et al., 2018); solid or hollow cone sprays may form depending on the type of
atomizer and operating conditions. However, in thermal power plants or oil-fired large industrial boilers,
operating with high flow rates of viscous fuel, mostly Y-jet or internal mixing chamber twin-fluid
atomizers are used (Barreras, et al., 2006). The former is used with light and medium fuel oil while the
latter is used with heavy fuel oil (Li, et al., 2012), with steam as auxiliary fluid. An obvious advantage of
using the steam is that any heat transfer from the steam to the fuel in the mixing port will enhance
atomization by reducing the fuel’s viscosity and surface tension. In contrast, the comparative test
carried by (Bryce, et al., 1978) showed that compressed air produced much finer spray than steam.
(Barreras, et al., 2006) demonstrated that for the same liquid mass flow rate, the internal mixing
chamber twin-fluid atomizer requires a lower atomizing fluid mass flow rate than an equivalent Y-jet
one, simultaneously yielding droplets with smaller Sauter Mean Diameter. The characteristic of the Y-jet
atomizer is that liquid and gas (steam or air) is mixed before injected out. It generally consists of a
number of jets from a minimum of 2 to a maximum of 20 (see Figure 2.2), arranged in an annular
manner to provide hollow conical spray. The advantage of such an atomizer is that it could be operated
by keeping constant gas-to-liquid mass flow rate ratio; and the requirement of the atomizing fluid is low.
Y-jet atomizers are reported to maintain moderate emission rate while attaining relatively high
atomization efficiency (Pacifico & Yanagihara, 2014). This kind of atomizers create high relative velocity
by injecting gas at high velocity, which induces disturbances in the liquid jet and leads to the creation of
smaller liquid ligaments; subsequently, smaller droplets are formed due to ligament’s breakup due to
aerodynamically-induced surface waves (Dombrowski & Johns, 1963). The high relative velocity of the

gas helps the dispersion of the liquid and prevents droplets coalescence (Pacifico & Yanagihara, 2014).

A drawback of internally-mixing Y-jet atomizer when operating particularly with heavy fuel oil or crude
oil is that in order to produce fine sprays, relatively larger steam mass flow rate at high velocity is
needed. The intense interaction with turbulence field produces higher strain rates in the flame front
that may lead to local flame extension and also possibly the flame elongation that usually ends in the
contact with boiler walls. As a consequence, the reaction zone is cooled down, and hence, also
contributes to the flame extinction. Moreover, the large amount of steam introduced into the reaction
zone lowers the flame temperature, preventing the reignition of the mixture. These phenomena are
particularly prominent in rich or lean mixture zones where temperatures are relatively lower. In these

cases, reaction times become longer than the mixing time; consequently, polycyclic aromatic



hydrocarbon (PAH) are produced that lead to soot formation. Albeit, the reduced flame temperature
can decrease thermal nitric oxides formation, however, heavy fuel oil and crude oil contains large Sulfur,
Sodium and Vanadium contents, that may lead to the formation of alkali sulfates and vanadium salts
that cause high-temperature corrosion, and sulfuric acid that can corrode the boiler low-temperature

heat-transfer surfaces.

Cap Screw Y-mixing
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Figure 2.2 (a) nozzle head of twin-fluid Y-jet atomizer (b) Schematic of internally mixing twin-fluid Y-jet atomizer (courtesy
MHPS).

Mullinger and Chigier (Mullinger & Chigier, 1974) were the first to study the performance of internally-
mixing Y-jet atomizer systematically. Figure 2.3 depicts the atomization in a Y-jet atomizer proposed by
Mullinger and Chigier. According to them, and as shown pictorially by Song & Lee (Song & Lee, 1996),
some atomization occurs within the mixing chamber, but most of the liquid emanates from the atomizer
in the form of liquid that is then shattered into droplets by the atomizing fluid. Song & Lee (Song & Lee,

1996) compared two dimensionless parameters namely gas to liquid mass flow rate ratio (GLR)

m
GLR = 9 (2.2)
m
and liquid-to-gas momentum ratio (¢)
_ Gd}pamSind (2.2)

2 g2
Gg,mdmpw
Where G, is the liquid mass velocity, G , is the gas mass velocity based on mixing port cross-sectional

area, pq , is the gas density at the mixing point.
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They concluded that liquid-to-gas momentum ratio is a better parameter to describe the internal flow
and spray characteristics as compared to GLR ratio. (Mullinger & Chigier, 1974) and (Prasad, 1982)
reported an extensive parametric study and proposed design criteria for the twin-fluid Y-jet nozzles. In
fact, the results of Mullinger and Chigier showed good agreement with the empirical dimensionless
correlation of mass median diameter for air-blast atomizer proposed by Wigg (Wigg, 1959). It is
pertinent to mention here that the choice to name an atomizer as air-assist or airblast atomizer is
arbitrary. Usually, air-assist atomizers employ very high velocities that usually necessitate an external
supply of high pressure steam/air, while the lower gas requirement of air-blast atomizers can usually be

met by utilizing the pressure differential across the combustion liner.

Andressui et al (Andreussi, et al., 1992) reported that the length to diameter ratio of the mixing port
influences the pressure drop, spray structure and droplet size distribution based on a semi-empirical
model of the flow inside twin-fluid Y-jet atomizer. Song and Lee (Song & Lee, 1994) studied the effect of
the mixing port length and the injection pressure on the flowrates of the gas and liquid and droplet size
distribution. Andreussi et al (Andreussi, et al., 1994) explained the internal flow conditions and the liquid
film thickness inside the mixing duct and postulated their effect on external spray characteristics. Song
and Lee (Song & Lee, 1996) made a pictorial study of the internal flow pattern of Y-jet atomizer and
described the internal flow as annular/annular mist flow (Chin & Lefebvre, 1993); they proposed the
main mechanism involved in fuel atomization and linked the internal flow pattern to the droplet size
distribution in the spray. Mlkvik et al (Mlkvik, et al., 2015) compared the performance of four different
internally mixing twin-fluid atomizers for the range of different operating conditions and liquid
properties. They found that the internally mixing Y-jet atomizer to produce most stable spray regardless
of pressure differential and gas to liquid ratio (GLR). The internal flow pattern for the Y-jet atomizer
showed strong agreement with the results of Song & Lee (Song & Lee, 1996) and Nazeer et al. (Nazeer,

et al., 2018).

The effect of geometric and operational parameters on the pressure distribution in the internally-mixing
Y-jet atomizers was studied experimentally by Pacifico and Yanagihara (Pacifico & Yanagihara, 2014).
They used water and air at atmospheric conditions as working fluid, and proposed the empirical
correlations for the pressure distribution in the mixing-duct of Y-jet atomizers. Following are the

correlations for the pressure drop proposed by them based on gas-to-liquid mass flowrate ratio:
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P I \"038 7d \*
m _ —-0.22 m m 0.87
7= 0.169 + 0.81exp [—0.6759 (@) <@> GLR (2.3)
P —025 /4 \3
w -0.11 m m 0.82
= 0.161 + 1.06exp [—1.089 (E) <@> GLR (2.4)

Here B, is the mixing point pressure, P, is the air inlet pressure, P,, is the water inlet pressure, L, is the
mixing port length, d,, is the mixing port diameter and d, is the gas port diameter. These correlations,
shown in Equations 2.3 and 2.4, are valid for the range 0 < GLR < 1; 3.5 < l,,,/d,,, < 10; 1.67 <d,,/d,

< 2; and 45°< @ <70°. In these correlations, & must be in radians (7/4 < 0 < 7m/18).

Following is the correlation proposed by them for the pressure drop along the length of the mixing duct
based on gas-to-liquid mass flowrate ratio (GLR).
dm

—0.422 5152 7\ 1.251
= 0.172 + 0.732exp [-0.371970203 (ﬂ> — GLR®%8 — 1,286 (—) (2.5)
dm dg L, :

P(2)
P

a

Another parameter used for the analysis of internally mixing twin-fluid Y-jet atomizer is the ‘Liquid-to-

Gas Momentum

Ratio’ (¢, Equation 2.2); this is the ratio of the momentum of the liquid jet going into the mixing port
and momentum of the auxiliary fluid (air or steam). This ratio was first used by (Michhele, et al., 1991)
for the analysis of twin-fluid Y-jet atomizers. It is used in previous studies by (Song & Lee, 1996),

(Andreussi, et al., 1992), (Mlkvik, et al., 2015) and (Nazeer, et al., 2018).

Flowing is the correlation based on liquid-to-gas momentum ratio for the pressure drop along the length

of the mixing chamber (P(z)/P,) proposed by pacific & Yanagihara:

—-0.309 d 4.536 7 1.251
m —
(&) oo -1ass () ] (26)
a m

P(z)
P

a

l
= 0.172 + 0.764exp [—0.04800-072 (dﬂ)
m
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Figure 2.3 Liquid atomization in Y-jet atomizer. Figure adopted from (Mullinger & Chigier, 1974).
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Ferreira et al (Ferreria, et al., 2009) demonstrated that under certain experimental conditions, the
atomizing fluid flow is choked in internally mixing chamber twin-fluid atomizer. Sonic conditions are
achieved at different mass flow rates as a function both of the air/gas channel diameter and liquid mass
flow rate. They found that under chocked conditions, there is a certain channel diameter that produced

the smallest Sauter Mean Diameters (SMD).

2.4 Airblast Atomizers

Principally, airblast atomizers function exactly in the same manner as air-assist atomizers, both utilize
the kinetic energy of the gas stream to shatter the liquid sheet or jet into the ligaments and
subsequently into drops. The main difference lies in the quantity and velocity of the auxiliary fluid used
for the atomization. Air-assist atomizers use small quantities of air or steam flow at very high velocities
(usually sonic), whereas airblast atomizers employ a large quantity of gas flowing at much lower
velocities (< 100 m/s ) (Lefebvre, 1980). Airblast atomizers are thus ideally suited for atomizing liquid
fuels in continuous-flow combustion systems such as in the combustors of air-craft, marine and
industrial gas turbines (Heng, et al., 1996), where air velocity of the required magnitude is readily
available. Most of the atomizers in service now are prefilming type (Roudini & Wozniak, 2018) and
(Inamura, et al., 2019), where the liquid is first spread out in thin continuous sheets and then subjected

to atomization action of high-velocity air.

Due to inherent simplicity, a variety of design configurations are available. However, the basic objective
of all the designs is the same, namely to utilize the available air in the most effective manner to achieve
the best possible level of atomization. Hybrid airblast atomizer (Levy, et al., 2005) and (Li, et al., 2018),
which is essentially a prefilming airblast atomizer with the addition of simplex nozzle, is used in high-
performance aircraft engines. The advantage of hybrid airblast atomizer over pure airblast atomizer is
that good atomization even at low air velocities associated with lower cranking speed could be achieved.
Another type of airblast atomizer, which finds application specifically in industrial gasturbine application,
is plane-jet airblast atomizer. (Jasuja & Rosfjord, 1979). In it, fuel is injected into the high-velocity

circulating air stream in the form of one or more discrete jets.
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2.5 Effervescent Atomizer

The effervescent atomization technique was developed in the late 1980s by Lefebvre and co-workers
(Lefebvre, et al., 1988a), (Lefebvre, 1988b), (Roesler & Lefebvre, 1989) and (Wang, et al., 1989). They
termed it aerated-liquid atomization. Though the term ‘effervescent atomization” was used colloquially
right from its inception, it did not appear in any publication until the work of Buckner (Buckner, et al.,

1990a) and (Buckner, et al., 1990b).

In all the twin-fluid atomizers described earlier, steam or air is used to augment the atomization or is
used as a primary driving force for the atomization, have one thing in common: the bulk liquid to be
atomized is first transformed into a jet or sheet before being exposed to high-velocity air. In contrast, in
effervescent atomizers, the atomizing gas is injected into the bulk liquid at low velocity to form a bubbly
two-phase mixture upstream of the discharge orifice. Due to its relatively low density, the atomizing gas
occupies the significant proportion of the total cross-sectional flow area. This improves atomization by
reducing the characteristic liquid dimensions in the discharge orifice. Moreover, the atomization process
is further improved by the abrupt expansion of bubbles at the nozzle exit that shatters the emanating
liquid stream into ligaments and droplets (Sovani, et al., 2001). Figure 2.4 depicts the schematic of the

effervescent atomization mechanism.

Transparent Tube

Bubbly Two-Phase
Flow

Exit Orifice

Rapidly Expanding
Bubbles

Figure 2.4 Schematic of the atomization observed by Roesler and Lefebvre
(Roesler & Lefebvre, 1988).
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Chapter 3: Atomization

3.1 Introduction

Gas-liquid multiphase flows widely occur in nature and environment, as an example falling of raindrops
and various spray processes. An important type of gas-liquid multiphase flows, in practical application, is
a jet flow with initial momentum driving the breakup of the liquid into small droplets. The conversion of
the bulk liquid into sprays containing small droplets in the gaseous atmosphere is essential for a broad
range of practical applications. Sprays are encountered in various environmental, medical, engineering

and biomedical applications.

The atomization process primarily involves the conversion of the bulk liquid into small droplets.
Although it does not usually imply that the liquid particles are reduced to atomic sizes, spray drops from
atomization can be very small. It could be thought of as disruption of the consolidating effect of surface
tension by the action of the internal and external forces. These forces could be due to surface
displacements, pressure or velocity fluctuations, in the supply system or on the jet surfaces, as well as
fluctuation in the liquid properties such as temperature, viscosity or surface tension coefficient. When
such disruptive forces are not present, surface tension tends to pull the liquid into the form of a sphere,
since this configuration has minimum surface energy. Liquid viscosity opposes any change in liquid
geometry by exerting stabilizing influence. Contrarily, aerodynamic forces acting on the liquid surface
may promote the disturbances/instabilities. Eventually, the breakup of the liquid jet occurs when the

disruptive forces overcome the consolidating effect of the surface tension.

Droplets and ligaments produced in the initial disintegration process are unstable and further undergo
disintegration process into smaller drops. Hence, the final range of drop size produced not only depends
on the primary atomization but also on the extent to which these drops are further disintegrated in

secondary atomization.
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In this chapter primary, secondary and prompt atomization are precisely discussed. The mechanism of
atomization in Y-jet atomizer and multiphase flow regimes within the mixing chamber of the nozzle are

discussed in detail.

3.2 Primary Atomization

The process of the liquid jet breakup has been studied both experimentally and theoretically over a
period of more than 100 years. A detailed review of jet flow was made by Krzywoblocki (Krzywoblocki,
1957), and other reviews relevant to jet flows are also available (Lin & Reitz, 1998; Lin & Kang, 1987;
Yoon & Heister, 2003; Birouk & Lekic, 2009; Sirighano & Mehring, 2000). When a liquid jet emanates
from the nozzle in the form of a continuous cylindrical body, the imbalance between the cohesive and
disruptive forces on the surface of the jet give rise to the oscillations and perturbations. These
oscillations are amplified under favorable conditions, leading to the disintegration of the jets into
droplets. This phenomenon is referred as ‘Primary Atomization.” It is an example of complex gas-liquid
multiphase flow: near the nozzle, the liquid, initially injected as a continuous jet, disintegrates into
ligaments and droplets of varied size by interacting with the gas. If the drops and ligaments produced
during Primary Atomization are larger than the critical size, they further disintegrate into smaller

droplets. This phenomenon of further disintegration is referred as ‘Secondary Atomization.’

From a general point of view, two major factors drive the atomization phenomena, namely, the initial
disturbances on the gas-liquid interface and a mechanism that allows some of these disturbances to
grow, leading to the breakup of the liquid jet. The characteristics of the resulting spray depend on both

factors.

The first experimental study concerning liquid jet flow instability has been conducted by Bidone (Bidone,
1829) and Savart (Savart, 1833) in the first half of the nineteen century. Plateau (Plateau, 1945) was first
ever to make a theoretical investigation into jet instability. He revealed that a cylindrical column of the
liquid jet is unstable if its length exceeds its parameter. Rayleigh (Rayleigh, 1878) used the method of
small disturbances to study the conditions necessary for the breakup of the slow-moving liquid jet. It
could be concluded from Rayleigh’s analysis that under laminar flow conditions of non-viscous jets, all
disturbances on a jet with wavelengths greater than its circumferences will grow. Moreover, his results

imply that one class of disturbance will develop fastest and finally lead to the breakup. Albeit, in reality,
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liquid jets are turbulent, viscous and are subjected to the influence of surrounding air, Rayleigh’s theory

of jet breakup is considered as a valid first approximation.

Later, Tyler (Tyler, 1933) carried experiments to measure the droplet formation frequencies as liquid jet
disintegrated; and related it to the wavelength of disturbances. His experimental results have a strong
agreement with Rayleigh’s mathematical analysis of liquid jet disintegration. He concluded that
maximum instability in the liquid jet consequently leads to the breakup of the jet, as predicted by

Rayleigh’s theory.

Weber (Weber, 1931), extended the Rayleigh’s analysis to include the effect of viscosity and provided a
more general theory of liquid jet disintegration at low velocities. He argued that the surface forces
would dampen out the disturbance if the wavelength of the initial disturbance is less than A,,;,,, on the
other hand, if the wavelength is greater than 4,,,;,,, the surfaces forces tend to increase the disturbance,
that will finally lead to the disintegration of the liquid jet. However, there is one specific wavelength,

Aopt, that is most suitable for the drop formation.

3.3 Secondary Atomization

When an initially spherical droplet is encountered by ambient flow field moving at a relative velocity to
it, aerodynamic force may cause it to deform and eventually collapse into smaller droplets. This process
of further fragmentation is referred to as secondary atomization. It is in contrast to the primary
atomization, where the bulk liquid in the form of the liquid jet is initially disintegrated into ligaments
and droplets. In spray formation, primary atomization occurs at or near the nozzle orifice. This may be

followed by secondary atomization, which typically occurs downstream.

Secondary atomization is encountered in vast variety of applications, such as mass spectrometry (Hassell,
et al., 1991), internal combustion engines (Boggavarapu & Ravikrishna, 2013), industrial boilers (Broukal
& Hajek, 2011), aero engines (Rachner, et al., 2001), coating (Andrade, et al., 2012), painting (Li, et al.,
2019) and material processing (Lagutkin, et al., 2004) etc. The aim in almost all of the applications is to
control the final droplet size. It is the main reason from the scientific and industrial point of view to
study the secondary atomization to determine the conditions that lead to appropriate droplet sizes. In

combustion application, for instance, it is desirable to produce small droplets in order to increase the
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surfaces area of the fuel and hence consequently increase the evaporation and mixing rates.
Interestingly, as pointed by Tryggvason (Tryggvason, 1997), the highest ambient velocity does not
always produce the smallest droplet diameters. Hence, a clear understanding of the secondary breakup

is necessary to identify the flow conditions that would produce the desired size of droplets.

Due to the acceleration of the ambient fluid around the droplet, the unequal pressure distribution is
established on the droplet surface, leading to the deformation of initial spherical shape. The interfacial
tension and viscous force resist this deformation. Nevertheless, if the aerodynamic forces are large
enough, the drop will eventually go through further fragmentation (Hinze, 1955). The mode of drop
disintegration depends on whether the drop is subjected to steady acceleration or is suddenly exposed
to high gas velocity stream. This is proved experimentally by Lane (Lane, 1951) and confirmed
theoretically by Hinze (Hinze, 1955). Under steady acceleration, the drop becomes increasingly flattened,
and at a critical relative velocity, it is blown out into the form of the hollow bag attached to a roughly
circular rim. The bag produces a shower of very fine droplets on disintegration, while the rim, which
contains most of the mass of the droplet, is broken into larger droplets. In contrast, a droplet exposed
suddenly to a fast air/gas stream disintegrates in an entirely different manner. The drop is deformed in
the opposite direction; a convex surface is formed to the flow of air. The edges of the saucer shape are

drawn out into a thin sheet and then into fine filaments, which break into drops.

3.4 Prompt Atomization

Keeping in view the theories of all the above mentioned models of the liquid jet breakup, it is postulated
that liquid sheet or jet breakup occurs via classical wavy sheet/jet mechanism. As per this mechanism,
liquid surfaces take on some form of instability that grows as waves. The most rapidly growing wave
become detached from the leading edge of the liquid surface to form a ligament, that is subsequently
fragmented into droplets. The size of the droplets is dependent on the diameter of the ligaments from
which they are formed. These ligament diameters, in turn, are dependent on the liquid jet or sheet
thickness. Hence the mean droplet size in a spray is dependent on the initial jet diameter or sheet
thickness as postulated theoretically by Dombrowski et al. (Fraser, et al., 1985) and demonstrated
experimentally by Rizk and Lefebvre (Rizk & Lefebvre, 1953). An important prerequisite for the wavy

structure formation on the surface of the liquid jet is sufficient time for the waves to develop. In many
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cases, enough time is available, because the air and the liquid are co-flowing, and there is no significant
component of air velocity in a direction that could promote repaid disintegration of the liquid sheet/jet.
Nevertheless, if, the atomizing air is arranged such that to impinge on the liquid sheet at an appreciable
angle, as shown in Figure 3.1, it now has a sufficient transverse component of velocity. As a
consequence, the liquid sheet emanating from the nozzle has no time to develop wavy structure but
rather is shattered into small fragments by the vigorous interaction created between the liquid and
impinging air jet. Lefebvre termed this mechanism ‘Prompt Atomization’ (Lefenvre, 1992). Under this
mechanism of atomization, the maximum critical size of the fragments produced depends primarily on
the magnitude of the air velocity component normal to the liquid sheet, the surface tension and gas to
liquid mass flow rate ratio. An important feature of this mode of atomization is that the violent and
sudden fragmentation of the liquid sheet into drops ensures that the ensuing droplet sizes are much less

dependent on the initial sheet thickness.
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Figure 3.1 External mixing air-assist atomizer.

3.5 Atomization by Internally-Mixing Twin-Fluid Y-Jet

Atomizer

Unlike other twin-fluid atomizers, the atomization mechanism of internally-mixing twin-fluid Y-jet
atomizer is relatively poorly understood. Primarily owing to its limited commercial use, namely in
industrial boilers operating with light fuel oil and in powder production. The spraying performance
(mean droplet size) is reported to be affected by properties of gas and liquid, injection pressure, and

also by the geometric configurations such as the mixing-port size and the intersecting angle between the
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liquid and gas port. Mullinger and Chigier (Mullinger & Chigier, 1974) and Prasad (Prasad, 1982) studied
the effect of geometric parameters on the mean drop size and suggested the design criteria to generate
the fine drops. Song and Lee (Song & Lee, 1994) conducted the experimental examination, with water
and air as test fluids, to study the effect of mixing port length on the Y-jet atomizer’s spray performance.
They concluded that the mean droplet size decreases and becomes spatially even as the mixing port

length is reduced.
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Figure 3.2 Schematic illustration of the flow pattern in internally-mixing twin-fluid Y-jet.
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In a classical study, with water and air as working fluids, Song and Lee (Song & Lee, 1996) studied the
atomization mechanism of the gas-liquid mixture flowing through internally mixing twin-fluid Y-jet
atomizer by examining both the internal and external nozzle flow patterns. They compared two
operational parameters, namely, gas-to-liquid mass flow rate ratio (GLR) and liquid-to-gas momentum
ratio to describe the internal and external flow patterns. The latter was considered to be an appropriate
parameter to describe both the internal flow and spray characteristics. Figure 3.2 shows the schematic
illustration of the flow pattern in internally-mixing twin-fluid Y-jet atomizer. As the high-speed gas
stream impinges on the liquid jet emanating from the liquid port, the instabilities in the liquid jet are
amplified and initial breakup occurs within the nozzle. A part of the gas stream expanding from the gas-
port into the mixing-port recirculates; leading to the reverse flow of the liquid film on the nozzle wall
(Figures 3.2). When the liquid-to-gas momentum ratio is low (Figure 3.2a), the momentum of the gas
stream dominates, the flow is annular flow with the thicker film formation on the liquid-port-side-wall of
the nozzle and the core of the gas has entrained droplets. As the liquid-to-gas momentum ratio
increases, main part of the liquid stream penetrates into the center of the mixing-port. In this case, the
main gas stream is very much diverted towards the opposite side wall. Thus a sizeable amount of liquid
at the opposite wall is entrained into the gas core by the highly deflected gas stream. When the liquid-
to-gas momentum ratio increases further (Figure 3.2c), liquid jet momentum dominates and a part of
the liquid column touches the opposite side of the wall. With this condition, the gas stream has to flow

around the liquid column as shown in Figure 3.2c.

The atomization model within in Y-jet atomizer proposed by Mullinger and Chigier (Mullinger & Chigier,
1974); see Figure 2.3 for the details, Song and Lee (Song & Lee, 1996) and Andreussi et al. (Andreussi, et
al., 1992) is almost the same. Figure 3.3 shows the schematic illustration of the atomization mechanism
of the Y-jet atomizer proposed by Song and Lee. The main difference is that the internal atomization
mechanism proposed by Song and Lee is subdivided into three parts based on flow visualization. The
first one is the “direct collision,” denoted by region A in Figure 3.3, which is characterized by the direct
impingement of the gas stream upon the liquid column and generation of the drops near the exit of the
liquid port. The next mode (B in Figure 3.3) is the “entrainment/deposition,” which exhibits nonuniform
circumferential film thickness in the widest range of the liquid-to-gas momentum ratio. Drops here are
generated by the sharing action of the high-speed gas flow and the annular liquid film. At the same time,

within this region, some of the drops produced in direct collision mode coalesce and deposit on the
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liquid film. The third mode is the “liquid film disintegration,” denoted by region C in Figure 3.3. Here the

liquid film disintegrates into ligaments and then into large droplets outside the atomizer.

Wigg (Wigg, 1959) analysis on the atomization mechanism of the airblast atomization indicated the
kinetic energy difference between the inlet gas and the emerging spray as a dominant factor affecting
the mean drop size in the spray. In a latter work (Wigg, 1964), Wigg utilized the spray data of Clare and
Radcliffe (Clare & Radcliffe, 1954) and Wood (Wood, 1954) on the airblast atomizer, to derive the
dimensionless expression for the mass median diameter. It is interesting to note that Mullinger and
Chigier (Mullinger & Chigier, 1974) found good agreement between their experimental data for the
mass median diameter produced by internally mixing twin-fluid Y-jet atomizer and the dimensionless

expression for the mass median diameter provided by Wigg for airblast atomizer.

Liquid Flow

Direct Collision Drop Entrainment and Deposition Liquid Film Disintegration

Figure 3.3 Schematic of atomization mechanism in Y-jet atomizer proposed by Song & Lee (Song & Lee, 1996).

Inamura and Nagai (Inamura & Nagai, 1985) used the geometry similar to internally mixing twin-fluid Y-
jet atomizer to flow air at uniform velocity; the main difference is that instead of liquid port a thin
annular slot was used to inject the liquid along the inside wall of the nozzle. Ethanol, water and glycerin
were used as working fluids alongside air to investigate the effect of liquid properties on the atomization.
For the low liquid flow rates and air velocities, they observed that disturbances of large wavelengths in
the liquid flowing along the nozzle wall were responsible for the liquid film breakup into the drops
through the formation of the unstable ligaments at the end of the wall. They termed this process as
“atomization by ligament formation.” Increase in the velocity of the air and liquid flowrate caused the

wavelengths of the disturbance to vanish so that the liquid emerged at the end of the nozzle as a
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continuous liquid film. They called the resulting atomization of this film by high-velocity air as
“atomization by film formation.” Figure 3.4a shows the effects on Sauter Mean Diameter (SMD) by the
variations in the air velocity and gas to liquid mass flow rate ratio. The curves drawn in the figure exhibit
the change in the slope, which is attributed by Inamura and Nagai to the transition from one mode of
atomization to the other. It is of interest to note that the value of the gas-to-liquid mass flow rate ratio

at which the transition occurs increases with the increase in the gas velocity.

Figure 3.4b depicts the effect of viscosity on the Sauter Mean Diameter (SMD) of the droplets. Like all
other types of twin fluid atomizer, the data plotted confirms that this type of atomizer produces larger

Sauter Mean Diameters (SMD) with increasing liquid viscosity, regardless of air velocity.
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Figure 3.4 Variation in the mean drop size (a) with the gas velocity and gas to liquid mass flow rate ratio (GLR) (b) with liquid
viscosity (Inamura & Nagai, 1985).
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3.6 Flow Regimes in Internally Mixing Twin-Fluid

Atomizers

Different flow patterns within the internally mixing twin-fluid atomizers lead to different mechanisms
for the atomization process and also influences the spray characteristics. For example, when a bubbly
flow regime dominates in the mixing chamber of the nozzle, liquid breakup relies on the bubble rupture
mechanism. If a dispersed flow regime exists within the mixing chamber, then the resulting ejecting
multiphase flow through the discharge orifice is to disintegrate the larger droplets and ligaments by the
process of the secondary atomization. At certain operating conditions, especially at higher gas-to-liquid
mass flow rate ratios (GLR), the division between the primary atomization inside the nozzle and

secondary atomization outside is extremely important (Chin & Lefebvre, 1993).

The complexity of two-phase flow arises from the wide variety of flow patterns that can exist. It is
evident from Figures 3.5 and 3.6 that gas-liquid multiphase flow can distribute itself in a variety of ways.
Chin and Lefebvre (Chin & Lefebvre, 1992) examined the flow regimes available in the literature for
horizontal two-phase flows for their relevance to effervescent atomization. Latter in another study (Chin
& Lefebvre, 1993), they extended the scope of their previous study to include various types of internally
mixing twin-fluid atomizers and other flow configurations, including vertically downwards multiphase
flow. To my knowledge, no reliable theoretical model has been developed that can predict the type of
flow pattern that will occur under any given set of operating conditions. Nevertheless, flow patterns
have been reported in the literature and correlated empirically using parameters based on various
combinations of flow rates and flow properties (Oshinowo, 1974) (Baker, 1954) and (Spedding & Nguyen,
1980). The transition between one flow pattern to another takes place slowly and is open to subjective
interpretation; hence the boundaries between the different flow regimes cannot be precisely defined.
Similarly, the description, identification and naming of the various flow patterns have lacked consistency

between different investigators.
Following are the flow regimes that could arise in vertical flows:
Bubbly

The gas phase is distributed more or less uniformly in the form of discrete bubbles in a continuous liquid

phase.
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Coring bubbly

This is also a bubbly flow, but the bubbles move towards the axis of the tube to form a core of dispersed

bubbles.

Falling film

The liquid flows in the form of a thin film.

Falling bubbly film

This is similar to falling film, but the liquid film is thicker and contains small dispersed bubbles.
Annular

The liquid flow as a thin wavy film along the wall of the pipe/duct and the gas flows as a core. The gas

core may contain entrained droplets that have been stripped off the wavy film.
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Figure 3.5 Flow pattern in vertical flow (Oshinowo, 1974).
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Slug

The gas and liquid redistribute themselves axially so that at any cross-section the flow rates of the gas
and liquid vary with the time. The gas flows mainly in the form of large bubbles, which occupy most of

the duct’s cross-sectional area and can vary in length up to several times the diameter.

Churn

Churn flow is mostly observed during the transition from the bubbly to annular flow. It is similar to slug

flow but is characterized by a more chaotic and alternating motion of the liquid.
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Figure 3.6 Flow patterns in horizontal flow (Baker, 1954).
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Froth

The bubbles disintegrate and combine with the liquid to form a frothy mixture. A forth is essentially a
two-phase system with a three-dimensional structure of thin liquid films acing as individual

compartments for the gas.
Dispersed
This corresponds to atomization. All the liquid is entrained by the gas in the form of droplets.

The key flow regimes for vertical multiphase flow are illustrated in Figure 3.6. Likewise in vertical
multiphase flow, the bubble, forth, slug, annular and dispersed flow patterns, as described above, are
also found in horizontal two-phase flow. In addition, the following flow patterns are sometimes

observed in horizontal flows, as illustrated in Figure 3.7.

Stratified

In this type of flow pattern, both phases are continuous in the flow direction. Liquid flows along the

bottom of the duct while the gas at the top.
Wavy

This flow pattern is similar to the stratified flow, but the only difference is that the gas-liquid interface

has waves traveling in the direction of the flow.
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Chapter 4: Numerical Methods

4.1 Introduction

CFD is the most common and popular numerical modelling technique. It has become quite popular over
the last couple of decades with increasing power of the computers. It is based on the principles of fluid
mechanics; utilizing numerical methods and algorithms to solve problems that involve fluid flows. In this
chapter, approaches that can be used to model multiphase flows and associated turbulence are briefly
discussed. The Volume of Fluid (VOF), Discrete Phase Model (DPM) and Mixture multiphase models,
along with, Wall Modeled Large Eddy Simulations (WMLES) and Kw turbulence models are discussed in

detail.

4.2 Multiphase Flow Modeling

There are two different ways in which two-phase flow are commonly represented in CFD, namely the
“Eulerian” method, where the flow is considered as continuous across the whole flow domain and the
“Lagrangian” method, where the paths taken by the particles/droplets are tracked through the domain
(Jang, et al., 2010). In the Langrangian particle tracking approach, the gas phase is still represented using
an Eulerian approach by solving the governing equations of the flow, but the liquid spray is represented
by a number of discrete “computational particles,” which are tracked by solving the particle’s equation
of the motion. The fundamental assumption made in this approach is that the dispersed secondary
phase occupies a low volume fraction (typically bellow 10%) (El-Batsh, et al., 2012). Therefore, this
approach is not appropriate to model the multiphase flow within the nozzle where the volumetric effect
of the secondary phase cannot be neglected. Eulerian methods could be further classified into single-
fluid, such as relevant mixture and VOF models, and multi-fluid approaches like Eulerian multiphase and

multi-fluid VOF models (Crowe, 2006) and (Loth, 2009). The latter approach treats each phase as a single
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independent phase but intermixed continua while the earlier treats the flow as a single-phase flow by
solving a single set of conservation equations considering the mixture properties. The single-fluid
approach assumes that the continuous and the dispersed phases are in local kinetic and thermal
equilibrium, i.e. the relative velocities and temperatures between the two phases are small in
comparison to predicted variations of the overall flow field (Lakhehal, et al., 2002). The multi-fluid
approach requires a separate conservation equation for each phase, making it extremely
computationally expensive and complex; hence, this rules out the possibility of utilizing it for extensive
parametric studies. On the other hand, the mixture model solves a smaller number of equations as
compared to the aforementioned models; however, it is not possible to track the interface between the
phases. This is a major drawback for the studies aiming to identify the relevant flow regimes and track
the development and fragmentation of the gas-liquid interface. The Eulerian surface tracking technique
i.e. the VOF method can track with relatively good accuracy the interface between the phases; this

makes it feasible to study the in-nozzle flow and primary breakup of the jets (Gopala & Berend, 2008).

Due to complexities involved in atomization and spray processes, a broad range of time and length
scales are involved; approximation and modeling become inevitable in CFD of such multiphase flow
phenomena. The numerical simulation of the liquid spray generation often aims in predicting drop size
distribution, spray penetration length and spray cone angle. Since the liquid spends most of its residence
time in the form of droplets, simulation methodologies for the dispersed multiphase flow are usually
utilized. However, this method leads to spurious results for the flow within the nozzle or in the dense
part of the spray. Hence hybrid Lagrangian-Eulerian methods are utilized to simulate the complete in

nozzle flow and spray generation.

4.3 Volume of Fluid (VOF)

The Eulerian multiphase approach, such as volume of fluid (VOF) method, describes the dispersed phase
by the same means as the continuous phase, i.e. a set of Navier-Stokes equations for the continuity and
momentum transport, potentially along with transport equations for energy and other conserved
guantities are solved. In the VOF method, the gas-liquid interface can be tracked by explicit
discretization schemes, such as geometric reconstruction. It requires much smaller time steps and much

higher mesh resolutions. The phase boundary around every droplet must be resolved by the mesh which
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is significantly smaller than the smallest droplet. This allows for the relatively accurate prediction of the
primary breakup. The volume displacement is inherently accounted for, which can be important for the
dense part of the spray. However, this method is prohibitive in terms of computational expenses and

requires large HPC resources.

The VOF formulations rely on the fact that two or more phases are not interpenetrating. The concept of
the volume fraction of the phases is introduced. In each control volume, the volume fraction of all the
phases sums to unity. The fields for all the variables and properties are shared by the phases and
represent volume-averaged values. Thus the variables and properties in any given cell are either purely
representative one of the phases, or representative of a mixture of the phases, depending on the
volume fraction values. In other words, if the qth fluid’s volume fraction in the cell is denoted as g,

then the following three conditions are possible:

e a, = 0:The cell is empty of the q”’ fluid.
e a, = 1:The cell is full of the g*" fluid.

e 0 < a4 < 1:The cell contains the interface between the q*" fluid and one or more other fluids.

4.4 Mixture Model

The mixture model is a simplified multiphase model that could be used to model the flow where phases
move at different velocities but assume a local equilibrium over short spatial length scales. It solves the
mixture momentum equation and prescribes relative velocities to describe the dispersed phase (Kallio &

Akademi, 1996).

The mixture model, like the VOF model, uses a single-fluid approach. It differs from the VOF model in

two respects:

e The mixture model allows the phases to be interpenetrating. The volume fraction a, and «,, for
a control volume can therefore be equal to any value between 0 and 1, depending on the space
occupied by phase g and phase p.

e The mixture model allows the phases to move at different velocities, using the concept of slip

velocities.
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4.5 Discrete Particle Method (DPM)

In Eulerian-Lagrangian multiphase approaches (Jiang, et al.,, 2010), referred to as Discrete Particle
Methods (DPM), the gas/carrier phase is still represented by solving the governing equation of the flow,
but the liquid phase is represented by a number of discrete computational particles, which are tracked
through the domain by solving the particle’s equation of motion. Particle tracker uses physical
properties of individual droplets in order to account for the exchange of mass, momentum and energy
etc. with the continuous phase. This approach is relatively inexpensive since it allows the mesh to be
coarser than the size of the droplets. However, the gas volume displacement is usually ignored; this may
affect the solution’s accuracy, hence these so-called dense models have been developed (Tonini, et al.,
2008). Furthermore, in the regions where spray does not consist of discrete spherical droplets, special

models must be employed to predict the primary breakup of the initial contiguous jet.

4.6 VOF-to-DPM

ANSYS Fluent provides the capability to combine the above-mentioned approaches namely VOF and
DPM through VOF-to-DPM transition mechanism. The initial jet and its primary breakup are predicted
using VOF formulations on a sufficiently fine mesh, while the resulting dispersed part of the spray is
predicted by the DPM. The EISA model (Vallet, et al., 2001) and (Nykteri, et al., 2020) is another
alternative approach that provides a dynamic transition between a Eulerian and a Lagrangian framework
in the primary and secondary liquid sprays atomization regions, respectively. However, ELSA model is
not integrated into ANSYS Fluent. The hybrid VOF-to-DPM model automatically finds the liquid lumps
detached from the liquid core in the VOF solution. It then checks for their eligibility for the VOF-to-DPM
model transition against the user-specified criteria of the lump size and asphericity. If a liquid lump
satisfies the criteria, the liquid lump is removed from VOF solver and converted to a point mass in the
Lagrangian formulations. Converting liquid lumps to Lagrangian formulation does not impose volume
displacement on the continuous phase VOF flow simulations. In order to circumvent spurious
momentum sources, a volume of a gas with the same volume as the liquid lump is created in the VOF
simulation to maintain the volume conservation. The hybrid VOF-to-DPM model is validated against the
experimental studies to determine the Sauter mean diameter (SMD) drop size distribution for a liquid jet

in air cross-flow (Schtze, et al., 2018) and (Sami, et al., 2019) and also the reverse transition mechanism
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i.e. DPM-to-VOF is reported to agree well with the experimental studies to determine the film formation

from the drops (Kumar, et al., 2018).

Facet Centroid

Vector connecting lump centroid and
facet centroid

Facet normal vector

Center of gravity of the

Center of gravity of
the lump

Figure 4.1 Asphericity calculation methods: (a) Normalized radius standard deviation (b) Average radius-surface orthogonality
(Courtesy ANSYS Germany).

4.6.1 Transition

Asphericity is the shape base criterion used by VOF-to-DPM model to identify the liquid lumps which
can be converted from the resolved liquid using the VOF model to particles tracked with the DPM model.
Its value is zero for a perfect sphere. Asphericity values of the liquid lumps are determined in two ways
(see Figure 4.1), namely calculated from normalized radius standard deviation and radius-surface
orthogonality. In the first method, for every facet of the liquid lump surface, the distance between the
facet center and the lump center of gravity is calculated and then normalized by the average radius. In
the second method, for every facet of the liquid lump surface, a vector from the lump’s center of gravity
to the center of the lump boundary facet is computed and then used in a dot product with the facet unit
normal vector. Only lumps for which the asphericity values calculated from both methods are below the
user-specified maximum asphericity values are selected for the transition from VOF liquid to DPM

particles.
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4.7 Turbulence Modeling

There are three simulation approaches to simulate the turbulence, namely: Direct Numerical
Simulations (DNS), Large Eddy Simulations (LES) and Reynolds-average Navier-Stokes (RANS)
(Argyropoulos & Markatos, 2015). Turbulent flows are characterized by eddies having a wide range of
time and length scales. Typically the largest length scales are comparable in size to the characteristic
length of the mean flow, while the smallest length scales are responsible for the dissipation of the
turbulent kinetic energy. Though the whole spectrum of the turbulent scales could be resolved by direct
numerical simulation (DNS) approach by solving the Navier-Stokes equation to determine the velocity
field, however, the DNS is not feasible for the practical engineering problems involving high Reynold
numbers flows. Since the computational cost required to resolve the entire range of scales in DNS is
directly proportional to the cube of the Reynold numbers, the computational cost is extremely
prohibitive (Alfonsi, 2011). This approach is restricted to the flows with low to moderate Reynolds
numbers. In LES, equations are solved for the filtered velocity field, which is representative of large-scale
turbulent motions. The equations solved include a model for the influence of the smaller-scale motions
which are not directly represented. In a RANS approach, the solution of the Reynolds equations is used
to determine the mean velocity field and Reynolds stresses are obtained from the turbulent-viscosity
model. The turbulent viscosity could be obtained from an algebraic relationship such as in the mixing-
length model or it can be obtained from turbulence quantities such as k and w for which modelled

transport equation are solved.

4.7.1 Scale Resolved Simulations

Scale resolving technique i.e. Large Eddy Simulations (LES) can simulate turbulent flows since the 1960s.
It has made significant progress over the last two decades, specifically due to a surge in computing
power. Tough most of the simulations today are based on RANS models; it is becoming increasingly clear
that certain classes of the flow are better covered by the models where at least part of the truculence

spectrum is resolved. Such methods are termed Scale Resolving Simulations (SRS) (Menter, et al., 2011).

In Large Eddy Simulations, large eddies are resolved directly, while smaller eddies are modeled with

Subgrid Scale (SGS) models. Hence LES falls between DNS and RANS in terms of the fraction of resolved
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scale. The rationale behind the LES is that since the larger eddies possess most of the energy and are
anisotropic in nature, they are difficult to model, while smaller eddies are isotropic in nature, and hence
are easy to model. Thus, resolving only larger eddies allows the use of much coarser mesh and larger
time steps in LES than in DNS. However, LES still requires considerably fine mesh and smaller time steps
than those typically used for RANS calculations. In addition, LES has to be run for sufficiently long flow
time to obtain stable statistics of the flow being modeled. As a consequence, the computational cost

involved with LES is orders of magnitudes higher than steady RANS calculations.

4.7.2 Wall Modeled Large Eddy Simulations

The Wall modeled Large Eddy Simulations (WMLES), a hybrid LES technique, is beginning to emerge as a
viable alternative to time-averaged or ensemble-averaged Navier-Stokes (RANS) turbulence modeling in
industrial flows; it is able to capture flow structures larger than the grid size, while smaller scales are
modeled with subgrid-scale models (SGS). The spectrum of resolved scales in LES is directly dependent
on the grid resolution. This makes it extremely expensive for industrial-scale simulations, which are
usually highly turbulent, wall-bounded, viscous and three-dimensional flows. Nevertheless, Wall
Modeled LES (WMLES) is a substitute to classical LES and it reduces the stringent and Reynold number
dependent grid resolution requirements of classical wall-resolved LES. Turbulence length scales in near-
wall regions are directly proportional to wall distance, resulting in smaller and smaller eddies as the wall
is approached (Naseri, et al., 2018). This effect is limited by molecular viscosity, which damps out eddies
inside the viscous sublayer. Smaller eddies appear as the Reynold number increases since the viscous
sublayer becomes thinner. In order to circumvent the resolution of these small near-wall scales, RANS
and LES models are combined such that the RANS model covers the very near-wall layer, in which the
wall distance is much smaller than boundary layer thickness but is still potentially very large in wall units
(Piomelli & Balaras, 2002) and (Nikitin, et al., 2000). It then switches over to the LES formulation once
the grid spacing becomes sufficient to resolve the local scales (Wen & Piomelli, 2016). This approach is
similar to detached eddy simulations (Spalart, et al., 1997), delayed detached eddy simulations (Spalart,
et al., 2006) and (Koukouvinis, et al., 2016) and Scale Adaptive Simulations (SAS) (Menter & Egorov,
2010). A general approach of these two approaches is that the whole or major part of the boundary
layer is modeled by RANS while LES is applied only to separated flow regions. In contrast, as

aforementioned, in WMLES, RANS is used only in very thinner near-wall region (Koukouvinis, et al.,
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2016).

4.8 RANS

In turbulence models for Reynolds-Averaged Navier-Stokes (RANS) equations, the focus is placed on the
mean flow and the effect of the flow on mean properties. Starting point is the Reynolds decomposition
of the flow variables into mean and fluctuating parts, where the insertion of the Reynolds-decomposed
variables into the Navier-Stokes equations, followed by an averaging of the equations, give rise to
Reynolds stress tensor, an unknown term that has to be modeled in order for the RANS equation to be

solved (Alfonsi, 2009). RANS turbulence models could be classified in following four types:

e Zero equation models such as Mixing Length model

e One equation models such as Spalart-Almars model (Spalart & Allmaras, 1992)

e Two equation models such as K¢ (Shih, et al., 1995)and Kw models (Menter, 1994)

e Seven equation models such as the Reynolds stress model (Gibson & Launder, 1978), (Launder,

1989) and (Launder, et al., 1975)
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Chapter 5: Results: The Influence of
Geometrical and Operational Parameters on
Internal Flow Characteristics of Internally

Mixing Twin-Fluid Y-Jet Atomizers

5.1 Introduction

Twin-fluid atomizers has been studied extensively over the years. Most of the studies are focused on
pre-filming air blast atomizers or effervescent atomizers due to their extensive commercial use. The
earlier are used extensively in aircraft, marine and industrial gas turbines and the latter are used in
various applications where low injection pressures and low gas flow rates are available. There exist
considerable studies on internally mixing twin-fluid Y-jet atomizers. However, the understanding of such
nozzle is not very clear owing to complex aerodynamic and fluid dynamic flow pattern due to the mixing

of gas and liquid within the mixing chamber.

There is a dearth of numerical studies on internally mixing twin-fluid Y-jet atomizers, probably owing to
complexity involved in modeling the complex multi-phase flow pattern due to variations in length and
time scales. However, there exists few numerical studies such as (Tanner, et al., 2016) focusing on the
atomization and droplet break up in annular gas-liquid co-flow for internally mixing twin-fluid Y-jet
atomizer, (Tapia & Chavez, 2002) focusing on the internal flow pattern. In all studies except (Song & Lee,
1996), (Andreussi, et al., 1994), (Mlkvik, et al., 2015), (Pacifico & Yanagihara, 2014) and (Tapia & Chavez,
2002), the parameters such as injection conditions and atomizer geometry were taken as input while the
spray dispersion was the reported output. But the intermediate process between the input and output

of the nozzle has not been investigated in detail. This study is the first to numerically model the
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multiphase flow through twin-fluid Y-jet atomizer as function of the various operating conditions

affecting it.

5.2 Test Case Simulated

Seven different Y-jet atomizers are used for the parametric analysis. The geometries are constructed in
ANSYS Design Modeler according to the design criteria of Mullinger & Chigier (Mullinger & Chigier,
1974); the same design criteria were also adopted by Pacifico & Yanagihara (Pacifico & Yanagihara,
2014) for the experimental study on pressure drop within internally mixing twin-fluid Y-jet atomizers.
The geometries are meshed in ANSYS Meshing tool. The grids are polyhedral with the number of
elements ranging between 15 to 17.3 million. The Y* values are in the range of 0.72 - 0.94. Air and water
are used as working fluids at atmospheric conditions. The schematic of the nozzle studied is shown in
Figure 5.1. Table 5.1 shows the geometrical parameters of all the seven atomizers. All the pressure
points as shown in the Figure 5.1 i.e. P,, P,, B, P; and P, are obtained from the numerical solutions,
where P, is the mixing point pressure, P, is the gas (air) inlet pressure, P,, is the liquid (water) inlet
pressure, P; is the pressure at the middle point along the length of mixing port and P, is the pressure
near the exit of the mixing port. Mass flow boundary conditions are employed at the gas port and liquid

port inlets while pressure outlet boundary condition is employed at the exit of the mixing duct.
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Figure 5.1 Schematic of the nozzle used for the parametric study.
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In order to keep geometrical and operational similarity with the work of Pacifico & Yanagihara (Pacifico
& Yanagihara, 2014), non dimensionless number i.e. Weber numbers are calculated for the flow in the
mixing duct. Weber numbers used by Pacifico & Yanagihara (Pacifico & Yanagihara, 2014) are in the
range of 500 — 42500, while the Weber numbers used in this work are also nearly in the same range i.e.
between 600 —45000. Weber numbers are calculated with the following formula:

e = pa,mVrzdm (5.1)

o

Where p, ,, is the density of the air at the mixing point, V, is the relative velocity between the air and
water, d,,, is the mixing port diameter. The mass flow rate of air and water were also applied almost in

the same range as stated in the literature. The mass flow rate of the air was in the range 0.008 kg/s to

0.091 kg/s while mass flow rate of the water was in the range 0.075 kg/s to 0.78 kg/s.

For each of the seven nozzles a total of 11 simulations were performed. Gas to liquid mass flow rate
ratio (GLR) was varied from 0.01 to 0.9. The main geometrical parameters studied includes: the angle (6)
between liquid port and the mixing port; mixing port length to diameter ratio (l,,,/d,, ) and mixing port
diameter to gas port diameter ratio (d,,/dg ). The values used for the aforementioned geometrical
parameters are in the range: /4 <6 <7mn/18 (45°—-70°); 3.5<1[,/d, <10 and 1.67 <
dm/dg < 2.The following sets of atomizers were used for each of the parametric study: nozzles B, D
and E are used for the parametric study of 8; B, F and G for [,,,/d,,, and A, B and C for dm/dg.These

values are shown in the Table 5.1 for each nozzle.

Table 5.1 Geometric values for the parameters shown in Figure.5.1.

Nozle | ) oy ey O e/l
A 50 14.4 50 5.5 10 57° 5.00 1.82 25 42.5
B 50 14.4 50 6.0 10 57° 5.00 1.67 25 42.5
C 50 14.4 50 6.0 12 57° 4.17 2.00 25 42.5
D 50 16.2 50 6.0 10 45° 5.00 1.67 25 42.5
E 50 13.0 50 6.0 10 70° 5.00 1.67 25 42.5
F 50 14.4 35 6.0 10 57° 3.50 1.67 17.5 27.5
G 50 14.4 100 6.0 10 57° 10.00 1.67 50 92.5
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5.3 Grid Independent Study

A grid independence study was conducted to check whether flow regimes changes with the grid. Figure
5.2a shows the grid used in the parametric study for nozzle D and Figure 5.2b shows the coarser grid.
Grid ‘a’ has about 17 million elements and grid ‘b’ has around 13 million elements. The total number of
elements around the circumference of the mixing duct for the grid ‘a’ are 390 while for grid ‘b’ are 280.

The Y* value for the grid ‘a’ is 0.72 while for grid ‘b’ is 0.92.

Figure 5.2 (a) grid used in the parametric study, (b) coarser grid.

Figure 5.3 shows contours of average volume fraction of water over one hundred thousand time steps.
The time step size is 1 X 10~8s. Figure 5.3 a & b depicts the average volume fraction for froth/churn-
turbulent flow regime (GLR=0.01), Figure 5.3 ¢ & d depicts the average volume fraction foe wispy-
annular flow regime (GLR=0.1) and Figure 5.3 e & f depicts the average volume fraction of annular flow
regime (GLR=0.3). The average volume fraction of all the three flow regimes is almost the same for

coarser and dense grid.
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Average Volume Fraction of Water

0.0 0.3 0.6 1.0

(a) Average volume fraction for grid ‘b’ with GLR=0.01

(b) Average volume fraction for grid ‘a’” with GLR=0.01

(c) Average volume fraction for Grid ‘b’ with GLR=0.1

(e) Average volume fraction for grid ‘b’ with GLR=0.3

(F) Average volume fraction for grid ‘a’” with GLR=0.3

Figure 5.3 Average volume fraction of water over one hundred thousand time steps (a & b) average volume fraction
for froth/churn-turbulent flow regime, (c & d) average volume fraction for wispy-annular flow regime and (e & f)
average volume fraction for annular flow.
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5.4 Results and Discussion

Figure 5.4a shows contours of the volume fraction of air and water. At first it could be seen that the gas-
liquid flow is annular, with the liquid film formed on the inner wall of the mixing duct. As the high speed
gas jet impinges on the liquid jet, it creates disturbance on the surface of the liquid column; leading to
creation of wavy structure in the liquid column/film. This may lead to inception of the primary breakup
of the liquid jet within the nozzle. Figure 5.4b shows the contour of the velocity. Air jet accelerates as it
expands from the gas port in to the mixing duct. It further accelerates as it bypasses the relatively slow
moving liquid jet emanating from the liquid port. It then slightly decelerates while aligning with the
liquid film before it rapidly accelerates towards the exit of the nozzle. Figure 5.4c is the contour of the
pressure. The higher pressure around the area of air impingement on the liquid column is due to the
increase in static pressure because of dynamic pressure of the air jet. The liquid film formed just
downstream of the gas port (Figure 5.4a) in the mixing duct is because of the recirculation of the air due
to its expansion from the gas port into the mixing duct. The expansion of the air is limited by the higher
pressure of the liquid jet (Figure 5.4c). This leads to recirculation of the air in the pre-mixing zone of the
mixing duct. Figure 5.5a shows the recirculating velocity vectors in the recirculating zone. Figure 5.5b is
the schematic illustration of the reverse flow and liquid film formation in the premixed zone. A portion
of the water stream is flowed backward in the form of film towards the upstream by the recirculating air
flow. When the reverse film flow meets the main air stream at the exit of the gas port, it disintegrates
into droplets and flows downstream along the core, as illustrated in Figure 5.5b .Figure 5.4d shows the
contour of the Mach number of the forming multi-phase flow. The speed of the sound is much lower in
the gas-liquid mixture than in either pure liquid or gas component. For example, it is 1480 m/s in water
and 340 m/s in air, but in air-water mixture it can fall to 20 m/s (McWilliam & Duggins, 1969). This
process occurs because the two-phase system has the effective density of the liquid but the
compressibility of the gas (Kieffer, 1977) (refer to appendix B for further details). In Figure 5.4d it can be
seen that in the mixing duct, Mach numbers are higher at the gas liquid interface and around the exit of
the nozzle. Although the instantaneous Mach numbers could be higher than one, there is no evidence of
flow choking in the mixing duct. Pacifico & Yanagihara (Pacifico & Yanagihara, 2014) also reached to the

same conclusion about gas-liquid multiphase flow in the mixing duct of Y-Jet atomizer.
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(a) Volume Fraction 0.0 0.3 0.6 1.0

(b) Velocity Magnitude 0.0 165 330 550

(c) Pressure

(d) Mach Numbers 0.0 0.9 1.9 3.1

Figure 5.4 Flow field for the nozzle D with GLR =0.29 (a) volume fraction contours, (b) velocity contour, (c)
pressure contour and (d) Mach number contour.

Figure 5.6 and Figure 5.7 depicts the plots of the ratios of mixing point pressure to air inlet pressure
(Py/P,) and water inlet pressure to air inlet pressure (P, /P,) against the GLR ratios respectively. At first,
in qualitative terms the results of all the nozzles are similar i.e. with increasing GLR both ratios decrease.
Increase in GLR is attributed to either increase in air mass flow rate or decrease in water mass flow rate.
This, in turn, induces the air flow momentum to have larger influence on the mixing process and

particularly on mixing point pressure. On the other hand, water flow determines the back pressure for
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the air jet expanding from the gas port into the mixing port. This behavior is inherent to any
compressible flow expansion. It could be seen that rate of decrease of B, /P, ratio is higher than that of
P,/ P, ratio. This is because the water mass flow rate limits the expansion of the gas stream and hence

leads to the conclusion that P,, among the others are controlled by the water inlet pressure.

(b)

Entrained Liquid Port
Reverse Flow of Droplets
Liquid Film
Backward Recirculation
Step Zone
Main Air Stream % - _ ¢ o a
s o e e _ _ _ _ _Mixing Duct _ _
Port Center Line

Figure 5.5 (a) recirculating velocity vectors in recirculation zone, (b) schematic illustration of recirculating air flow and
reverse film formation.

It could be seen from the plots that except for GLR =0 .2, there is virtually no difference among the
results obtained for the angle between the mixing port and the liquid port as the function of GLR (nozzle
B, D and E). This concludes that the angle doesn’t have significant effect on the mixing point pressure.
Ferreira et al (Ferreria, et al., 2009) reached to the same conclusion for the effect of angle on the Sauter
Mean Diameter (SMD) of the droplets produced by twin-fluid atomizer with the mixing chamber. This
leads to the hypothesis that the mixing point pressure does plays a role in the performance of internally
mixing twin-fluid atomizer. Regarding the influence of [,,,/d,, ratio on the mixing point pressure

(Nozzles B, F and G), it could be noticed that the mixing point pressure increases with the increasing
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l,,/d,, ratio. It should be noted that d,, is constant for all the three nozzles; hence the mixing point
pressure increases with increasing mixing port length. This behavior is explained due to the smoother
drop of the pressure for the large values of [,,. Since the outlet pressure is the same for all the nozzles
(i.e. atmospheric pressure), the nozzle with higher value of of [, has higher B,,. Mullinger & Chigier
(Mullinger & Chigier, 1974) reported that droplet size decreases for the nozzle with longer mixing port
while in contrast Song and Lee (Song & Lee, 1994) reported that droplet size decreases with shorter
mixing port length. This contradiction was latter clarified by Song and Lee (Song & Lee, 1996). They
reported that for relatively small liquid mass flow rate and high gas flow rate, the droplets generated by
the nozzle with shorter mixing port are generally smaller than the droplets generated by the nozzle with
longer mixing port; whereas for relatively large liquid mass flow rate and smaller gas flow rate, the
droplets produced by the nozzle with longer mixing port are comparable or even slightly smaller than
the drops produced by nozzle with smaller mixing port length. This discrepancy could be explained with
the work of Lefebrve (Lefebrve, 1992). At low liquid mass flow rate and high gas mass flow rate, for the
nozzle with shorter mixing port, there is not enough time for the wavy structure to be formed in liquid
core/film; thus the liquid and gas do not aligh while co-flowing. Hence, gas impinges at an angle on the
liquid sheets outside the nozzle, leading to vigorous break up of liquid sheets into small fragments; this
process was termed as Prompt Atomization. If one observe carefully the data points for nozzles F and G
in the Figure 5.6, it can be seen that for the small values of GLR (say GLR<0.3) there is not much
difference between B,, /P, ratio for the nozzle with long mixing port (nozzle G) and the nozzle with short
mixing port (nozzle F). For the values of GLR > 0.3 this difference increases. Smaller values of GLR mean
lower gas mass flow rate or relatively higher liquid flow rate and large value of GLR means vice versa.
This difference in pressure drop coincides with the performance of the nozzles as observed by Song and
Lee (Song & Lee, 1996). Finally, comparing the data points of the nozzle A, B and C, it is evident from the
plot in Figure 5.6 that dm/dg ratio has the most significant effect on the mixing point pressure among
all the geometrical parameters studied. The higher the value of d,,,/d, ratio, the higher is the value of
the pressure reduction between the gas inlet pressure and mixing point pressure (nozzle C). Particularly
in the range 0.01 < ALR < 0.4, the influence of dm/dg is more significant, indicating that the gas pressure
drop in this range is more when the d,,, /d,, ratio is incremented. Similarly, P, /P, has the same behavior

as function of GLR as that of B, /P, for the geometrical parameters studied (Figure 5.7).
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Figure 5.6 Plot of mixing point pressure to air inlet pressure ratio against gas to liquid mass flow rate ratio.
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continuous blue line is the curve for isentropic flow through converging-diverging nozzle.

Figure 5.8 depicts the ratio of air mass flow rate to the maximum air mass flow rate (for Ma=1 at the
throat between gas port and mixing port) as a function of pressure ratio (B,,/P,). In the same figure, the
curve for isentropic flow through converging—diverging nozzle is also plotted (continuous line). The flow
in Y-jet atomizers from gas port to the mixing port is similar to the flow through converging diverging
nozzle where d, act as a nozzle throat and Py, (mixing point pressure) as the back pressure. The
deviation of the data points from the isentropic prediction line is due to the irreversibility of the sudden
expansion of the air and the presence of liquid around the mixing point. This behavior is also observed
by Ferreira et al (Ferreria, et al., 2009) . The orange dashed line shows the pressure ratio (B, /P, =
0.5283) at which isentropic compressible flow through a converging-diverging nozzle is chocked. The red
dashed line (B, /P, = 0.565) shows the deviation of the shocked region from the isentropic
compressible flow. Ferreira et al (Ferreria, et al., 2009) explained that presence of the water in the
mixing port restricts the air flow; the liquid mass flow rate changes the value of gas mass flow rate at
which flow is chocked for the same geometric expansion (dm/dg). However, the chocked condition
always occurs at the exit of the gas-port not down stream of this point (Pacifico & Yanagihara, 2014) &

(Ferreria, et al., 2009). Farreira et al (Ferreria, et al., 2009) observed that smallest SMD (Sauter Mean
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Diameter) are produced at chocked conditions. This is an important operational parameter for internally
mixing twin-fluid atomizers. However, in the case of thermal power plants, when operating at chocked
conditions, large amount of steam flow at high velocity is supplied to the combustion chamber. The
intense interaction with the turbulence field induces high strain rates in the flame front leading to local
flame extinction; this elongation of the flame might end up in a contact with boiler wall. In these cases,
the reaction times become larger than the mixing time, leading to formation of soot (Warnatz, et al.,
2001). Secondly, large amount of water introduced into the flame cools down the reaction zone leading
to decrease in local temperature that might lead to flame extinction and prevent re-ignition of the

mixture.

In order to compare all the parameters analyzed in Figure 5.6 and Figure 5.7 with the empirical
correlations for B,, /P, and B,, /P, proposed by Pacifico & Yanagihara (Pacifico & Yanagihara, 2014), data
points of all the nozzles A-G and the correlations of B,,/P, and B, /P, are plotted in Figure 5.9 and
Figure 5.10 respectively. These correlations are expressed in Eg. 2.3 and Eq. 2.4 in Chapter 2. They are
valid for the range 0 <GLR<1; 3.5<1[,,/dp, <10; 1.67 <d,,/dy <2; and 45°< 0 <70°. In these
correlations, 8 must be in radians (m/4 < 8 < 7m/18). It can be seen in the Figures 5.9 & 5.10 that
there is a good agreement between the proposed correlations and the current simulation results. An

important operational parameter is the condition of critical gas flow. For the present numerical study it

is P, /P, <0.565; this is obtained when —0.6756‘0'22(lm/dm)‘°'38(dm/dg)4GLR°'87 > 1.05.

Figure 5.11 shows the plot of the data points obtained from the simulations and the plot of the
correlation (P(z)/P,), Eq. 2.5, Chapter 2 proposed by Pacifico & Yanagihara (Pacifico & Yanagihara,
2014) for the pressure drop along the length of the mixing chamber. Numerical results agree well with

the proposed correlation.

Another parameter used for the analysis of internally mixing twin-fluid Y-jet atomizer is the ‘Liquid-to-
Gas Momentum Ratio’ (¢), Eq. 2.2, Chapter 2; this is the ratio of the momentum of the liquid jet going
into the mixing port and momentum of the auxiliary fluid (air or steam). The correlation based on liquid-
to-gas momentum ratio for the pressure drop along the length of the mixing chamber (P(z)/P,),
expressed in Eq. 2.6, Chapter 2, proposed by pacific & Yanagihara is plotted in Figure 5.12. Numerical
data points are also plotted on the same figure. Again the results agree well with the proposed

correlation.
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Figure 5.9 Comparison of numerical data points against empirical correlation (Eq. 2.3) for the mixing point pressure to the air
inlet pressure ratio proposed by Pacifico & Yanagihara (Pacifico & Yanagihara, 2014).
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Figure 5.10 Comparison of numerical data points against empirical correlation (eq. 2.4) for the water inlet pressure to the air
inlet pressure ratio proposed by Pacifico & Yanagihara (Pacifico & Yanagihara, 2014).
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Figure 5.11 Comparison of numerical data points against the empirical correlation (Eqg. 2.5) based on GLR for the pressure drop
along the length of the mixing port proposed by Pacifico & Yanagihara (Pacifico & Yanagihara, 2014).
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Figure 5.12 Comparison of numerical data points against the empirical correlation (Eq. 2.6) based on momentum ratio (¢) for
the pressure drop along the length of the mixing port proposed by Pacifico & Yanagihara (Pacifico & Yanagihara, 2014).
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Figure 5.13 shows the contours of the volume fraction for nozzle ‘D, for the three different GLR ratios.
When the GLR ratio is low (0.01; Figure 5.13a), the flow seems to be somewhat transitional between
froth/churn-turbulent flow and annular-wispy flow. As the GLR increases (0.1, Figure 5.13b) the flow is
clearly in the wispy-annular regime with an annular liquid film surrounding the gas core comprising of
dispersed droplets and ligaments. As the GLR increases further (0.3, Figure 5.13c), the flow is clearly in
the annular flow regime, with a wavy annular film around and gaseous core. These changes in the flow
patterns occurring upstream of the discharge orifice greatly affect the atomization and spray formation
downstream of the nozzle exit. For instance, when the flow within the nozzle is churn-turbulent flow,
the spray formed is not stable; whilst, if the flow pattern is annular, the nozzle operates as plain-jet air-
blast atomizer, comprising a central core of high velocity gas surrounded by annular film of liquid. The

relative velocity between the gas and liquid ensure good atomization.

GLR=0.01
(A)

Figure 5.13 Contour of volume fraction of air-water multiphase flow at three different GLRs.

Figure 5.14 shows the Hewitt and Robert’s multiphase flow map (Hewitt & Roberts, 1969). This map has
been found to fit a reasonably large range of fluids and is of particular interest in the high mass flux

region (Hawkes, et al., 2000). The coordinates represent the momentum fluxes; the ordinate represents
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the air momentum flux while abscissa represents water momentum flux. J,, and J, are superficial
velocities of water and air respectively. The data points for all seven nozzles are also plotted on this map.
It can be seen that the main flow patterns are annular and wispy annular. GLR ratio decreases with
increase in water momentum flux; then according to this map, for small values of GLR, the wispy annular
is the main flow pattern while for larger values of GLR, the annular flow is the main flow pattern. This
result matches with the flow pattern observed within the nozzle (Figure 5.13b & 5.13c). However, there
is small discrepancy between the results, at the lowest value of GLR in the study (0.01) flow seems to be
transitional between the froth/churn turbulent flow and the wispy annular flow (Figure 5.13a), while,
according to the map, it should be wispy-annular flow. Nevertheless, in industrial boilers the GLR ratio is
usually between 0.1 < GLR < 0.3. Flow is wispy annular at the lower end of this range and annular at

the higher end of the range.
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Figure 5.14 Data points plotted on vertical multiphase pipe flow regime map of Hewitt &
Roberts (Hewitt & Roberts, 1969).
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Figure 5.15 shows the flow pattern map provided by (Oshinnowo & Charles, 1974) for the vertical
downward flow. In this figure, the ordinate is the square root of the air-liquid volumetric flow rate ratio,

while the abscissa is the ratio of the two-phase Froude Number, Fry), to the square root of A where,

Fry, = U—SZ (5.1)
gdm
o

= —(pzo_lg)o.ZS (5.2)

and J, the superficial velocity of the two phase flow is obtained as

_ Qa + Ql
 (n/4)d? (5.3)

It can be clearly seen that the results lie outside the flow regime established by the map. Nevertheless,

J

one could easily speculate from the map that for the very low GLRs used in the study, the flow has to be
froth or transition between froth and annular flow, while for higher values of GLR, the flow has to be

annular; this result matches with the contours displayed in the Figure 5.13.
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Figure 5.15 Data points plotted on vertical multiphase pipe flow regime map of Oshinnowo & Charles
(Oshinnowo & Charles, 1974).



Chapter 6: Atomization Mechanism of

Internally Mixing Twin-Fluid Y-Jet Atomizer

6.1 Introduction

In large oil-fired industrial boilers or thermal power plants internally mixing twin-fluid Y-jet atomizers
are used to atomize the fuel. In this chapter the results of atomization mechanism of the gas-liquid
multiphase flow through MHPS’ internally mixing twin-fluid Y-jet atomizer are discussed. The multiphase
flow through the internally mixing twin-fluid Y-jet atomizer is numerically modelled to determine the
internal flow behavior and the subsequent atomization mechanism. It is the first numerical study to
report the atomization mechanism of the internally mixing twin-fluid Y-jet atomizer. The influence of
two dimensionless operating parameters, namely gas-to-liquid mass flow rate ratio and liquid-to-gas
momentum ratio are compared; the latter is found to be more appropriate dimensionless parameter to
describe the internal flow behavior and the atomization characteristics, as it defines to a large extend
the liquid and gas distribution inside the atomizer, which then affects the near-nozzle atomization and
the distribution of the formed ligaments and droplets. Based on flow visualization a detailed model of
atomization mechanism of twin-fluid Y-jet atomizer is proposed. It is confirmed that the variation in the
flow patterns within the mixing-port of the atomizer coincides with the variation of the spatial
distribution of the spray drops. VOF-to-DPM transition mechanism is utilized along with dynamic
solution-adaptive mesh refinement to predict the initial development and fragmentation of the gas-
liquid interface through Volume-of-Fluid (VOF) formulations on a sufficiently fine mesh, while Discrete
Phase Model (DPM) is used to predict the dispersed part of the spray on the coarser grid. It should be

also mentioned that although more sophisticated atomization models exist in the literature for the
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fragmentation of liquids, the applied model has been validated by our research group for other flow
conditions, like for example the secondary break-up of liquid droplets (Stefanitsis, et al., 2019a),
(Stefanitsis, et al., 2019b), (Strotos, et al., 2018), (Strotos, et al., 2016a), (Strotos, et al., 2016b) and
(Strotos, et al., 2011). For the specific conditions simulated here, the complexity of the flow within the
atomizer, it is unfortunate that quantitative experimental data for the atomizing spray that would be

needed for quantitative validation of the applied computational models do not exist.

6.2 Test Case Simulated

Figure 6.1 depicts the geometry used in the simulations. The figure is not drawn according to scale. The
working fluids are superheated steam and light fuel oil. The liquid port has diameter (d;) 2.1 mm and
length ([;) 30 mm. The gas port has diameter (d,) 1.6 mm and length (l;) 4 mm. Both the mixing port
and the premixed zone has diameter 2.6 mm and lengths 12.4 mm and 5.6 mm respectively. The angle
between the fuel port and the mixing port is 42.5°. Mass flow boundary conditions are employed at the
inlets and pressure outlet boundary condition is applied at the outlet. The pressure and temperature
conditions at the inlet of the fuel port are 20°C and 19 bars, and at the inlet of steam port are 210 °C
and 11 bars respectively. The density and kinematic viscosity of the light fuel oil are 0.93 kg/m3 and
4,1 mm? /s respectively, while steam is modeled as ideal gas. The condition at the outlet of simulation
zone is air at 1 bar and room temperature. The Sauter mean diameters (SMD) of the droplets are
measured on each 3 mm slot on the plane A along the Y axis as shown in Figure 6.1. Plane A is located at
the distance of 32 mm from the nozzle orifice. This distance is chosen on the basis of computational
affordability. The geometry is meshed in ANSYS Meshing with polyhedral grid. Dynamic solution-
adaptive mesh refinement in ANSYS Fluent is used to dynamically adapt the mesh at the gas-liquid
interface in the VOF simulations through polyhedral unstructured mesh adaption (PUMA) method. This
adaptation travels with the gas-liquid interface and the number of cells changes with the flow, once
liquid lumps are converted into the DPM particles; coarser grid is used to track the particles. This
method significantly reduces the mesh count. Three levels of dynamic mesh refinement are used while
the minimum cell volume is set to the order of 10716 m3. The minimum cell volume is chosen based on
the droplet size distribution to avoid over-refinement of the grid in order to run the simulations more
efficiently. Figure 6.2 shows an instantaneous picture of numerical grid; it can be seen that the mesh is

refined around gas-liquid interface. Mass flow inlet boundary conditions are used for the inlets and
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pressure outlet boundary condition is used for the outlet. In the first set of the simulations the mass
flow rate of the steam is kept constant at 0.00400 kg/s while the mass flow rate of fuel oil is varied
from 0.1329 kg /s to 0.38kg/s ; the corresponding values of gas-to-liquid mass flow rate ratios are
from 0.01053 to 0.0301 respectively. In the second set of simulations, the mass flow rate of the steam
is kept constant at 0.0005 kg/s while the mass flow rate of the fuel oil is varied from 0.005 kg/s to
0.0167 kg/s ; the corresponding gas-to-liquid mass flow rate ratios are from 0.03 to 0.1 respectively.
The Reynold numbers for the flow conditions simulated are between 10,000 and 13,000. They are
calculated from the following expression:

ixmVrd
Re :pmlx,m ram

u (6.1)

Here ppmix M is the average mixture density of the gas and liquid at the mixing point, V. is the relative

velocity between gas and liquid phase, and d,,, is the mixing port diameter.

The asphericity value for the VOF-to-DPM transition mechanism is initially set to the value of 0.01. As
the flow is developed in the mixing port of the atomizer, it is changed to the value of 2.5 to track the

droplets and measure its SMD.
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Figure 6.1 Geometry of twin-fluid Y-jet atomizer used in the simulations and schematic explanation of the subsequent spray
formation.
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Pt it

Figure 6.2 (a) Instantaneous grid (b) Instantaneous grid with the superimposed volume fraction of
the Light Fuel Oil.

6.3 Grid Independent Study

A grid independence study was conducted to check whether the drop size distribution measured along
the Y axis on the plane A change with the mesh. Two different dynamic solution-adaptive mesh
refinements were used through PUMA method. Mesh “I” has three levels of dynamic mesh refinement
and minimum cell volume of 1071 m3, while Mesh “II” has three levels of dynamic mesh refinement
and minimum cell volume of 1077 m3. Drop size distribution for the liquid-to-gas momentum rations
(@) 3.2, 7.3 and 9.4 are shown in the Figure 6.3(a), Figure 6.3(b) and Figure 6.3(c) respectively. The drop

size distribution for both the meshes is almost the same.

Figure 6.4 shows the contour of the average volume fraction of the light fuel oil within the nozzle over
one hundred thousand time steps for the Mesh “I” and Mesh “II” for the liquid-to-gas momentum
rations () of 3.2, 7.3 and 9.4. The average volume fraction for both the meshes for the liquid-to-gas
momentum ratios of 3.2 (Figure 6.4(a) & Figure 6.4(b)), 7.3 (Figure 6.4(c) & Figure 6.4(d)) and 9.4 (Figure
6.4(e) & Figure6.4(f)) are almost the same.
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Figure 6.3 SMD drop size distribution for Mesh | and Mesh Il for liquid-to-
gas momentum ratios of (a) 3.2, (b) 7.3 and (c) 9.4.
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(a) Mesh 1, ¢=3.2

(b) Mesh II, ¢=3.2

(c) Mesh 1, ¢=7.3

(d) Mesh 1l, ¢=7.3

(e) Mesh 1, ¢=9.4

(f) Mesh ll, ¢=9.4

Figure 6.4 Average volume fraction of light fuel oil over one hundred thousand time steps for
liquid-to-gas momentum ratios of 3.2 (a) Mesh | and (b) Mesh Il, 7.3 (c) Mesh | and (d) Mesh II,
and 9.4 (e) Mesh | and (f) Mesh II.
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6.4 Asphericity Independent Study

Figure 6.5 shows the contour of the average volume fraction of the light fuel oil within the nozzle over
one hundred thousand time steps for asphericity of 0.01 and 2.5 for the liquid-to-gas momentum ratio
(@) of 2.8. The average volume fraction for both the asphericities (Figure 6.5(a) & Figure 6.5(b)) are

almost the same.
Average Volume Fraction of Light Fuel
0.0 0.3 0.6 1.0

(a) Asphericity 0.01

(b) Asphericity 2.5

Figure 6.5 Average volume fraction of light fuel oil over 1000 time steps for asphericity ratios of (a) 0.01,
and (b) 2.5 for the liquid-to-gas momentum ratio of 2.8.

6.5 Results & Discussion

Visualization of the simulation results has been carried out to analyze the internal flow behavior within
the mixing-port of the twin-fluid Y-jet atomizer. Figure 6.6 show the internal flow patterns within the
mixing-port of atomizer for two different steam mass flow rates and various oil mass flow rates. For a
reference, a schematic of the mixing port at the same scale is drawn at the top of Figure 6.6. The red
colour depicts the volume fraction of fuel oil to be 1 while blue colour depicts the volume fraction of the
fuel oil to be zero i.e. the volume fraction of the steam as 1. The instability of the liquid jet emanating

from the liquid port into the mixing port is amplified by the impingement of high velocity gas stream;
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leading to the creation of smaller liquid ligaments and sheets. This phenomenon could be explained by
the shear action of the gas stream and by the wave lengths that grow on the surface of the liquid
jet/column, which are affected by surface tension, aerodynamic and viscous forces (Dombrowski &
Johns, 1963). The high relative velocity of the gas helps the dispersion of the liquid and delays or

minimise the chances of droplet coalescence (Pacifico & Yanagihara, 2014).

At first, it can be realized from the contours in the Figure 6.6 that both m; and m, clearly influence the
oil film formation within the mixing port. The amount of oil stream crossing the mixing port increases
with a decrease of m, and/or an increase of m;, and forms a thicker oil film at the opposite side wall.
The internal flow pattern far downstream of the mixing point becomes an annular-mist flow with
asymmetrical film thickness along the wall of the mixing-port, as characterized by Mullinger and Chigier
(Mullinger & Chigier, 1974), Andreussi et al. (Andreussi, et al., 1994), (Andreussi, et al., 1992), Pacifico
and Yanagihara (Pacifico & Yanagihara, 2014) Mlkvik et al. (Mlkvik, et al., 2015) and Nazeer et al. (Nazeer,
et al., 2019). The rate of direct drop formation within the mixing port is also strongly dependent on both

g and ;. That is, the number of drop increases with an increase in m; and/or m, (Song & Lee, 1996).

On the same figure, the values of the gas-to-liquid mass flow rate ratio (m, /m;) and the liquid-to-gas
momentum ratio (@) are also shown. ¢ is already defined in Eq. 2.2. These parameters are already
adopted in the studies (Neya, et al., 1975), (De Michele, et al., 1991), (Andreussi, et al., 1992), (Song &
Lee, 1994), (Andreussi, et al., 1994), (Pacifico & Yanagihara, 2014), (Mlkvik, et al., 2015) and (Nazeer, et
al., 2019).

From Figure 6.6 one can point out that when the gas flow rates are different while m, /1y is kept
constant (see Figures 6.6a and 6.6i), the flow pattern appears to be much different. In fact, when liquid-
to-gas momentum ratios are near to each other, for instance (6.6a and 6.6f) and (6.6h and 6.6C) flow
development looks very similar. Thus, from the above observations, the liquid-to-gas momentum ratio
() seems to be a better dimensionless parameter to explain the internal flow pattern than the gas-to-
liqguid mass flow rate ratio. Song and Lee (Song & Lee, 1996) also reached to the conclusion that liquid-

to-gas momentum ratio is a better parameter to describe the internal flow pattern.

Figure 6.7 helps to explain the variation in gas and liquid flow patterns within the mixing port of Y-jet
nozzle based on the liquid-to-gas momentum ratio. When the liquid-to-gas momentum ratio is low (say
@ < 7, Figures 6.6a, 6.6e, 6.6f and 6.6g), most of the liquid forms thick film at liquid-port-side wall of the

mixing port. This is because the gas jet momentum dominates and liquid stream cannot penetrate into
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the mixing-port easily. Due to this, the main stream of the gas tends to be deflected towards the
opposite side wall by the liquid film and thus, a large recirculation appears in the premix zone. Hence, a
portion of the liquid stream flows in a film shape toward the upstream by recirculating gas. For example
the liquid film in the upper left corner of Figures 6.6b, 6.6f, 6.6g and 6.6i clearly indicates the reverse
flow of the liquid film by strong recirculation of the gas. As the main gas stream at the exit of the gas
port meets the reverse flow, it disintegrates in to small droplets and flows downstream along the core,
as it can be seen in Figure 6.8. At the same time, as it can be seen in Figures 6.6a, 6.6e, 6.6f and 6.6g,

droplets are also entrained from the main liquid film, flowing downstream.
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Figure 6.6 Internal flow pattern within the mixing port of internally mixing twin-fluid Y-jet atomizer at the flow time of 0.001
s for the liquid-to-gas momentum ratios of (a) 4.6, (b) 7.3, (c) 8.1, (d) 9.4, (e) 3.2, (f) 5.4, (g) 6.8, (h) 8.3 and (i) 10.7.
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Figure 6.7 illustration of internal flow pattern based on liquid-to-gas momentum ratio.

As the liquid-to-gas momentum ratio increases further (¢ > 9, Figures 6.6d and 6.6i), part of the liquid
jet reaches the opposite wall and the liquid film thickness at both sides of the mixing port becomes
similar in thickness. If the liquid-to-gas momentum ratio increases further, the liquid jet completely
reaches the opposite side wall and the film thickness at the opposite side wall becomes thicker than the

liquid-port-side wall, as can be seen in the Figure 6.6d. With this condition, the blockage effect becomes
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more prominent because the gas stream has to flow around the liquid jet crossing the mixing point. Due
to the high sheer of the gas flow, thin sheets of the liquid are extracted from the liquid jet around the
mixing point (liquid-port-side wall Figures 6.6d and 6.6i). These sheets are further broken down into
smaller droplets in the downstream flow. The quantity of these liquid sheet formations increases with

the deeper penetration of the liquid jet or with greater gas flow rate.

Volume Fraction of Light Fuel Oil

0.0 0.3 0.6

Reverse Flow
Backward of Liquid Entrained
Step /Film Droplets

Figure 6.8 illustration of the recirculation in the premix zone of the internally mixing twin-fluid Y-jet
atomizer.

Figure 6.10 shows the schematic diagram illustrating the atomization model in an internally mixing twin-
fluid Y-jet atomizer. The concept is similar to that of song and Lee (Song & Lee, 1994), Mullinger and
Chigier (Mullinger & Chigier, 1974) and Andreussi et al. (Andreussi, et al., 1992), with the main
difference that internal atomization mechanism is subdivided into three parts in (Song & Lee, 1996) and
divided into two parts in (Morsi & Alexander, 1972) and (Andreussi, et al., 1992) based on flow
visualization. The first one is the “recirculation mode,” donated by region A in Figure 6.10, which is
characterized by the recirculation of a part of the gas stream in the premix zone of the atomizer. With
increasing liquid-to-gas momentum ratio, the recirculation of the gas stream expanding from the gas
port into mixing port increases, hence the drop formation by this mode increases. The second one is the
“direct colliding mode.” It is characterized by the impingement of high velocity gas stream on the liquid
jet and generation of the droplets around the mixing-point and near the exit of liquid port. The drops

generated by this mode also depend on the liquid-to-gas momentum ratio. The next region (region C in

64



Figure 6.10) is the “entrainment/deposition mode,” which exhibits nonuniform circumferential film
formation in the mixing-port for the widest range of liquid-to-gas momentum ratio. Drops here are
generated due to the shearing action of the high speed gas on the liquid film. At the same time, within
this zone, some of the drops generated by the recirculation mode and direct colliding mode coalesce
and deposit on the liquid film. Thus, the mixing-port length plays a primary role in this annular flow zone.
In other words, the longer the mixing-port, the higher are the chances of coalescence and
deposition/entrainment of the drops, since the residence time becomes longer and interfacial area
between the gas and the liquid film also increases. The distorted gas stream around the mixing-point is
also straightened up along the length of the mixing-port in this region, and the flow direction of the gas
stream with the longer mixing port becomes more parallel to the liquid film flow. The atomization by
“liquid disintegration mode,” denoted by region D in Figure 6.10, is also affected by the mixing-port
length due to the relative motion between gas and liquid jet. If the atomizing fluid flows in parallel with
the liquid sheet, the classical wavy mechanism dominates. As per this mechanism, liquid surfaces take
on some form of instability that grows as waves. The most rapidly growing wave become detached from
the leading edge of the liquid surface to form a ligament, that is subsequently fragmented into droplets.
Thus size of the droplets is dependent on the diameter of the ligaments from which they are formed.
These ligament diameters, in turn, are dependent on the liquid sheet thickness, its viscosity and gas
density. On the other hand, if the length of the mixing port is not long enough, the gas stream does not
co-aligns the liquid film and retains a normal component against the liquid sheet, the liquid sheet is
shattered into droplets by prompt atomization, and drop size becomes less dependent on the sheet
thickness. If the prompt atomization mechanism becomes dominant, the breakup length of the liquid

film will be shorter and the spray angle will become larger.

Figure 6.9 shows the spray formation process of internally mixing twin-fluid Y-jet atomizer. The magenta
colored blobs and ligaments depict the resolved liquid by the VOF method. Once the specified criteria of
aspherecity are satisfied, the resolved liquid is turned into discrete droplets, as represented by the
spherical particles in Figure 6.9. Figure 6.11 shows the Sauter Mean Diameter (SMD) drop size
distribution for various liquid-to-gas momentum ratios measured on the plane A along the Y axis as
indicated in Figure 6.1. The droplet size distribution is strongly affected by the internal flow pattern and
the initial atomization within the mixing port of the nozzle, as explained earlier. That is, the small
droplets at the center are forming from the core flow within the mixing port of the atomizer, whereas

the larger droplets at both sides are forming from the annular liquid film present on the walls of the
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mixing port. It can be also noticed that as the liquid-to-gas momentum ratio increases, the peak value of
the Sauter Mean Diameter in the positive Y axis decreases, indicating that the liquid film thickness at the
liquid-port-side wall of the mixing port decreases, due to easier penetration of the liquid column into
the gas stream. When the liquid-to-gas momentum ratio is less than 5.4 (Figures 6.11a, 6.11b and 6.11c),
the values of SMD in the negative Y axis changes slightly with the increasing liquid-to-gas momentum
ratios. This is because the liquid column does not have enough momentum to reach the opposite side
wall. However, as the liquid-to-gas momentum ratio increases further than that, the values of SMD in
the negative Y axis become sufficiently large and the distribution becomes somewhat symmetrical
(Figure 6.11d). If @ increases further, the momentum of the liquid column dominates and hence the
values of SMD in the negative Y axis become larger than the values in positive Y axis; the curve again
shows asymmetrical shapes. At extremely high values of liquid-to-gas momentum ratio (Figure 6.11h), a
sudden decrease in the values of SMD in the positive Y axis is observed. This is due to the shear-induced
breakup caused by the increased blockage effect (Figure 6.6i). These distributions agree well with the
film thickness variation within the mixing port measured by Andreussi et al. (Andreussi, et al., 1994) and
the drop size distribution measured by (Song & Lee, 1996). However, the formation of thin sheets
around the mixing point at extremely high liquid-to-gas momentum ratios and the resulting sharp

decrease in the values of SMD are not reported in the either of the aforementioned studies.

Figure 6.9 Spray formation by internally mixing twin-fluid Y-jet atomizer at the flow time of 0.0006 s for the liquid-to-gas
momentum ratio of 7.3. The magenta colored blobs and ligaments represent the liquid resolved by VOF formulations and
spherical particle represents the liquid droplets tracked by DPM model.
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Recirculation  Direct Collision Drop Entrainment and Deposition Liquid Film Disintegration
Region Mode Main Phenomena
A Recirculation e The reverse flow of the liquid film in the premix zone of the

atomizer meets the main gas flow at the exit of the gas
port, it disintegrates into small droplets.

B Direct Collision e Droplets generated by the impingement of the gas steam
on the liquid jet
C Drop entrainment and e Annular Liquid film is formed and the distorted gas stream
deposition is straightened up along the length of the mixing port

e Droplets are generated by the shearing action of the gas
flow and entrained into the gas core
e Some of the droplets coalesce each other and deposit to
the liquid film
D Liquid film disintegration

Liquid film disintegrates into ligaments first and then
subsequently into large droplets outside the atomizer

Figure 6.10 Schematic illustration of the atomization model in the internally-mixing twin-fluid Y-jet atomizer.

Figure 6.12 shows the Sauter Mean Diameter (SMD) drop size distribution for Heavy Fuel Oil (HFO) as
working fluid for the liquid-to-gas momentum (¢) ratio of 3.2, 7.3 and 9.6. Sauter Mean Diameter (SMD)
drop size distribution for Light Fuel Qil (LFO) are also plotted for the comparison. It can be noticed that
SMD distribution produced by Y-jet atomizer shows the same pattern for HFO and LFO as working fluids
but it is clearly evident that the droplets generated by Y-Jet atomizer with Heavy Fuel Qil are far coarser
than the droplets produced by Y-Jet Atomizer with the Light Fuel Qil. This confirms that Y-Jet atomizers
are not suitable to be used with Heavy Fuel Oil. HFO has higher viscosity than the LFO. Viscosity
dampens out the instabilities in the liquid jet and delays the atomization, hence Y-jet atomizers exhibits

poor performance with HFO as a working fluid.
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Figure 6.11 Sauter mean diameter drop size distribution for the liquid-to-gas momentum ratios of (a) 3.2, (b) 4.6, (c) 5.4, (d) 7.3,
(e) 8.1, (f) 8.3, (g) 9.4 and (h) 10.7.
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Figure 6.12 Sauter Mean Diameter distribution for light fuel oil and heavy
fuel oil for the liquid-to-gas momentum ratios of (a) 3.2, (b) 7.3 and (c)
9.4.
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Chapter 7: Conclusion and Future Work

7.1 Conclusion

Internally mixing twin-fluid Y-jet atomizer, which is used in industrial boilers, was under investigation in
this thesis. Two detailed studies were conducted. In the first study a detailed parametric analysis to
study the effect of operational and geometric parameters on the internal flow characteristics of twin-
fluid Y-Jet atomizer has been carried out; seven atomizers with different geometrical parameters have
been considered. Moreover, 11 cases for each atomizer with different GLR (gas-to-liquid mass flow rate)
ratios have been simulated, giving a total of 77 cases. The results show that gas—liquid multiphase flow
is annular flow for the vast majority of GLR ratios. The sudden expansion of gas jet from gas-port into
the mixing duct is limited by higher pressure of the liquid jet emanating from the liquid port; this leads
to recirculation of the air in the premixed zone of the nozzle, which, in turn, results to reverse film
formation in the premixed zone. The numerical results obtained have been compared with empirical
correlations of the pressure drop for twin-fluid Y-jet atomizer available in open literature and have been
found to agree well with them. Moreover, the results show that the mixing point pressure is strongly
dependent on the mixing port to airport diameter ratio, specifically in the rage 0.1 < (GLR) < 0.4; the
mixing port length moderately affects the mixing point pressure while the angle between mixing and
liquid ports was found not to have an appreciable effect. The main flow regimes found under the
studied operational conditions are annular and wispy annular flow. Different operational and geometric
parameters identified in this study will be used by MHPS to optimize the design and operation of its

atomizer.

In the second study the investigation on the atomization mechanism and atomization characteristics of
MHPS’ twin-fluid Y-jet atomizer was conducted under real power plant working conditions and working
fluids. Two dimensionless parameters namely, gas-to-liquid mass flow rate ratio and the liquid-to-gas
momentum ratio have been investigated; the latter is found to be a more appropriate dimensionless

parameter to describe the flow characteristics. The variation in the internal flow pattern, characterized
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by the penetration of the liquid column/jet into the gas core and the film flow within the mixing port
could be effectively explained by the liquid-to-gas momentum ratio. The results have confirmed that
variation in the circumferential liquid film thickness within the mixing port coincides well with the spatial
distribution of the droplets outside the atomizer. The SMD droplet size distribution found in this study
will be used by MHPS for the combustion studies. Based on the flow visualization, a detailed model of
the atomization mechanism in internally mixing twin-fluid Y-jet atomizer is proposed. Finally, it is

confirmed that internally mixing twin-fluid Y-jet atomizer is not suitable to be used with heavy fuel oil.

7.2 Future Work

Following are my recommendations based on the results and findings for the future work:

Pressure ratio is considered to be an important parameter to determine the internal flow characteristics
of twin-fluid Y-jet atomizer. Both experimental and numerical studies are needed to see the effect of

pressure ratio on external flow characteristics and on subsequent atomization.

Twin-fluid Y-jet atomizer operating at chocked conditions at the exit of the gas port is reported to
produce the smallest SMD (Sauter Mean Diameter). In case of thermal power plants, chocked conditions
need to be avoided because large amount of steam/gas is supplied at high velocities to the combustion
chamber. However, in applications such as powder drying and spray painting it can be very important
operational parameter. There is a need of detailed study of the atomizer operating under chocked

condition to enhance its performance for aforementioned applications.

The phenomenon of Prompt Atomization, which is intrinsic to twin fluid atomizers, and its effect is
prominent particularly at high gas-t-liquid mass flow rate ratios, is poorly understood. Both numerical

and experimental studies are needed to understand the Prompt Atomization

Other alternative numerical methods that allow the transition between an Eulerian and a Lagrangian
framework, such as Eulerian—Lagrangian Spray Atomization (ELSA) model, can be used to model the
multiphase flow through twin-fluid Y-jet atomizer. The numerical results could be compared with VOF-

to-DPM method and against experimental results in open literature.

The effect of variation of liquid-to-gas momentum ratio on liquid film thickness within in the mixing port
and the drop size distribution agrees well the studies available in open literature. However, the

formation of thin liquid sheets around the mixing point at extremely high liquid-to-gas momentum
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ratios and the resulting sharp decrease in the value of SMD as observed in this thesis is not reported
before. Therefore both experimental and numerical studies are needed to determine 3-D distribution of

the SMD at extremely high liquid-to-gas momentum ratios.
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Appendix A: Results with the Mixture Model

Initially, a study was conducted by utilizing mixture multiphase model and SST k-w turbulence model to
determine the physics of the internal nozzle flow. The contours in the Figure A show the volume fraction

of the liquid (water) for the GLR ratios of 0.01, 0.06, 0.1, 0.2 and 0.3 for the nozzle ‘D.

Volume Fraction of Water
0.0 0.3 0.6 1.0

G

LR=0.01

GLR=0.06

Figure A Contours of volume fraction of water.
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Appendix B: Speed of Sound in Gas-Liquid

Mixture

Consider a unit infinitesimal mixture of disperse phase (liquid) and continuous phase (gas). The initial
densities are denoted by p; and pgand initial pressure in continuous phase by F;. Surface tension, g, can
be included by denoting the radius of the dispersed phase particle by R. Then the initial pressure in the
dispersed phase is P, = P, + 20 /R.

Now consider an infinitesimal change in pressure P; to P, + 6P;. Any dynamics associated with the
resulting fluid motion is ignored. It is assumed that new equilibrium state is achieved. In the absence of
any mass exchange between the phases, the new dispersed and continuous phase volumes are

respectively

d
(plal)/[pl + a_/;i 5Pz] (B.1)
dpg
(pgag)/ pg + 3P 6F, (B.2)
9ls

Adding these together and subtracting from unity, one obtains change in the total volume, 8V, and

hence sonic velocity ¢ as

1__

¢z~ Pop, 57,0 (8.3)
1 _ a; apl 6Pl Ay 6,Dg

5 3R 5B,y 5

If we assume that no dispersed phase particles are created or destroyed, then the ratio §P;/5F;could be

determined by evaluating the new dispersed particle size R + §R commensurate with the new disperse

. . 20
phase volume and using the relation 6P, = §F; — R—ZSR:

8Pl 20 apl|

—=[1/{1- —

5P, [ / < 3p,R 3P, (B.5)

Substituting this into the equation B.4 and using, the notations
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1  dp 1 dpg
- . =

T R AT | (B.6)
the result could be expressed as

1 a4 a/pict

pc?  pgcs  [1—20/3p;cER] (B.7)

For the sake of simplification and in most of practical circumstances the surface tension effect can be

neglected since 0 K plclzR, then Eq. B.7 could be expressed as

1 ag a;

2 2 2
pc PgCg  Pi1C

(B.8)

pc?is the effective bulk modulus of the mixture where the effective density p = agpg + aipy is
governed by the density of the liquid and the inverse of effective bulk modulus is equal to an average of
the inverse bulk moduli of the components (1/pgc§ and 1/plclz) weighted according to their volume

fractions.
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Appendix C: Governing Equations

The form of the equations used in this section follows the form of equations used in ANSY Fluent theory
guide.

VOF

The compressible Navier-Stokes equations are employed using the finite volume approximation; the
Volume of Fluid (VOF) technique with Geometric Reconstruction Scheme is employed in ANSYS Fluent to
model the gas-liquid interface. The interface is tracked with the following volume fraction equation
(continuity equation). Here a, is volume fraction in the cell, p, is the density and Vq)is the velocity
vector of qt" phase.

d —
E(“qpq) +V. (“qpqvq) =0 (€.1)

The volume fraction equation is not solved for the primary phase. The primary phase volume fraction is
computed based on following constraint:

Z a, =1 (C.2)
q=1

A single set of momentum equation is shared among the phases based on mixture properties.
d — ——> — —)T - —
E(pV) +V.(pVV) = =VP + V. [u(VV +VVT)]| +pg + T, (C3)

Where density is defined as: p = Y agpq, viscosity as: u = Y piqa,, and velocity as: V= %Zgzl aqpql—/;l

i, is the volumetric force source term arising due to the surface tension. It is modelled by continuum
surface force model proposed by Brackbill et al. (Brackbill, et al., 1992). This model treats the surface
tension as the pressure jump across the interface. The forces at the surface are expressed as volume
forces using divergence theorem.

T Z " apppkgVay + agpakyVay,
o= p.q

) 1 (C.4)
pairs,p,q 3 (pp + pq)
The curvature of one surface is negative of other, k, = —k, and divergence of the volume fraction is
negative of other Va,, = —Va,. This simplifies the equation to:
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pkyVay,
Toe =0pq1 (C.5)
2 (pp + Pq)

where p is the volume average density. It is computed as follows:
p= Z gPa (C.6)

The total energy of the flow is modelled by following equation.
d = - =
T (PE) +V.(V(oE + P)) = V. (Ko VT +7 V) (c.7)

Here K, is effective thermal conductivity, T is the viscous stress tensor; the energy E and temperature
T are mass averaged variables.

_ Yq=1%PqEq

E
n
q=1%qPq

(C.8)

E, is the internal energy of each phase; both phases share the same temperature.

Mixture Model

The mixture model solves the continuity equation, momentum equation and energy equation for the
mixture, and the volume fraction equation for the secondary phase, as well as algebraic expression for

relative velocities.

The continuity equation for the mixture is

d —
E(pmix) +V. (pmimeix) =0 (C.9)

Where I7mix is the mass-averaged velocity:

- n_ iV
Vinix ZZk_l kPi "k (C.10)

Pmix
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and p,i, is the mixture density:

n

Pmix = Z Ok Pk (C.11)

k=1
ay is the volume fraction of the phase k.

The momentum equation for the mixture is obtained by summing the individual momentum equation
equations for all phases. It is expressed as:

d 7 17 17 17 -l -
E (pmime) +V. (pmimeimeix) =—-VP+V. [.umix (VVmix + VVr:u'x)] + Pmix9

n o (C.12)
+V. (Z AP Var k Vdr,k)

k=1

Where n is the number of phases, p,,;, is the viscosity of the mixture:

n

Hmix = Z QgL (C.13)

k=1
I_/)dr,k is the drift velocity for the secondary phase k:
V)dr,k = Vk - V)m (C.14)

The energy equation for the mixture is expressed as follows:

z (Ve CorEic + P)) = V. (key,T) (C.15)

n
d
7t Z (axprEy) + V.
k=1 k=1

where the energy E}, is defined as:

where hy is the sensible enthalpy of the phase k.

The relative velocity, defined as the velocity of secondary phase (p) relative to primary phase (q), is
computed with the following equation:

. — Prmix)dp° Va, V
18.uqfdrag Ot
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Where o; is the Prandtl number set to 0.75, 1, is the turbulence diffusivity and d is the acceleration of
the form:

d=g— V. V)V — a"t”" (C.18)
farag is the drag function. It is computed with Schiller and Naumann model:

1+ 0.15Re®7%87 Re < 1000

= C.19
Jarag {0.0183Re Re > 1000 (C.19)
The volume fraction of the secondary phase p is computed from following continuity equation of the
phase p:

&(appp) + V. (apppVn) = =Y. (tpppVar,p) (C.20)

Discrete Phase Model (DPM)

The trajectory of the discrete phase is predicted by integrating the force balance on the particle. The
force balance equation, which is written in a Lagrangian reference frame, equates the particle inertia

with the force acting on the particle. It can be written as:

d‘—ipr 2 1 ﬁ(pg—p)
=Fp V-V, +
dt D( pr) Ppr (C.21)
= 3 g(Ppr—P) . . .
Where Fp (V - Vpr) + B is the drag force per unit particle mass and
pr

F. = 18u CpRe;r

b= ppraz, 24 (C.22)

Here, V is the fluid phase velocity, l—/;,r is the particle velocity, u is the molecular viscosity of the fluid, p,,,
is the density and d,,, is the diameter of the particle. Re, is the relative Reynolds number, it is defined
as:

_ pdp|Vpr—V]|

Re
T I

(C.23)
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Cp is the drag coefficient; according to Morsi and Alexander model (Morsi & Alexander, 1972), it is

defined as:

_ az as
CD = aq +E +—= (C24)

Re?

Where a4, a, and a5 are defined as:

0,24,0 0 < Re<0.1
3.690,22.73,0.0903 01<Re<1
1.222,29.1667, —3.8889 1< Re <10
_ ] 0.6167,46.50,—116.67 10 < Re < 100

41,42,43 =4 (.3644,98.33, —2778 100 < Re < 1000 (C.25)
0.357,148.62, —47500 1000 < Re < 5000
0.46, —490.546, 578700 5000 < Re < 10000
L0.5191, —1662.5, 5416700 Re > 10000

The heat balance to relate particle temperature to convective heat transfer at the droplet/particle

surface is modeled by following equation:

ATy
My Cpr - = hAtyr (T — Tyr) (C.26)

where m,,, is the mass of the particle, c,, is the heat capacity of the particle, A, is the surface area of
the particle, T, is the local temperature of the continuous phase and h is the convective heat transfer
coefficient. The convective heat transfer coefficient is evaluated using the correlation of Ranz and

Masrshall (Ranz & Marshall, 1952 a) and (Ranz & Marshall, 1952 b) as:

hdy 1/2
k_p =20+ O.6R€r PT1/3 (C27)

o0

Here k, is the thermal conductivity and Pr (cp,u/koo) is the Prandtl number of the continuous phase.

Wall Modeled Large Eddy Simulations
(WMLES)

Gaussian filter is applied to filter out eddies based on length scale A (Shur, et al., 2008).
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B(x,t) = f P(x’, )G (x, x', A)dx’ (C.28)
D

where G is the filter function that determines the scale of resolved eddies.

A= min(max(Cy,. dsy; Cy- Rmaxr Pwn); Pmax) (C.29)

Rax= Mmaximum edge length, h,,,,= grid step in wall-normal direction, C,,=0.15, d,,= distance from wall.

After putting the filtered out variables in Navier-Stokes equation and rearranging the terms, it could be

expressed as:

ot oy, | ox ox; (C.30)

This equation could be resolved except subgrid-scale stress tensor ‘L'ls] It can be expressed by the

Boussinesq hypothesis (Hinze, 1975) as:

1
i — 3 Tk Oij = 24 Sij (C.31)

Where u; is the subgrid-scale turbulent viscosity. The isotropic part of the subgrid-scale stresses 7y is
not modeled, but added to the filtered static pressure term. §l-j is the rate of strain tensor for the

resolved scale defined by

__1(om; 0m;
Sij =35 %, T ox, (C.32)

The subgrid scale eddy viscosity is modeled with Smagorinsky SGS model (Smagorinsky, 1963) with van

Driest damping (Van Driest, 1956) and Prandtl mixing length model as:

ve = min [(kds,)?, (Comagh)” | [1 = expl-(y*/25)1]Is - (€.33)

Csmag = 0.2 is the Smagorinsky constant, as established by Shur et al [48], (= is the vorticity, S is the

magnitude of the strain tensor, k =0.41 is the Von Karman Constant. Near the wall the minimum
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function selects the Prandtl mixing length model whereas away from the wall it switches over to the

Smagorinsky model.

Kw Model

The turbulence kinetic energy K, and the specific dissipation rate w, are obtained from the following

transport equations:

ot ox;  0x;

d(pK Jd(pKuy; d 0K
J

E) G i (C.34)

and

d(pw) N d(pwu;) 0 (F 6w> G —Y,

at dx;  ox\ “©ox (C35)

In these equations, the term Gy, represents the generation of turbulence kinetic energy due to mean
velocity gradients. G, represents the generation of w. I'y and I, are the effective diffusivity of K and w

respectively. Yy and Y, represents the dissipation of K and w due to turbulence.

The effective diffusivities of the Kw model are defined as follows:

He
Kt (C.37)
Tp=H+——
w=MHt+ Pr,

Where Pry and Pr,, are turbulent Prandtl numbers for K and w respectively. The turbulence viscosity p;

is computed as:

_PK
He = o (C.38)
The production of turbulence kinetic energy (Gy) is modeled with the following equation.
pK
o= (25)s
K > (C.39)
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Where S is the modulus of the mean rate of strain tensor, it is defined as follows:

The production of w is given by

G, = pS?

The dissipation of K is given by

Yie = pB" fy-Ke

Where
1 Xg <0
. =41+ 680X2
fpr =LA OB0Kk S
1+ 400X}
1 0K dw
Xy = ———
w3 0x; 0x;

B =1[1+15F(M,)]

F(M,) is the compressibility function, it is defined as

F(Mt)={02 2 Me=?
M{ — (0.25) M; > 0.25
where

M? = i_lz(

And
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