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ABSTRACT

INVESTIGATION OF THE EFFECT OF GEOMETRICAL PARAMETERS
OF PRESSURE SWIRL ATOMIZER ON THE HOLLOW CONE SPRAY

Tokgoz, Tolga
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Abdullah Ulas

September 2019, 136 pages

In this study, effects of geometrical parameters of pressure swirl atomizer on the
hollow cone spray are investigated experimentally, and physical phenomenon inside
the pressure swirl atomizer is investigated numerically. In the experimental studies,
hollow cone spray properties are examined macroscopically and microscopically.
Macroscopic spray properties are studied by a visual technique called high-speed
shadowgraphy. The hollow cone spray images are captured for different geometrical
configurations of the pressure swirl atomizer at different flow rates. Then, the mean
spray cone angles are obtained using the image processing program and breakup
lengths are measured using obtained images. Microscopic properties of spray are
researched by Phase Doppler Particle Analyzer system. Microscopic properties of
spray such as droplet diameters and velocity distributions are obtained for different
geometrical configurations of the pressure swirl atomizer and different flow rates.
Within the scope of numerical studies, two-dimensional axisymmetric swirl flow
simulations are carried out to examine the internal flow and spray of the pressure swirl
atomizer. In these simulations, a computational fluid dynamics tool based on volume
of fluid is used. In consequence of experimental studies, it is obtained that spray cone
angle is not much sensitive to the mass flow rate, nozzle length, and tangential port

number. However, nozzle diameter has a remarkable impact on the spray cone angle.



Increase in nozzle diameter leads to an increase in the spray cone angle. Decreasing
nozzle diameter and increasing mass flow rate result in a shortening of the breakup
length. On the other hand, nozzle length and tangential port number have minor effect
on the breakup length. Microscopically, x-velocity and y-velocity of the droplets are
dependent on the mass flow rate and nozzle diameter, and magnitudes of velocities
increase with increasing mass flow rate and decreasing nozzle diameter. On the
contrary, nozzle length and tangential port number has a negligible effect on the
magnitudes of velocities. Sauter mean diameter of the hollow cone spray increases
with increasing nozzle diameter and decreasing mass flow rate, but nozzle length has
no significant effect on it. However, increasing tangential port number increases the
uniformity of the particle and Sauter mean diameter distribution. As a result of
numerical studies, complex two-phase flow and velocity distributions in the pressure
swirl atomizer are studied. Numerical results show that spray cone angle and air core
diameter remain nearly the same with increasing mass flow rate. On the contrary,

increasing mass flow rate causes an increase in axial and swirl velocities.

Keywords: Pressure Swirl Atomizer, Phase Doppler Particle Analyzer, Spray Cone
Angle, Breakup Length, Hollow Cone Spray, High Speed Shadowgraphy Technique,
Sauter Mean Diameter, Air Core Diameter, Computational Fluid Dynamics.
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0z

BASINCLI GIRDAP TiPi PUSKURTECIN GEOMETRIK
PARAMETRELERININ SPREY UZERINDEKI ETKiSININ ARASTIRILMASI

Tokgoz, Tolga
Yiiksek Lisans, Makina Miihendisligi
Tez Danismant: Prof. Dr. Abdullah Ulas

Eyliil 2019, 136 sayfa

Bu calismada, basingli girdap tipi pliskiirtecin geometrik parametrelerinin sprey
tizerindeki etkisi deneysel olarak arastirilmistir ve basingli girdap tipi piiskiirtecin i¢
akisindaki fiziksel olgular sayisal yontemlerle incelenmistir. Deneysel calismalarda
spreyin makroskobik ve mikroskobik oOzellikleri incelenmistir. Makroskobik
ozellikler, Yiiksek Hizli Golge Goriintilleme Teknigi kullanilarak gorsellestirilmistir.
Farkli geometrik 6zelliklere sahip basingli girdap tipi piiskiirtecler icin li¢ farklh
kiitlesel debi degerinde sprey goriintiileri alinmistir. Daha sonra, goriintii isleme aract
kullanilarak ortalama sprey koni agilar1 elde edilmistir ve elde edilen goriintiiler
tizerinden dagilma uzunlugu Olgiilmistiir. Spreyin mikroskobik o6zellikleri Faz
Doppler Pargacik Analizcisi ile aragtirtlmigtir. Farkli geometrik ozelliklere sahip
basingli girdap tipi piiskiirtecler igin spreyin parcacik ¢ap ve hiz dagilimlar ti¢ farkl
kiitlesel debi degerinde elde edilmistir. Sayisal calismalar kapsaminda, basingl girdap
tipi piiskiirtecin i¢ akigini ve spreyini incelemek amaciyla iki boyutlu eksenel simetrik
girdap akis1 benzetimleri gergeklestirilmistir. Bu benzetimlerde, sonlu hacim yontemi
tabanli bir hesaplamali akiskanlar dinamigi aract kullanilmistir. Deneysel ¢aligmalar
sonucunda, sprey koni acgisinin kiitlesel debiye, nozul uzunluguna ve tegetsel giris
sayisina ¢ok fazla duyarli olmadigi, fakat nozul ¢capinin sprey koni agisi lizerinde bir

etkisi oldugu elde edilmistir. Artan nozul ¢apinin sprey koni acisinda bir artiga sebep
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oldugu goriilmiistiir. Dagilma uzunlugunun, artan kiitlesel debi ve azalan nozul ¢ap1
ile kisaldig1r gozlenmistir. Diger taraftan, nozul uzunlugu ve tegetsel giris sayisinin
dagilma uzunluguna o6nemli bir etkisinin olmadigi elde edilmistir. Mikroskobik
olarak, pargaciklarin x-hiz1 ve y-hizinin kiitlesel debi ve nozul ¢apina bagli oldugu ve
hizlarin biyiikliigiiniin  artan kiitlesel debi ve azalan nozul ¢ap1 ile arttig
belirlenmistir. Aksine, nozul uzunlugunun ve tegetsel giris sayisinin hizlar tizerindeki
etkisinin ihmal edilebilir seviyelerde oldugu elde edilmistir. Spreyin Sauter ortalama
cap degerinin artan nozul ¢ap1 ve azalan kiitlesel debi degeriyle arttig1 fakat degisen
nozul uzunlugu ile énemli 6lgiide degismedigi gozlemlenmistir. Bununla birlikte,
tegetsel giris sayisindaki artisin ise parcacik ve Sauter ortalama ¢ap dagilimlarinin
homojenligini arttirdig1 belirlenmistir. Sayisal ¢aligmalarin sonucu olarak, basinglt
girdap tipi piiskiirtecin i¢cindeki karmasik iki fazli akis ve hiz dagilimlari incelenmistir.
Sayisal sonugclar, sprey koni acisinin ve hava ¢ekirdegi ¢apinin artan kiitlesel debi
degerlerinde neredeyse ayni kaldigini gostermistir. Eksenel ve doniisel hizlarin ise

kiitlesel debi degerlerine bagli oldugu ve artan debi degerleriyle arttig1 belirlenmistir.

Anahtar Kelimeler: Basingli Girdap Tipi Piskiirte¢, Sprey Koni Agisi, Dagilma
Uzunlugu, I¢ci Bos Koni Sprey, Yiiksek Hizli Golge Goriintiilleme Teknigi, Sauter
Ortalama Cap1, Faz Doppler Parcacik Analizcisi, Hava Cekirdegi Capi, Hesaplamali
Akigkanlar Dinamigi.
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CHAPTER 1
INTRODUCTION

In this chapter, principal information related to the liquid propellant rocket engines,
devices used for liquid atomization, and pressure swirl atomizers is given. Firstly,
background to the research is presented. Afterwards, research problem is defined.
Then, literature survey about this work is presented, and content of the thesis is

explained. Lastly, definitions are given.
1.1. Research Background

Liquid Rocket Engine (LRE) is a rocket engine that generates thrust using liquid
propellants. The LREs are used commonly in rockets and launch systems. This kind
of engines have high performance, restart chance and thrust regulation capability [1].
A typical LRE consists of propellant feed system and thrust chamber assembly [1]. A
general schematic which shows the main elements of an LRE together with the

fuel/oxidizer tanks is demonstrated in Figure 1.1.

OXIDIZER
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PUMP
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Figure 1.1. A Schematic of LRE



In LREs, fuel and oxidizer are stored separately in the fuel tank and oxidizer tank.
Stored propellants are transferred from the tanks into the thrust chamber assembly
using propellant feed system, and they burn in the thrust chamber assembly to generate
thrust based on the Newton’s third law as a result of chemical reaction. The thrust

equation [2] is given below:

w
F:EVe“l'Ae(Pe_Pa) (1.1)

where F indicates the thrust force of LRE, w indicates the weight flow rate, g indicates
the gravitational acceleration, Ve indicates the exhaust velocity, Ae indicates the exit
area of the engine’s gas exhaust, Paindicates the atmospheric pressure, and Pe indicates

the local pressure of the hot gas jet at the exit plane of the nozzle.

Thrust chamber assembly mainly consists of a number of injectors, combustion
chamber, and nozzle. The injectors atomize fuel and oxidizer into small droplets and
spray into the combustion chamber. Atomized fuel and oxidizer mix and burn in the
combustion chamber to generate a high velocity and high-pressure stream of hot gases.
The resulting hot gases pass through the converging-diverging nozzle and nozzle
converts the enthalpy of the hot gases into kinetic energy and generates thrust. In
Figure 1.2, the basic components of thrust chamber assembly are depicted.

INJECTOR  comBUSTION

CHAMBER
NOZZLE

Figure 1.2. Thrust Chamber Assembly



The injector is the one of the most important part of the thrust chamber assembly
which mixes and atomizes the fuel and oxidizer, and starts the combustion. An
efficient and stable combustion is possible with a successful injector performance;
therefore, the thrust chamber assembly performance directly depends on the injector.
The main purpose of the injector is to produce high combustion performance and
provide stable operation conditions without endangering the thrust chamber assembly

endurance [3].

Atomization process has an importance in many industrial applications. Bulk liquid is
separated into small droplets via atomizer. Atomizers are categorized as pressure
atomizer, rotary atomizer, and twin fluid atomizer [4].

Pressure atomizers convert the pressure energy into kinetic energy and generate spray.

Types of pressure atomizers are given in Figure 1.3.

Plain-orifice type pressure atomizers include a circular orifice for atomization. In
plain-orifice atomizers, decreasing orifice diameter increases the atomization quality.
Plain-orifice atomizers are simple, cheap, and durable, however, they have solid spray
cone and narrow spray cone angle (SCA) [4]. These atomizers are generally used in

combustion applications of diesel engines, ramjets, and rocket engines.

Pressure swirl atomizers (PSASs) have swirl chamber which is fed with tangential ports
in addition to the circular orifice. In PSAs, liquid passes into the swirl chamber via the
tangential ports and discharge the circular orifice as a conical sheet. PSAs have simple
design, wide SCA, good atomization performance, and stable combustion
characteristics, therefore they are widely used in gas turbines, rocket engines and
many other applications [4]. A disadvantage of PSAs is that they have poor

atomization performance for low inlet pressures.



Duplex atomizers have two inlet slots as small and large to feed the swirl chamber. At
low flow rates, fluid passes into the swirl chamber through the small slot. When the
flow rate increases, fluid passes through the large slot and enters the swirl chamber.
In this way, duplex atomizers allow good atomization at high flow rates without
requiring high delivery pressures. However, poor atomization quality is observed near
the point where secondary liquid is first admitted into the swirl chamber, and SCA
changes with changing flow rate [4]. Duplex atomizers are generally used in gas

turbines and in some other engineering applications [5].

In addition to two slides as in duplex atomizer, dual orifice atomizers have two coaxial
swirl chambers. At low flow rates, fluid flows through the inner section. At high flow
rates, fluid continues to pass through the primary section, but most of the fluid passes
through the secondary section [4]. The dual orifice atomizers have a wide working
pressure range than PSAs, but atomization quality decreases when the distribution
valve is opening [5], [6]. These type atomizers are commonly used in industrial and

aircraft engines [4].

Fan spray atomizers have an orifice which has V groove at the end of cylindrical port.
Fan spray atomizers have good atomization performance; however, they need high
supply pressure values. These atomizers are generally used in the coating industry,

small annular gas turbine combustors, and painting applications [4].

Spill return atomizers are similar to simplex atomizers; the only difference is that spill
return atomizers have a return flow line and a valve to control the liquid flow from the
swirl chamber to liquid source [4]. Spill return atomizers have better atomization
quality than PSAs for low flow rates. However, metering of flow rate is so complicated
in these type atomizers and SCA changes with varying flow rate which has a negative
effect combustion efficiency [7]. Because of these drawbacks, the use of spill return

atomizers in aircraft engines has declined [6].
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Figure 1.3. Pressure Atomizers [4]

Rotary atomizers atomize the liquid by a high-speed rotating disk. The liquid flows
through the rotary disk and leaves from its outer edge at high velocity [4]. Nearly
uniform atomization is possible by rotary atomizers and atomization quality is
independent from flow rate. However, a 360° spray pattern is generated by rotary
atomizers. These atomizers are widely used in spray drying and crop spraying

applications. A schematic of rotary atomizer is given in Figure 1.4.
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Figure 1.4. Rotary Atomizers [4]



Air assist atomizers mix the liquid with air or steam at high velocity (usually sonic).
In internal mixing air assist atomizers, mixing of liquid and gas occurs inside the
atomizer. On the contrary, liquid and gas mix at the outside of the atomizer in external
mixing air assist atomizers. These types of atomizers are a good choice to atomize the
high viscosity liquids, and used in industrial furnaces and industrial gas turbines [4].

Schematics of air assist atomizers are given in Figure 1.5.

Internal-mixing External -mixing
Air assist Air assist

Liquid —p Liquid _pﬁ
Air —p Air —p_d

Figure 1.5. Air Assist Atomizers [4]

Air blast atomizers are very similar to air assist atomizers, the main difference is the
amount of air or steam used. Air blast atomizers use air or steam at a greater amount
and lower speed (<100 m/s) than air assist atomizers. Air blast atomizers are generally
used in continuous flow combustion systems. There are two types of air blast
atomizers as plain jet and prefilming. In plain jet air blast atomizers, liquid is injected
into the air as one or more discrete jets. In prefilming air blast atomizers, liquid which
is formed into a thin conical sheet is subjected to the high velocity air stream [4]. Air

blast atomizer types are shown in Figure 1.6.
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Figure 1.6. Air Blast Atomizers [4]



Although the PSAs are simple and inexpensive, they have good atomization
characteristics. Furthermore, these types of atomizers are one of the most reliable
types of atomizer, and they contribute a stable combustion and provide high thrust.
PSAs consist of four main parts as tangential port, swirl chamber, nozzle, and
convergence section. The main parts of the PSAs are indicated in Figure 1.7.

Tangential Port Convergence
| /Section

Wwir
Chamber

Figure 1.7. Main Parts of PSA

In a PSA, liquid passes through a number of tangential ports, then enters the swirl
chamber, and begins a swirling motion. Due to the high swirl velocity, the pressure
through the centerline of the atomizer drops below the ambient pressure, and air begins
to flow into the atomizer from the ambient and an air core forms around the axis of
the PSA. Then, the liquid takes the shape of a thin film and exits from the nozzle as a
hollow conical sheet. The rotating thin film disintegrates into small droplets at
atomizer exit and atomization occurs [5]. A schematic view of the PSA is given in

Figure 1.8.

Tangential Port

Figure 1.8. Schematic View of PSA



According to Lefebvre [4], the evolution of spray consists of five steps defined below:

I.  Liquid drips from the nozzle.
Il.  Liquid flows as a “thin distorted pencil”.
[1I.  Acone shapes at the exit of the nozzle, but is shrinked by surface tension forces

into a closed bubble as an “onion shape”.

IV.  The bubble opens into a hollow “tulip shape” terminating in an irregular edge,

where the liquid breaks into big droplets.
V.  The curved surface takes shape a conical sheet. The thickness of the expanding

sheet decreases, and sheet becomes unstable and breaks into small droplets and

then “a fully developed hollow cone spray” occurs.

The spray development of PSA is demonstrated in Figure 1.9 as the schematic

representation of Lefebvre [4].
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Figure 1.9. Spray Development of PSA with Increasing Injection Pressure [4]



The PSAs are categorized into two types as closed-end and open-end. Closed-end
PSAs have a convergence section between the nozzle and swirl chamber. On the
contrary, there is no convergence section in the open-end PSAs, and swirl chamber
and nozzle diameters are identical. Schematic views of closed-end and open-end PSAs
are given in Figure 1.10.

a) Closed-End Pressure Swirl Atomizer b) Open-End Pressure Swirl Atomizer

Figure 1.10. a) Closed-End PSA, b) Open-End PSA

The flow mechanisms of closed-end and open-end PSA is different as there is no
convergence section in open-end one. First difference is that axial velocity in the swirl
chamber is greater in open-end PSA than closed-end one. Secondly, the liquid
fluctuation process of open-end PSA contains no reflected wave [8]. Open-end PSAs
have no evident advantage, atomization performance of them is worse than closed-
end PSAs, but they are still in use due to their effective dynamic performances [8].
Open-end and closed-end PSAs are both generally used in Russian engines because of
their minor combustion instability problems [9]. In coaxial pressure swirl injectors,
open-end and closed-end PSAs are generally used together as shown in Figure 1.11.
Inner atomizer is selected as closed-end type to atomize the oxidizer and outer
atomizer is selected as open-end type to atomize the fuel.
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Figure 1.11. Coaxial Pressure Swirl Injector

1.2. Research Problem

Atomization and spray characteristics of a PSA highly depend on the geometrical
properties. PSAs have numerous geometrical parameters affecting the combustion
efficiency and stability. Among the several geometrical parameters of a PSA the
leading eight geometrical parameters are swirl chamber length (Ls), swirl chamber
diameter (Ds), nozzle diameter (Do), nozzle length (Lo), tangential port diameter (Dyp),
tangential port length (L), tangential port number (Ng), convergence section length

(L¢), and convergence angle (). The mentioned geometrical parameters are shown in

Figure 1.12.
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Figure 1.12. Geometrical Parameters of PSA
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In order to gain knowledge about the atomization characteristic, it is necessary to study

the effect of geometrical parameters on the hollow cone spray for PSA.

The effects of geometrical parameters on the microscopic properties of PSA have been
studied by few researchers. Therefore, the main purpose of this thesis is the
investigation of the geometrical parameters of PSA on the macroscopic and
microscopic properties spray. The inner oxidizer atomizer of the bi-propellant injector
of the RD-0110 rocket engine is selected as the baseline PSA for this thesis. At the
beginning of the study, the macroscopic and microscopic properties of the hollow cone
spray for the selected geometrical configurations of the PSA are studied
experimentally with High Speed Shadowgraphy and Phase Doppler Particle Analyzer,
respectively. Then, numerical simulations are carried out with baseline PSA to

examine the internal flow phenomenon of the atomizer.
1.3. Literature Survey
1.3.1. Introduction

In this section, the literature is reviewed for the former works related to the PSA and

its geometrical parameters effects on the hollow cone spray.

1.3.2. Research on Effect of Geometrical Parameters on Pressure Swirl Atomizer

Performance

Internal and external characteristics of the PSAs are affected from the geometrical
parameters. Therefore, the researchers are focused on geometrical parameters of PSAs

to optimize the atomizer geometry.

Muhammad Rashad et. al. [10] studied the effects of geometrical parameters on the
spray characteristics of PSA experimentally. They conducted a study to examine the
effect of swirl chamber diameter to nozzle diameter ratio (Ds/Do), length to diameter
ratio of nozzle (Lo/Do) and length to diameter ratio of swirl chamber (Ls/Ds) on the
Sauter Mean Diameter (SMD) and SCA. They used a high-speed camera to measure
the SCA and Malvern instruments to measure the SMD. They used water as test liquid
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at injection pressure values of 0.8 MPa and 1.2 MPa and changed the Ds/D, from 3 to
7.5, Lo/Do from 0.81 to 2.69 and Ls/Ds from 1.25 to 5.
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Figure 1.13. Geometrical Parameters Effects on SCA and SMD [10]

They obtained the following results which are given graphically in Figure 1.13:

An increase in Ds/D, leads to a decrease in SCA at both injection pressures.
However, an increase in Ds/Do from 3 to 3.75 causes a decrease in SMD and
after that SMD continuously increases up to 7.5.

An increase in Lo/Do from 0.81 to 2.69 leads to an increase in SMD for both
injection pressures. However, an optimum value of this ratio was found as 1.44
during the measurement of SCA. SCA increases with an increase in Lo/Do up
to optimal value and decreases after optimal value.

A change in Ls/Ds between 1.25 and 3.75 does not considerably affect the SCA
and SMD. However, an increase in this ratio from 3.75 to 5.0 causes a decrease
in SCA and an increase in SMD.

An increase in injection pressure results in a decrease in SMD and an

improvement in the atomization quality.
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Juan Liu et. al. [11] researched the geometrical parameters effect on the SCA and
SMD experimentally and numerically. They studied the effects of three geometrical
parameters such as Ds/Do, Lo/Do and divergent angle at the nozzle exit, ©. They
changed the Ds/Do from 1.7 to 3.4, Lo/Do from 1 to 9 and divergent angle © from 0°
to 20° to study their effects on the hollow cone spray. They took photos with a camera
(Canon Eos 40D) to measure the SCA, and used Malvern instruments to measure the
SMD experimentally. They also performed numerical investigations with volume of
fluid method. Both experimental and numerical investigations indicate that SCA
decreases with increasing Ds/Do, Lo/Do and divergent angle ©. On the contrary,
increase in these parameters causes a decrease in SMD.

A. T. Sakman et. al. [12] made a numerical study to examine the nozzle geometry
effects of the PSA on its performance. They examined the changes in liquid film
thickness, SCA, and coefficient of discharge with the geometrical ratios of Ls/Ds,
Lo/Do and Ds/Do using a computational model based on the arbitrary-Lagrangian-
Eulerian method. This computational model was validated with experimental results.
They investigated the effects of geometrical ratios using validated computational
model with a constant mass flow rate through the nozzle and obtained the following
results which are given graphically in Figure 1.14:

e DDy is the most effective parameter on the PSA performance.

e Increasing Ds/D, results in a decrease in the discharge coefficient, SCA, liquid
film thickness, but leads to an increase in the pressure drop in the nozzle.

e Anincrease in Ls/Ds, at its lower values, leads to an increase in the coefficient
of discharge and liquid film thickness, while causes a slight reduction in SCA.
At higher values of Ls/Ds, performance parameters become nearly constant.

e An increase in Lo/Do, at its lower values, leads to a decrease in discharge
coefficient, liquid film thickness, and SCA. At higher values of Lo/Do,
performance parameters become independent from the Lo/Do.

e Total effect of the variation of Lo/D, is more than that of Ls/Ds.
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Figure 1.14. Effects of geometrical parameters of PSA on its performance [12]

J. Xue et. al. [13] performed a numerical study to investigate the effect of geometrical
parameters on the flow in PSA. The effects of the atomizer constant (K=Ap/(Ds.Do)),
Ls/Ds, Ds/Do, and Lo/Do on the dimensionless liquid film thickness at the exit of the
orifice (t"=t/(Do/2)), discharge coefficient, and half SCA are investigated with
Arbitrary-Lagrangian-Eulerian method and they obtained the following results:

e Both discharge coefficient and dimensionless liquid film thickness at the
orifice exit increase, and SCA decreases with increasing atomizer constant and
Ls/Ds.

e Anincrease in Lo/Do from 0.2 to 0.75 causes a decrease int” and t” reaches the

minimum value for Lo/Do=0.75. After this point, t” increases barely.
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e Both discharge coefficient and SCA decrease with increasing Lo/Do.
e Dimensionless liquid film thickness at the orifice exit decreases up to value of

Ds/Do=4.5, then increases.

o Coefficient of discharge decreases with increasing Ds/Do and becomes nearly

constant at larger values of Ds/Do.

e SCA leads to decrease with increasing Ds/Do.

The obtained results are depicted graphically in Figure 1.15.
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Figure 1.15. Effects of the atomizer constant, Ds/D,, Ls/Ds, and Lo/D, on the dimensionless liquid
film thickness at the orifice exit, discharge coefficient, and half SCA [13]
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S. K. Chen et. al. [14] investigated the effects of injection pressure, Lo/Do, number of
tangential ports (Nyp) and liquid viscosity on the SCA experimentally. Injection
pressure was changed from 0.34 to 1.72 MPa, Lo/D, was changed from 0.5 to 4, Ny
was changed from 1 to 3 (with constant total flow area) and finally liquid viscosity
was changed from 0.001 to 0.012 kg/ms. In their study, a radial patternator is used to

measure the SCA. After the study, they summarized the results below:

e A continuous increase in SCA is obtained with increasing injection pressure
(Figure 1.16).

e Increase in Lo/D, causes a decrease in SCA (Figure 1.16).

e Tangential port number has a small impact on SCA (Figure 1.16).

e Increase in liquid viscosity causes a decrease in SCA (Figure 1.16).
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Figure 1.16. Effect of injection pressure, Lo/Do, Ny and liquid viscosity on SCA [14]
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S.K. Som and S.G. Mukherjee [15] carried out theoretical and experimental studies to
investigate the relationship between the geometric parameters and spray
characteristics of PSA. They examine the effects of Reynolds number at the inlet (Re;),
Do/Ds, Ls/Ds, and convergence angle, o on the discharge coefficient and SCA. They
determined the discharge coefficient by measuring the flow rate of the nozzle and they

measured the SCA using an angular scale. They concluded that:

e Discharge coefficient decreases with increasing Rej. Decrease of discharge
coefficient decreases more at lower Re;j values than the higher values.

e Discharge coefficient, at any constant Re;, decreases with increasing Do/Ds.

e Discharge coefficient, at any constant Re;, increases with increasing Ls/Ds and
decreasing convergence angle o.

e SCA slightly increases at a certain range of Re;j and then becomes independent
from Rei.

e Wider SCA is obtained with increasing Do/Ds, a, and decreasing Ls/Ds.

A. Datta and S.K. Som [16] have made a numerical prediction of discharge coefficient,
SCA, and air core diameter of PSA. They studied the flow rate, Do, convergence angle

(o), Lo and tangential port area and observed the following results:

e Increasing flow rate in nozzle, at its lower values, cause an increase in the SCA
and air core diameter, but a decrease in discharge coefficient. At higher flow
rates, these parameters become constant and independent from the flow rate.

e Increasing Do results in an increase in air core diameter and SCA, but decrease
in discharge coefficient.

e Increasing convergence angle leads to an increase in air core diameter and
SCA, but decrease in discharge coefficient.

e Increasing tangential port area results in a decrease in SCA and air core
diameter, but increase in discharge coefficient.

e There is no relationship between the L, and these parameters.

17



Mohd Syazwan Firdaus Mat Rashid et. al. [17] researched the effect of tangential port
number on the discharge coefficient and SCA at different injection pressure values
varying from 2 to 8 bars. They changed the number of tangential ports from 2 to 5 and
measured the SCA and the discharge coefficient. The flow rate was measured by a
digital flow meter and a digital camera was used to capture images for SCA
measurement. They observed that greater number of tangential ports results in higher
discharge coefficient and wider SCA. Also, they obtained that higher injection
pressure values causes lower coefficient of discharge and higher SCA. The obtained

results are given in Figure 1.17.
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Figure 1.17. Effect of tangential port number and injection pressure on discharge coefficient and SCA
[17]

Mohammad Reza Modarres-Razavi et. al. [18] examined the effects of geometrical
parameters on coefficient of discharge and SCA numerically. They used volume of
fluid method and investigated the effect of Lo/Do, Ls/Ds and convergence angle on the
performance of PSA. They changed Lo/D, from 0.25 to 2, Ls/Ds from 0.1 to 2 and

convergence angle from 30° to 90°. The numerical studies show that:

e A decrease in Lo/Do leads to an increase in coefficient of discharge and SCA.

e An increase in Ls/Ds leads to an increase in coefficient of discharge and a
decrease in SCA.

e An increase in convergence angle results in an increase in coefficient of

discharge and a decrease in SCA.
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e Optimal values of swirl chamber diameter, swirl chamber length, orifice
diameter, orifice length and convergence angle are calculated as 9 mm, 6.75

mm, 3 mm, 3 mm and 60°, respectively.

Lin Yu-Jing et. al. [19] performed an experimental study to examine the effects of Ds,
Do and inlet pressure on the break-up length and the SCA. Ds was altered from 8 mm
to 10 mm, D, was altered from 2 mm to 2.5 mm and inlet pressure was changed from
0.0075 MPato 0.5 MPa. They concluded that SCA increases with increasing injection
pressure, Ds and Do, and break-up length increases with increasing Do and decreasing

inlet pressure and Ds.

S. K. Chen et. al. [20] explored the effects of Lo/D, on the SCA, SMD and droplet size
distribution. They designed eight PSAs with Lo/Do ratios ranging from 0.5 to 4. They
used Malvern instrument to measure the mean drop sizes and a patternator to measure

SCA. From measurements of spray, they obtained the results below:

e SCA declines with increasing Lo/Do.

e The influence of Lo/Do at lower injection pressure values is more evident, but
loses its effect at higher injection pressures.

e Increasing Lo/Do results in an increase in the uniformity of the drop size
distribution in the spray.

e Increase in Lo/D, from 0.5 to 2 leads to more uniform circumferential liquid
distribution. On the contrary, an increasing from 2 to 4 has a negative effect

on circumferential liquid distribution uniformity.

Xiao Wei and Huang Yong [21] established a correlation to estimate the SMD of PSA.
The SMD correlations in the literature are given in Table 1.1. Most of these
correlations, however, do not consider the effect of geometry on the droplet diameter.
Unlike most correlations in the literature, they added the effects of three geometrical
parameters, including tangential inlet, swirl chamber and nozzle diameters in their

correlation given in Table 1.1.
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Table 1.1. SMD Correlations [21]

References

SMD Correlation

Radcliffe [22]

SMD = 7-30_0'6#2'2p50'2m2'25p[0'4

Jasuja [23]

SMD = 4.40'0'6[12'16,020'167712'22p;0'43

Ballester et. al. [24]

SMD = 0.436#2'5529[0'74D0_0'05AI_)0'24

Lefebvre and Wang [25]

SMD = 4.52(ou?/pap?)°2>(t cos a)®?5
+0.39(0p,/pap,)*?> (t cos a)

Couto et. al. [26]

1 02
h(z,azcosza>6

d; = 0.9615 cosa( vy
pApLUa

1+ 2.6/,LL<

1
hapiUs  \3
72p?a5cosda

Yong [21]

Xiao Wei and Huang

KyD, (1 +VX)]* [tl'”(Do - t)°'67] < o? )1/6

1-x 9.67 PLPa

SMD =C[
mp

Additionally, they designed eighteen different PSAs and used these atomizers in the
experiments to verify the improved semi-empirical model. Malvern instrument was
used to measure the SMD experimentally. They used two different fluids (purified
water and Jet A-1) to test the atomizer at different surface tensions and different
injection pressures to obtain the effects of operating conditions. Their experiments
showed that SMD increases with increasing tangential port area, increasing Lo/Do and
decreasing injection pressure as shown in Figure 1.18. After the experiments, they

verified the semi-empirical correlation with the experimental results and the

correlation uncertainty was calculated less than £20% as given in Figure 1.19.
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Figure 1.18. Effect of geometrical parameters on SMD [21]
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Figure 1.19. a) Comparison of measured SMD and predicted SMD for water
b) Comparison of measured SMD and predicted SMD for Jet A-1 [21]

1
100

about the effect of swirl chamber diameter and length on the dynamic characteristics

of PSA. The experimental studies show that:

Decreasing swirl chamber diameter and increasing swirl chamber length

increases the mass flow rate.

Increasing length and decreasing diameter of swirl chamber result in smaller

amplitude of mass flow rate pulsation.

More stable combustion conditions are obtained with increasing length and

decreasing diameter of swirl chamber.

The obtained results are demonstrated graphically in Figure 1.20.
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Figure 1.20. Effect of VVarying Parameters on dynamic properties of PSA [27]

Chia-Chien Chu et. al. [28] performed an experimental study to explore the various
parameters effects on PSA performance. Effects of D, and pressure on the SMD and
SCA were investigated. Malvern instrument was used to measure the SMD

experimentally. From the experiments, they obtained the following results:

e D, does not affect the droplet diameter directly for different tangential port
areas.

e SCA is directly proportional to DJ-®3 and increases with increasing Do.

e Pressure difference is the energy source of the system and one of the most
effective parameters for the performance of atomizer. Droplet diameter

reduces and SCA increases with increasing pressure drop.
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Biilent Siimer [29] performed an experimental and numerical study in order to
investigate the unsteady flows through the PSA. In the experimental investigations, he
visualized the water flow inside the PSA and hollow cone spray by High Speed
Shadowgraphy System. A powerful experimental method together with the image
processing tool is developed in order to investigate the air core inside the PSA and
macroscopic properties of hollow cone spray. Additionally, he used Phase Doppler
Particle Analyzer in order to study the microscopic properties of hollow cone spray.
Within the scope of the numerical studies, he performed 2D axisymmetric swirl and
3D flow simulations to investigate the two-phase flow through the PSA. At the end of
the study, he obtained following results:

e Mean air core diameter increases with increasing mass flow rate but the shape
of the air core diameter remains almost same for all mass flow rates.

e The measured SCAs change slightly with increasing mass flow rate.

e The obtained SMD distributions show that there are small droplets around the
axis of the hollow cone spray and large droplets are located on the liquid jet.

e Increasing mass flow rate has a negligible effect on the SMD values.

e At the exit of the atomizer nozzle, a vortex formation is revealed and
increasing mass flow rate moves the vortex towards the nozzle exit.

e Air core diameter is also obtained numerically and compared with
experimental results. The comparison show that numerical results are in good
agreement with experimental results.

e 2-D axisymmetric swirl simulations are sufficient in order to investigate the
general flow features in a PSA.

e Both experimental and numerical investigations show that there are low and
high frequency oscillations in the pressure/velocity field of the PSA. Low and
high frequency oscillations are associated with the vortical structures

dynamics in the water region and head end of the air core, respectively.
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1.4. Content of the Thesis

In Chapter 1, LRE and atomizer types of LREs are introduced, research problem is

defined, and literature survey about the research problem is presented.
In Chapter 2, experimental setup and measurement details are presented.

In Chapter 3, numerical study performed to examine the two-phase flow in the PSA is

explained.

In Chapter 4, experimental results about the effect of geometrical parameters of PSA

on the hollow cone spray are presented.
In Chapter 5, results of numerical simulations are presented.

In Chapter 6, experimental and numerical results are compared and obtained results

are presented.

In Chapter 7, conclusions of the thesis are given.
1.5. Definitions

1.5.1. Arithmetic Mean Diameter

Droplet diameters of the particles passing through the probe volume can be
summerized by mean droplet diameter. The mean droplet diameter is defined as

arithmetic mean diameter (D[1,0]) is given below;

D[1,0] = i—d (1.2)

where d indicates the diameter of particles whilst n indicates the number of particles.
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1.5.2. Sauter Mean Diameter

The Sauter Mean Diameter (SMD) is one of the most commonly used method for
characterization of a spray which is also called surface-volume mean diameter. The
SMD (D[3,2]) is given below;

rd®
X d?

D[3,2] = (1.3)

where d indicates the diameter of each particle.

The SMD is a frequenly used value to specify the quality of spray in the heat and mass
transfer applications [4]. In this thesis, the SMD is calculated so as to characterize the

hollow cone spray of the atomizers.

1.5.3. Spray Cone Angle

The angle between the two edges of the spray is defined as Spray Cone Angle (SCA).
A schematic of SCA is shown in Figure 1.21.

Figure 1.21. Spray Cone Angle

1.5.4. Breakup Length

The distance from the nozzle exit to the point at which rotating thin film begins to

disintegrate into small droplets is defined as breakup length.
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1.5.5. Discharge Coefficient

Discharge coefficient is explained as the ratio of actual and theoretical flow. The
discharge coefficient is given below;
m

Cij=———
47 4,20Pp)1/2

(1.4)

where m indicates the mass flow rate, A, indicates the cross-sectional area of nozzle

orifice, AP indicates the pressure drop, and p indicates the density of liquid.
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CHAPTER 2

EXPERIMENTAL SETUP & MEASUREMENT DETAILS

2.1. Introduction

The main objective of this thesis is to research the effect of geometrical parameters of
PSA on the hollow cone spray experimentally. Experiments are performed with water
in isothermal (non-reacting) and atmospheric pressure conditions because these

indicated conditions reduce the complexity and increase the safety level of tests.
2.2. Experimental Setup

The experimental studies are carried out at the single element atmospheric cold flow
experimental facility of TUBITAK SAGE. A schematic and a general view of the

experimental setup are illustrated in Figure 2.1 and Figure 2.2, respectively.
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Figure 2.1. A Schematic of the Experimental Facility
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Figure 2.2. Experimental Facility

The experimental facility contains a 1 m® water tank and a water pump at the water
tank exit. The water pump takes the water from the tank and feeds it to the atomizer
test assembly. Between the water pump and atomizer test assembly, the test facility
includes a needle valve which controls the water flow rate, a water filter which
decontaminates the water, a turbine type flow meter which measures the volume flow
rate of water and connection hose which transfer the water to the atomizer test
assembly.

Before each test, the water temperature is measured and it is in between 18 and 23 °C.
2.3. Atomizer Test Assembly
2.3.1. Introduction

In this section, a design study is carried out for the atomizer test assembly. Designed
atomizer test assembly consists of a PSA, a blind plug, a reservoir, a cap, two O-rings,
and bolts. Mechanical design of the atomizer test assembly is shown in Figure 2.3.
The design of the atomizer test assembly allows testing atomizers with different

geometrical parameters.
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Figure 2.3. Mechanical Design of Atomizer Test Assembly

The atomizer is designed according to the geometrical parameters and the hole opened
during the manufacturing of the atomizer body is closed with the blind plug. The
distance from the inner face of the blind plug to the tangential inlet ports are the same
for all tested atomizers. The reservoir is designed to feed the tangential ports of the
PSA uniformly. The atomizer is connected to the reservoir with eight bolts. By using
these bolts, test atomizers of different geometrical parameters are assembled into the
reservoir. Between the reservoir and the atomizer, an O-ring is used in order to prevent
the leakage. A cap is designed to close the reservoir and water flows into the reservoir
through a hole placed on the cap. The cap is connected to the reservoir with eight bolts

and an O-ring is used to prevent the leakage between the cap and reservoir.

Water is fed to the atomizer test assembly with a hose, which is connected to the cap.
The reservoir is filled with water through the hole on the cap and the water is
transferred to the tangential ports of atomizer via the reservoir. Water passes through
the tangential ports, flows through the atomizer and exits from the nozzle of the

atomizer as a hollow cone spray.
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2.3.2. Pressure Swirl Atomizer

The technical drawing of the baseline PSA is given in Figure 2.4. The baseline PSA
has the same geometric properties as the inner oxidizer atomizer of the bi-propellant
injector used in the RD-0110 rocket engine [9].
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Figure 2.4. The technical drawing of the baseline PSA

The length of nozzle, swirl chamber and the atomizer are 10.2 mm, 10.4 mm and 22.75
mm, respectively. The nozzle and swirl chamber diameters are 5.4 mm and 9 mm,
respectively. Water enters the swirl chamber through six tangential ports whose

diameters are 1.7 mm.

In the present experimental study, effects of the nozzle diameter, number of tangential
ports and nozzle length on the hollow cone spray are examined for varying mass flow
rates. Other geometrical parameters except the changed one are kept constant. For the
experimental study, seven test atomizers are determined and the geometrical
parameters of these atomizers are given in Table 2.1. When designing the A-4 and A-
5, total tangential port inlet area is kept the same as the A-1 (Baseline PSA), and only

the number of tangential ports is changed.
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Table 2.1. Selected Test Atomizers

Dimensional Parameters Non-Dimensional Parameters

Ds Ls Do Lo Dtp th Lo/ Do Ls/ Ds Ds/ Do

[mm] [mm] [mm] [mm] [mm]

A-1 9 104 54 102 17 6 1.89 1.16 167

(BASELINE)
A-2 9 104 41 102 17 6 2.49 1.16 2.20
A-3 9 104 68 102 17 6 1.50 1.16 1.32
A-4 9 104 54 102 17 4 1.89 1.16 1.67
A-5 9 104 54 102 17 2 1.89 1.16 1.67
A-6 9 104 54 81 17 6 1.50 1.16 1.67
A-7 9 104 54 135 17 6 2.50 1.16 1.67

All of the test atomizers are manufactured from stainless steel by machining. After
manufacturing, dimensional quality controls of all atomizers are performed and

obtained results show that atomizers are manufactured in right dimensions. A sample

manufactured PSA is shown in Figure 2.5.

Figure 2.5. A Sample Manufactured PSA

31



2.3.3. Reservoir
2.3.3.1. Introduction

The reservoir is designed to feed the tangential ports of the PSA with water. A properly
designed reservoir shall distribute the water equally to the tangential ports. In this
section, a numerical study is performed in order to examine the distribution of water
to the tangential ports and check the reservoir design using Flow-3D software.
Detailed information about the Flow-3D software is given in Section 2.3.3.2.

2.3.3.2. Verification of Reservoir Design

In order to investigate the distribution of water to the tangential ports and check the
reservoir design, a numerical study is carried out using Flow-3D software. Flow-3D
software uses a simple grid of rectangular elements, so grid generation is relatively
easy [30]. Besides that, this software has improved numerical accuracy, saves solution
times, and requires very little memory storage [30]. Firstly, a simple model of the
atomizer test assembly is generated and imported to the software. Then, boundary
conditions are determined. Mass flow inlet is selected as left-hand side of the
simulation domain and pressure outlet is selected as the nozzle exit. Simple model of

the atomizer test assembly and boundary conditions are demonstrated in Figure 2.6.

= MASS FLOW INLET
= PRESSURE OUTLET

Figure 2.6. Simple Analysis Model and Boundary Conditions

Finally, the average water mass flow rates through the reservoir inlet and tangential
ports of the atomizer are calculated. The internal flow of the reservoir is defined by

the equations given in Section 3.2 (Equation (3.1), Equation (3.2), and Equation (3.3)).
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Grid resolution is an important parameter in the modeling of reservoir and
investigation of the water distribution in tangential ports. In order to model the
reservoir correctly, four different grids are generated and shown together in Figure
2.7. Each grid consists of two mesh blocks. The use of two mesh blocks provides local
refinement in interest areas and remarkably decreases computational resources
required for a given simulation [30]. Tangential inlet ports of the atomizer are so small
compared to the reservoir size, therefore the region close to the atomizer is modeled
using Mesh Block 2 which has a higher resolution than Mesh Block 1. Two mesh
blocks of computational domain are shown in Figure 2.8. In order to generate the four
grids, the number of cells is increased by keeping the cell size ratios between the mesh

blocks constant.
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Figure 2.7. Generated Four Grids
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Figure 2.8. Mesh Blocks of Computational Domain

In order to examine the modelling of tangential ports for each grid, render mode of the
software is used. The render mode demonstrates how the tangential ports appear with
the selected grid. The render mode is run for four different grids and obtained images

are given in Figure 2.9 and Figure 2.10.

As shown in Figure 2.9 and Figure 2.10, the tangential ports cannot be correctly
modeled due to the low grid resolution for GRID1. On the contrary, it is seen that the
resolutions of the GRID2, GRID3 and GRID4 are sufficient for modelling of
tangential ports. In order to obtain more accurate results, numerical simulations are

performed using GRIDA4.
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Figure 2.9. Tangential Ports with Render Mode for Computational Domains

Figure 2.10. Close View of Tangential Ports with Render Mode for Computational Domains

2.3.3.3. Simulation Results

In order to verify the reservoir design, numerical simulations are performed in this
section and the calculated mass flow rate of water passing through the inlet of the
reservoir and the tangential ports are given in Table 2.2. Reference value in Table 2.2
is calculated by dividing the mass flow rate of reservoir inlet by the number of the
tangential ports.
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Table 2.2. Mass Flow Rates at Measurement Locations

Reservoir TPL | TP2 | TP3 [ TP4 | TP5 | TP6
Inlet Mean Reference Mean Mean Mean Mean Mean Mean
MFR | MFR[kgis] | MFR | MFR | MFR | MFR | MFR | MFR
[kg/s] [ka/s] | [kofs] | [kofs] | [kass] | [kg/sl] | [k/s]
2 < 0.173 0.02883 0.02919 | 0.02864 | 0.02880 | 0.02882 | 0.02876 | 0.02886
(O]

Deviation calculations are done for each tangential port using the mass flow rate
values given in Table 2.2 and results are given in Table 2.3. Deviation of the mass
flow rate of water through each tangential port from the reference mass flow rate value

is calculated using Equation (2.1).

|Reference MFR — Mean MFR at Tangential Port| 21
D% = X 100 (2.1)
Reference MFR
Table 2.3. Calculated Deviations for Tangential Ports
TP1 TP2 TP3 TP4 TP5 TP6
Deviation Deviation Deviation Deviation Deviation Deviation
% % % % % %
GRID4 1.21 0.72 0.16 0.09 0.29 0.07

2.3.3.4. Conclusion

A numerical study is performed to check the reservoir design by using Flow-3D
software. Four different computational domains are formed and tangential port models
are examined for all domains. GRID1 is not a true domain to model the tangential
ports, but GRID2, GRID3 and GRID4 have enough grid resolution for modeling. In
order to obtain more accurate results, GRID4 is selected for numerical simulations.
The simulation results show that the maximum deviation of mass flow rates of
tangential ports from the reference value is 1.21% for GRIDA4. This deviation value is
considered acceptable and reservoir design is proper to distribute the water equally to

the tangential ports.
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2.4. Experimental Method
2.4.1. High Speed Shadowgraphy System

High Speed Shadowgraphy System (HSSS) is used to examine the hollow cone spray.
A Photron SA-X2 type high speed camera is preferred for the visualization. The

settings of high-speed camera are given in Table 2.4.

Table 2.4. Settings of High-Speed Camera for SCA Measurement.

Parameter Setting
Image Recording Rate 20000 fps
Recording Time 500 ms
Width of Image 784 pixels
Height of Image 880 pixels

The captured image of the hollow cone spray is given in Figure 2.11. The captured
image shows that the edges of the hollow cone spray are darker than the other regions.
The angle between the edges can be calculated by finding out the two edges of the
spray and measuring the distance between them. It can also be seen from Figure 2.11
that rotating thin film disintegrates into small droplets after a certain distance from the

nozzle exit. The distance of disintegration can be measured using captured images.

Figure 2.11. Captured Images of the Hollow Cone Spray
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2.4.1.1. Image Processing

In order to detect the edges of captured images and measure the distance between the
edges, an image processing code which is written in MATLAB, of which details are
given in [29], is used. By using this program, the spray images obtained by high speed
camera are firstly converted to gray scale images, then Sobel edge detector is applied
to the images and finally intensity distribution on a line positioned perpendicular to
the centerline of the atomizer is computed for processed images. A sample image

obtained by the application of Sobel edge detector is given in Figure 2.12.
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Figure 2.12. Application of Sobel Edge Detector

The sample intensity distribution on a line positioned perpendicular to the atomizer

centerline is given in Figure 2.13.
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Figure 2.13. Intensity Distribution on a Line at x=275 pixel
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As shown in Figure 2.13, the intensity reaches the first peak value at 484 pixels and
second peak value at 538 pixels. The length between two peaks is calculated as 54
pixels, which is the distance between two edges of hollow cone spray on the positioned

line. The measurement of the distance between two edges is +1 pixel uncertainty level.
2.4.1.2. Pixel Coordinates Conversion to Physical Coordinates

The length between two edges of the hollow cone spray and the distance of
disintegration are defined in pixel coordinates. In order to convert the measured
distances in pixel coordinates to distance in physical coordinates, two rulers are used

as demonstrated in Figure 2.14.

Figure 2.14. Position of Rulers

The effective area of the obtained images with high speed camera is 784x880 pixels.
Using the Ruler 1, the distance between two pixels in horizontal axis is measured as
mm. To measure the distance between two pixels in vertical axis as mm, Ruler 2 is
used. By this method, pixel coordinates of the effective image area are converted to
physical coordinates.
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2.4.2. Phase Doppler Particle Analyzer

TSI two-component Phase Doppler Particle Analyzer (PDPA) system is used in
experimental study to measure the velocity and the size of the particles . A schematic
view of the PDPA system is illustrated in Figure 2.15.
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Figure 2.15. A Schematic of TSI Two-Component PDPA System [31]

PDPA system consists of a 5 Watt Argon-lon Laser, a Multicolor Beam Seperator, a
Transmitter, a Receiver, a Photo Detector Module, a Signal Processor, a Computer
Software and a Power Meter. Major components of PDPA are illustrated in Figure
2.16.
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Figure 2.16. TSI Two-Component PDPA System in Facility
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5 Watt Argon-lon Laser (Coherent Innova 70-5) generates multiline blue/green laser

beam and transmits it to the Multicolor Beam Seperator.

Multicolor Beam Seperator receives the multiline laser and first separates it into two
colors, green (A=514.5 nm) and blue (A=488 nm). Then, both green and blue laser
beams are seperated into two laser beams (unshifted and shifted) by optics inside the

Multicolor Beam Seperator.

Transmitter takes the shifted and unshifted green/blue laser beams from the Multicolor
Beam Seperator and transmits it to the experimental area. The crossing of shifted and
unshifted laser beams creates the probe volume. Probe Volume is a measurement
region consisting of bright and dark fringes as shown in Figure 2.17. Particles passing
through the probe volume scatter light at bright fringe and no light at dark fringe. The
particle scatters light with a frequency proportional to the its velocity in probe volume.
Mentioned frequency is called as the Doppler shift frequency. PDPA use the Doppler
shift frequency to measure the particle velocity. Probe volume of green laser beams is
used to measure the axial velocity and the droplet size of the particles. Probe volume

of blue laser beams is used to measure the radial velocity of the particles.

Figure 2.17. Probe Volume [32]

Particles passing through the probe volume scatters light. Receiver collects reflection
and refraction waves coming from the particles and transfers them to the Photo

Detector Module.
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Photo Detector Module converts the transmitted waves to electrical signal (voltage).
Signal Processor filters the electrical signal and sends the filtered data to the computer.
Computer software collects the data and presents to the user. Power Meter measures

the power of the green/blue laser beam.

The receiver and the transmitter are placed on a remote controlled traverse system to

scan the spray in three axes as shown in Figure 2.16.
2.4.2.1. Verification of PDPA System Measurement

2.4.2.1.1. Verification of Droplet Size Measurement

A device called Monosize Droplet Generator (MDG) is used to verify the droplet size
measurements and determine the accuracy for PDPA System,. A schematic of MDG

is illustrated in Figure 2.18.
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Figure 2.18. Monosize Droplet Generator [33]

The MDG mainly consists of a drop generator head, a syringe, a syringe pump, a
frequency generator, and a traverse. Drop generator head has a liquid reservoir,
piezoelectric crystals, and an orifice. The liquid reservoir of the drop generator is fed

with water via a syringe. Water is forced out of the syringe at a constant rate using a
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syringe pump. A frequency generator is used to drive the piezoelectric crystals in the
drop generator head and break up the water stream into droplets of identical size. A

general view of the MDG is given in Figure 2.19.

Figure 2.19. A general view of MDG

The liquid reservoir of the MDG supply a laminar jet. The MDG applies periodic
excitation to the liquid reservoir and the laminar jet breaks up when the excitation
frequency is equal to a resonant frequency. As a result of that, the MDG forms uniform
droplets. By using the flow rate and the excitation frequency values, droplets size is

calculated by using the equation below;

D =317 [%]1/3 (2.2)

where D indicates the diameter of droplet (um), Q indicates the liquid flow rate (cc/s)

and f indicates the excitation frequency (kHz).

The MDG is used with three different orifices which have 20 um, 50 um, and 100 um
diameter. Recommended flow rates and excitation frequency values for these orifices

are given in the user manuel of the MDG. The 20 um orifice is used for a flow rate of
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35 ml/hr and excitation frequency range from 30 to 110 kHz, the 50 pm orifice is used
for a flow rate of 66 ml/hr and excitation frequency range from 5 to 25 kHz, and the
100 um orifice is used for a flow rate of 133 ml/hr and excitation frequency range

from 5 to 15 kHz [33].

In the experiment, MDG is set to flow rates and excitation frequencies which are given
in Table 2.5, and theoretical droplet diameters are calculated using Equation (2.2).
Then, the droplet diameter for each case is measured three times with PDPA system,
and results are given in Table 2.5. The obtained results indicate that uncertainty of

the diameter measurement is less than 5%.

Table 2.5. Comparison of Theoretical Values and MDG Measurement Results.

Orifice Flow | Excitation | Theoretical Measured Diameter Max.
Diameter | Rate | Frequency | Diameter (] Error
[pm] | [ml/hr] | [kHZ] [nm] 1 2 3 %
35 105.80 56.0019 53.9124 | 55.1668 | 55.3444 3.73
20 35 54.17 70.0022 68.1376 | 72.7757 | 67.5654 3.96
35 30.25 85.0073 88.0144 | 84.9812 | 88.2216 3.78
66 24.94 112.0017 111.0104 | 112.8384 | 111.8548 | 0.89
66 19.52 121.5337 | 118.3156 | 118.9121 | 116.6588 | 4.01
50 66 15.94 130.0252 128.2233 | 133.7363 | 129.4123 | 2.29
66 10.38 150.0114 | 154.4713 | 154.0111 | 153.2730 | 2.97
66 6.00 180.0831 186.7321 | 186.6676 | 187.6812 | 4.22
133 8.82 200.0491 203.7867 | 200.0354 | 199.3231 | 1.87
100 133 6.63 220.0163 226.6291 | 228.1814 | 228.2882 | 3.76
133 5.10 240.1242 2449881 | 245.3342 | 243.9323 | 2.17
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2.4.2.1.2. Verification of Velocity Measurement

In order to verify the velocity measurements and determine the accuracy for PDPA
System, the MDG is used again. The MDG generates droplets with a constant velocity.
Firstly, actual velocity of the droplets is measured using HSSS as shown in Figure
2.20. Secondly, velocity of droplets is measured with PDPA system. Then, measured
velocity is compared with actual velocity and uncertainity of velocity measurement is

calculated.

DROP GENERATOR
HEAD

DROPLETS RULER

Figure 2.20. Velocity Measurement with HSSS

In order to measure the actual velocity of droplets, a droplet is marked and tracked in
successive images visually. The distance taken by droplets in certain time periods is

observed by ruler, and actual velocity is calculated using Equation (2.3).

Ax
Vact = At (2.3)

where V.t is the actual velocity of droplets, x is the distance taken by droplets, and t

is the time period.

Droplet velocity is measured for 100 um orifice diameter and results are given in Table

2.6. Recommended mass flow rate in user manual are adjusted for the orifice diameter.
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A sample of actual velocity calculation for orifice diameter of 100 um is given in
Figure 2.21. The marked droplet is at x=70 mm at t=0.021775 s and at x=75 mm at
t=0.022600 s. The marked droplet moves 5 mm in a time period of 8.25x10** s and

actual velocity of droplet is calculated as 6.06 m/s.
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Figure 2.21. Actual Velocity Calculation

Table 2.6. Comparison of Theoretical Values and MDG Measurement Results

Orifice Mass Flow Actual MBS Ve el Max.
Diameter Rate Velocity k) Error
[um] [ml/hr] [m/s] 1 2 3 %

100 133 6.06 6.32 | 6.36 | 6.22 4.95

The results show that uncertainty of the velocity measurement is less than 5%.

46




2.5. Experimental Investigation of the Hollow Cone Spray

In this section, macroscopic and microscopic properties of the hollow cone spray are
examined for seven atomizers which have different geometrical parameters at three
different flow rates. The hollow cone spray of the baseline PSA (A-1) for flow rates
of Q1=0.100 kg/s, Q2=0.173 kg/s and Q3=0.240 kg/s are given in Figure 2.22.

Figure 2.22. Hollow Cone Spray of Baseline PSA (A-1) for Different Flow Rates

Firstly, the SCAs of atomizers are calculated with image processing. Then, velocity

distribution and droplet size of atomizer are obtained using two-component PDPA.
2.5.1. Macroscopic Properties
2.5.1.1. Spray Cone Angle

The SCA is described as an angle between the edges of the hollow cone spray. The
ratio of the radial and axial velocity components of the spray gives the theoretical
value of the SCA as expressed below [34]:
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an = Vr 2.4
anz—Va (2.4)

where o indicates the SCA whilst V; indicates the radial velocity component, and Va

indicates the axial velocity component.

Figure 2.23 shows the calculation method of the SCA. Firstly, the distances between
the two edges of hollow cone spray (Y1 & Y?) are measured at two different locations

and then the horizontal distance between the measurement locations (X) is measured.

HOLLOW CONE
SPRAY

ATOMIZER

Figure 2.23. Calculation Method of SCA

In order to calculate the SCA, the following equation is used;

o = 2tan

1 I(Yz - Y1)/Zl

Z (2.5)

Calculation method of SCA is applied to each captured image during the test. Then,
mean value of calculated SCAs is defined as mean SCA.
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2.5.1.2. Breakup Length

At a specific distance away from the exit of the nozzle, the momentum of turbulent
fluctuations in the liquid jet overcomes the surface tension force and droplets can be
formed [35], [36]. The distance from the nozzle exit to the point at which rotating thin
film begins to disintegrate into small droplets is defined as breakup length. The

breakup length is demonstrated in Figure 2.24.

Figure 2.24. Demonstration of Breakup Length

2.5.2. Microscopic Properties

Microscopic properties of spray are velocity and droplet size distributions. The spray
is investigated microscopically with PDPA system at 216 measurement points given
in Figure 2.25 and field graphics of microscopic properties are plotted using Tecplot
360 software. The first axial measurement line is selected 20 mm away from the nozzle
exit, because for shorter distance, the liquid is so dense that no signal can be detected
by the receiver. The horizontal and vertical distances between the measurement points

are 10 mm.
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Figure 2.25. Measurement Points of Velocity Distribution and SMD

At each measurement point, the microscopic properties of selected seven atomizers
are measured for flow rates of Q1, Q2 and Qs. Snapshots of hollow cone spray and

velocity-droplet size measurement with PDPA are given in Figure 2.26.

Figure 2.26. Snapshots of Hollow Cone Spray and Velocity-Droplet Size Measurement with PDPA
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2.6. Pressure Drop Measurement

Pressure drop through the atomizer is measured with a pressure transducer which has
a 0.5% error margin is placed at the inlet of the atomizer test assembly as shown in
Figure 2.27. Inlet pressure of the atomizer test assembly is measured by the pressure
transducer and difference between the measured inlet pressure and exit (atmospheric)

pressure gives the pressure drop of the atomizer test assembly.

Atomizer test assembly total pressure drop is calculated by summing up the pressure

drops of the reservoir and atomizer.

APatomizer test assembly= APreservoir + APatomizer (2-6)

Pressure drop of the reservoir is constant for all atomizers and pressure drop of
atomizer test assembly changes only with changing atomizer pressure drop. Pressure
drop values of atomizer test assembly are measured during the tests and mean

pressure drop values are calculated to compare the pressure drops of atomizers.

PRESSURE

TRANSDUCER

Figure 2.27. Location of Pressure Transducer
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CHAPTER 3

NUMERICAL SIMULATIONS

3.1. Introduction

In this chapter, solution method of numerical simulations for baseline PSA is
introduced. Internal physical phenomenon of the PSA is more complex than the
estimations with simple correlations. Numerical simulations are performed to
investigate the complex two-phase flow in the baseline PSA. In the numerical study,
ANSYS-FLUENT software is used and VVolume of Fluid (VOF) method is selected to
model the multiphase interactions.

3.2. Method of Numerical Solution

The Volume of Fluid (VOF) is a widely used method for solving free surface flows
[37]. In numerical simulations, VOF model is selected in order to model and solve the
two-phase flow field. The flow field is assumed to be 2-D axisymmetric swirl because
there are 2-D axisymmetric swirl CFD simulations for PSAs which are consistent with

experimental results in the literature [38], [39], and [40].

In simulations, an implicit Pressure Based solver is used with first order implicit time
discretization and VOF model is applied for multiphase interactions. Phase-1 is
selected as the denser fluid water and Phase-2 is selected as air to increase the stability
of simulations, as it is recommended in the software user manual [41]. The Phase-1
and Phase-2 are both considered incompressible. The internal flow of PSA is defined
by the continuity equation (Equation (3.1)), unsteady state Navier-Stokes equations
(Equation (3.2)), and advection equation (Equation (3.3)) [42].

ap

T v(pV) =0 (3.1)
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a(pV)
ot

+V.(pVWV) = —Vp + V. [u(VV + WD)| + pg + F,qp  (3:2)

% +V.Vo; =0 (3.3)
Energy term in Navier-Stokes equation is neglected because of small heat transfer
assumption. The flow in the tangential direction with the ratio of swirl to axial velocity
is dominant within the PSA, so the turbulent flow is ineffective compared to the
magnitude of swirl velocity. Furthermore, the internal flow of the atomizer is accepted
as laminar similar to the claims in [39], [40], and [43]. For the discretization, PRESTO
scheme is used for pressure and Modified HRIC [44] is used for volume fraction

calculations. Time step is defined to be 1 us for all simulations.
3.2.1. Boundary Conditions

Boundary conditions of the numerical model are given in Figure 3.1. Pressure outlet
boundary condition is defined as right hand side and upper boundary of the simulation
domain. Axis boundary condition is defined as bottom line for the axisymmetric
solutions. Modelling of tangential port is impossible for axisymmetric simulations, so
velocity inlet with radial and tangential components is applied to upper left corner of
the PSA by means of axisymmetric swirl modeling of software. Radial component of
velocity is adjusted to satisfying the mass flow rate value. Tangential component of
velocity is adjusted to the mean velocity in the tangential ports to satisfy the angular
momentum that enters the atomizer [29], [45], [46]. Boundary condition of velocity
inlet is set to a line which has 1.7 mm length. The length of the velocity inlet line is
set to be equal to the tangential port diameter (Dy). Hence, the radial velocity at
tangential ports can be calculated by satisfying the conservation of total mass flow
rate using Equation (3.4), and the tangential velocity at tangential ports can be

calculated by satisfying the angular momentum using Equation (3.5) [46].
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V.= Q/(zansthp) (3.4)

Ve = 4Q(Rsc - Rtp)/(ansthzp) (3-5)

where Q indicates the mass flow rate, p indicates the fluid density, Rs indicates the
radius of swirl chamber, Dy indicates the tangential port diameter, and Ry, indicates
the radius of the tangential port. In the present simulations, mass flow rate is defined
as Q1=0.100 kg/s, Q2=0.173 kg/s, and Q3=0.240 kg/s, respectively.

L

X

—— PRESSURE QUTLET
—— VELQCITY INLET

AXIS

Figure 3.1. Boundary Conditions

3.2.2. Measurement Locations

In order to calculate the SCA and air core diameter 14 different measurement lines are
defined, and they are shown in Figure 3.2. The first 12 lines are located to calculate
the air core diameter through the atomizer, and the rest of the lines are located to
measure the SCA. The first line is 2 mm away from the beginning of the swirl
chamber. The distances between the lines up to the line 11 are kept constant as 2 mm,
and line 12 is located at the nozzle exit. The line 13 and line 14 is 2 mm and 4 mm

away from the nozzle exit, respectively.
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Figure 3.2. Measurement Locations
3.2.3. Grid Sensitivity Study

Grid resolution has an important effect for the analyzing of the flow field in the
atomizer. Four different grid structures are generated to study the grid resolution effect
on the results. These four different grids and cell numbers are shown together in Figure
3.3.

GRID1 - 14806 CELLS GRID2 - 37231 CELLS

GRID4 - 146582 CELLS
GRID3 - 75956 CELLS

Figure 3.3. Grid Sensitivity

GRID1, GRID2, GRID3 and GRID4 contain 14806, 37231, 75956 and 146582 cells,
respectively.
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3.2.3.1. Grid Sensitivity Simulations Results

Numerical simulations are performed with GRID1, GRID2, GRID3 and GRID4. Two
dimensional, axisymmetric, and unsteady flow simulations are repeated for each grid
structure, respectively. The time step is selected as 1 us (fixed) for all simulations.
Evolutions of air volume fraction of air through the baseline PSA with time are given

in Figure 3.4 for four solution domains for the first 7 ms.

GRID1 GRID2 GRID3 GRID4

Time

1 ms

2ms

3ms

4 ms

5ms

6 ms

TS

7 ms

00 041 02 03 04 05 08 07 o8 09 1.0

Figure 3.4. Evolution of air volume fraction contours for GRID1, GRID2, GRID3 and GRID4
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Water exits from the nozzle of the atomizer at about 4 ms and starts to become stable
after 6 ms as shown in Figure 3.4. After 6 ms, numerical simulations are continued
until 30 ms and flow statistical properties are obtained. Mean values of volume
fraction, static pressure, swirl velocity, and axial velocity are calculated by averaging
of the mentioned properties between 6 ms and 30 ms.

The contours of mean volume fraction for air are given in Figure 3.5.

GRID1 GRID2

GRID3 GRID4 -

Figure 3.5. Contours of Mean Volume Fraction for Air

When the contours of mean volume fraction for air are analyzed, it is seen that there
is a difference in the shape at the head of the atomizer, which is in agreement previous
works [29] and [47]. As shown in Figure 3.6, a constant air core diameter is observed
through the swirl chamber for GRID1, a smaller air core diameter is obtained at the
beginning of the swirl chamber for the rest of the grids. The shape of the interface at
the beginning of the swirl chamber for GRID2 has a different geometrical shape than
GRID3 and GRID4, whereas the shape is nearly the same for GRID3 and GRIDA4.
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Figure 3.6. Contours of Mean volume fraction for air at the beginning of the swirl chamber

The mean static pressure contours for four grids are given in Figure 3.7. As seen from
the contours, at the upside of the swirl chamber the mean static pressure reaches its
maximum. The maximum mean static pressure values obtained from the numerical
solutions are 4.70 bars, 4.61 bars, 4.67 bars, and 4.73 bars for GRID1, GRID2, GRID3
and GRIDA4, respectively.

GRID1 GRID2
. . B.
GRID3 GRID4

138
087

I 039

008

Figure 3.7. Contours of Mean Static Pressure [bars]

The minimum values of mean static pressure at the air core are obtained as 0.02 bars,
0.01 bars, 0.08 bars and 0.09 bars below the ambient pressure for GRID1, GRID2,
GRID3 and GRIDA4, respectively.
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The mean axial velocity contours for four solution domains are given in Figure 3.8.
As seen from the contours, at the atomizer exit the mean axial velocity approaches its
maximum. The maximum values of mean axial velocity are 24.22 m/s, 23.98 m/s,
24.01 m/s and 24.01 m/s for GRID1, GRID2, GRID3 and GRID4, respectively.

GRID1 GRID2
GRID3 GRID4

K _jl

Figure 3.8. Contours of Mean Axial Velocity Contours [m/s]

The minimum mean axial velocities -13.51 m/s, -12.42 m/s, -12.21 m/s and -12.40 m/s
for GRID1, GRID2, GRID3 and GRID4, respectively.

The mean swirl velocity contours for four solution domains are given in Figure 3.9.
As seen from the contours, the mean swirl velocity reaches its maximum value near
the air core of the atomizer. The maximum values of mean swirl velocity are 28.18
m/s, 29.10 m/s, 29.37 m/s and 29.34 m/s for GRID1, GRID2, GRID3 and GRID4,
respectively.
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Figure 3.9. Contours of Mean Swirl Velocity [m/s]

The oscillation at the beginning of the swirl chamber could not be captured with
GRID1 and GRID?2 as shown in Figure 3.6, therefore these two grids are eliminated.
To make a selection between GRID3 and GRID4, the mean static pressure, mean axial

velocity and mean swirl velocity distributions at designated lines are investigated.

The mean static pressures at four different measurement lines for GRID3 and GRID4
are given in Figure 3.10. The mean static pressure standard deviation is shown as error
bars in Figure 3.10.
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Figure 3.10. Mean Static Pressure at Designated Lines

The mean axial velocities at four different measurement lines for GRID3 and GRID4

are given in Figure 3.11. The mean axial velocity standard deviation is shown as error

bars in Figure 3.11.
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Figure 3.11. Mean Axial Velocities at Designated Lines
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The mean swirl velocities at four different measurement lines for GRID3 and GRID4
are given in Figure 3.12. The mean swirl velocity standard deviation is shown as error

bars in Figure 3.12.
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Figure 3.12. Mean Swirl Velocities at Designated Lines

3.2.3.2. Conclusion

To examine the grid resolution effect on the numerical results, four grid structures are
generated and numerical simulations are performed. The simulation results indicate
that grid resolution has an important effect in order to model the flow features of the
atomizer correctly. The flow features in the PSA cannot be detected with GRID1 and
GRID2, however, oscillations at the beginning of the swirl chamber are realized with
GRID3 and GRID4. Mean static pressures, mean swirl velocities, and mean axial
velocities are compared for GRID3 and GRID4, and it is obtained that the mean values
are very close to each other. However, the computation time for the GRID4 is two

times longer than the GRID3.

As a result of grid sensitivity study, GRID3 was selected in order to investigate the

two-dimensional axis-symmetric swirl simulations of PSA.
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3.2.4. Spray Cone Angle Calculation

SCAs of numerical simulations are calculated with the image processing program
defined in Section 2.4.1.1 and calculation method, details of which was given in
Section 2.5.1. A sample image obtained by the Sobel edge detector application is given
in Figure 3.13.

IBASELINE ATOMIZER
Q2=0.173 kg/s

Figure 3.13. Sobel Edge Detector Application for Numerical Simulations
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CHAPTER 4

RESULT OF EXPERIMENTAL STUDY

4.1. Results of Macroscopic Properties
4.1.1. Results of Spray Cone Angle Measurements

Mean SCA of A-1 at a flow rate of 0.100 kg/s is calculated for 100, 200 and 500

captured images, respectively. The calculated mean SCAs are given in Table 4.1.

Table 4.1. Image Quantity Dependency

100 images 250 images | 500 images
83.0° 83.2° 83.1°

A-1 (Baseline PSA)
(0.100 kg/s)

The results show that the mean SCAs calculated for different image quantities are very
close to each other. Therefore, the rest of the mean SCA calculations are done for

quantity of 100 images to shorten the calculation time.

In order to examine the nozzle diameter effect on SCA, mean SCAs of A-1, A-2, and
A-3 are calculated and results are given in Table 4.2 for these three atomizers at three
different mass flow rates.

Table 4.2. Calculated Mean SCAs for Selected Atomizers

Mean SCA
Q1 Q2 Qs
A-2 (Do=4.1 mm) 74.3° 76.4° 75.9°
A-1 (Do=5.4 mm) 83.0° 81.1° 85.8°
A-3 (Do=6.8 mm) 85.8° 87.6° 87.6°
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In order to research the tangential port number effect on SCA, mean SCAs of A-1, A-

4, and A-5 are calculated and results are given in Table 4.3 for these three atomizers

at three different mass flow rates.

Table 4.3. Calculated Mean SCAs for Selected Atomizers

Mean SCA
Q1 Q2 Q3
A-5 (Np=2) 77.1° 82.3° 85.4°
A-4 (Np=4) 81.2° 83.5° 85.1°
A-1 (Np=6) 83.0° 81.1° 85.8°

In order to examine the nozzle length effect on SCA, mean SCAs of A-1, A-6, and A-
7 are calculated and results are given in Table 4.4 for these three atomizers at three

different mass flow rates.

Table 4.4. Calculated Mean SCAs for Selected Atomizers

Mean SCA
Q1 Q2 Qs
A-6 (Lo=8.1 mm) 81.2° 82.1° 84 .4°
A-1 (Lo=10.2 mm) 83.0° 81.1° 85.8°
A-7 (Lo=13.5 mm) 79.1° 80.2° 82.1°

As mentioned in Section 2.4.1.1, the uncertainty level for the measurement of the
length between two edges of the hollow cone spray is +1 pixel and this uncertainty
causes maximum 3° deviation in SCA measurements. Therefore, all calculated mean

SCAs have an uncertainty less than +£3°.

The results show that mass flow rate has no evident effect on the mean SCA. When
mass flow rate increases, the radial and axial velocity components increase, too. But
the ratio of radial to axial velocity remains nearly the same. Therefore, mass flow rate
has negligible effect on SCA. The radial and axial velocity components of baseline

PSA for three mass flow rates are shown in Table 4.5.
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Table 4.5. Radial and Axial Velocity Components of Baseline PSA.

Q1 Q2 Q3
Radial Velocity [m/s] 8.64 15.54 20.52
Axial Velocity [m/s] 10.49 18.70 24.88
Ratio of Radial Velocity
to Axial Velocity 0.824 0.831 0.825

Also it is obtained from the results that mean SCA increases with increasing nozzle
diameter, which agrees with the trend defined in [16]. Especially, a significant increase
Is observed as the nozzle diameter is increased from 4.1 mm to 5.4 mm. The physical
explanation for this increment is the decrease in nozzle strength. A decline in the
nozzle resistance because of the increase in nozzle diameter decreases the swirling
strength of flow in the nozzle and causes a larger value of swirl velocity. An increase

in the ratio of swirl to axial velocity components results in a larger SCA.

SCA is also insensitive to the tangential port number. For the atomizers A-1, A-4, and
A-5 only the tangential port number is changed, the total flow area of tangential ports
IS kept constant. Therefore, tangential port number has a negligible effect on velocity
components and SCA, which is in agreement with previous work [14].

The results also show that nozzle length has little impact on SCA because of its little
influence on velocity components. It can be also shown in results that a small increase
in the nozzle length has insignificant effect on SCA but a further increase results in
more energy losses due to friction which cause a decrease in SCA. The behavior of

the SCA with nozzle length agrees with the investigations in [48].

The results finally show that calculated SCA value of baseline PSA for Q>=0.173 kg/s
is very close to the SCA value of RD-0110 inner atomizer for the same mass flow rate.

The calculated angle differs only 1.1° from the given value in [9].
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4.1.2. Results of Breakup Length Measurements

In order to investigate the nozzle diameter effect on breakup length, breakup lengths

of A-1, A-2, and A-3 are measured at different mass flow rates. The obtained results

are given in Table 4.6.

Table 4.6. Measured Breakup Lengths for Selected Atomizers

Breakup Length [mm]

Q1 Q2 Qs
A-2 (Do=4.1 mm) 49.8 29.6 18.4
A-1 (Do=5.4 mm) 60.5 49.3 35.4
A-3 (Do=6.8 mm) 73.1 56.9 50.2

In order to examine the tangential port number effect on the breakup length, breakup
lengths of A-1, A-4, and A-5 are measured at different mass flow rates. The obtained

results are given in Table 4.7.

Table 4.7. Measured Breakup Lengths for Selected Atomizers

Breakup Length [mm]

Q1 Q2 Qs
A-5 (Np=2) 58.3 52.5 33.6
A-4 (Np=4) 57.4 46.2 3738
A-1 (Np=6) 60.5 493 354

In order to investigate the nozzle length effect on breakup length, breakup lengths of
A-1, A-6, and A-7 are measured at different mass flow rates. The obtained results are

given in Table 4.8.

Table 4.8. Measured Breakup Lengths for Selected Atomizers

Breakup Length [mm]

Q1 Q2 Q3
A-6 (Lo=8.1 mm) 62.3 49.3 36.8
A-1 (Lo=10.2 mm) 60.5 49.3 35.4
A-7 (Lo=13.5 mm) 62.9 47.9 35.9
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The uncertainty level for the measurement of the breakup length is =1 pixel and this
uncertainty causes maximum 0.5 mm deviation in breakup length measurements.

Therefore, all measured breakup length values have an uncertainty less than +0.5 mm.

The results show that increasing mass flow rate and decreasing nozzle diameter cause
the thin film to disintegrate at a shorter distance and shorten the breakup length. On
the other hand, nozzle length and tangential port number have little effect on breakup

length.

4.2. Results of Microscopic Measurements

The hollow cone spray is investigated microscopically with two-component PDPA

System for seven test atomizers.

The X-Velocity histograms of baseline PSA (A-1) for Q»=0.173 kg/s are given in
Figure 4.1. The X-Velocity of point (x=40 mm, y=0 mm) is measured as -11.6 m/s.
As shown in histogram, X-Velocity of droplets is negative at point (x=40 mm, y=0
mm), since droplets move in the opposite direction to the water flow because of the
reverse air flow at the center of the hollow cone spray. The X-Velocity of point (x=40
mm, y=40 mm) is measured as 13.8 m/s. The X-Velocity of droplets at the same axial
coordinate value (x=40 mm) changes sign with increasing radial coordinate and

reaches maximum value on the liquid jet.

(x=40 mm, y=0 mm) (x=40 mm, y=40 mm)
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Figure 4.1. X-Velocity Histograms at designated locations (A-1)
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The Y-Velocity histograms of baseline PSA (A-1) for Q2=0.173 kg/s are given in
Figure 4.2. The Y-Velocity of point (x=40 mm, y=0 mm) is measured as -0.2 m/s.
This result shows that there is no rotating flow at the center of the hollow cone spray.
The Y-Velocity of point (x=40 mm, y=40 mm) is measured as 11.3 m/s. The Y-
Velocity of droplets at the same axial coordinate (x=40 mm) increases with increasing

radial coordinate and reaches maximum value on the liquid jet.
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Figure 4.2. Y-Velocity Histograms at designated locations (A-1)

The diameter histograms of baseline PSA (A-1) for Q>=0.173 kg/s are given in Figure
4.3. The SMD values of point (x=40 mm, y=0 mm) and point (x=40 mm, y=40 mm)
are 56 and 198, respectively. The histograms show that smaller particles are located
at the center of the hollow cone spray, and particle diameter increase with increasing

radial coordinate. Diameter of particles reaches maximum value on the liquid jet.
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Figure 4.3. Diameter Histograms at designated locations (A-1)
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4.2.1. Nozzle Diameter Effects on the Microscopic Properties

In order to investigate the nozzle diameter effect on the microscopic properties
experimental studies are performed with A-2 (Do=4.1 mm), A-1 (Do=5.4 mm), and A-
3 (Do=6.8 mm), and results are given in Figure 4.4, Figure 4.5, and Figure 4.6 for Qu,
Q2, and Qg, respectively. The contours and streamlines are plotted from at x=20 mm.

As shown in contours of mean velocity given in Figure 4.4, a vortex revealed at the
exit of the atomizer for all three nozzle diameters. As the nozzle diameter increases
the mean velocities of the droplets decrease, the vortex expands and moves away from
the atomizer. At the nozzle exit, small water particles which are close to the x-axis are
affected from the air flow and move with the air flow.

Mean x velocity contours of A-2, A-1, and A-3 for Q:=0.100 kg/s are given in Figure
4.4. As shown in the figure, mean x velocity of the particles tends to decrease with
increasing nozzle diameter. The maximum mean X velocity is measured as 15.70 m/s,
10.49 m/s, and 7.79 m/s for A-2, A-1, and A-3, respectively. It is also observed that
the mean x velocity of droplets decreases with increasing x-coordinate for each nozzle

diameter.

Mean y velocity contours of A-2, A-1, and A-3 for Q:=0.100 kg/s are given in Figure
4.4. Increasing nozzle diameter has a reducing effect on droplets mean y velocity. The
maximum mean y velocity is measured as 9.56 m/s, 8.65 m/s, and 7.39 m/s for A-2,
A-1, and A-3, respectively. For each nozzle diameter, the mean y velocity of droplets

tends to decrease with increasing x-coordinate.

The SMD contours of A-2, A-1, and A-3 for Q:=0.100 kg/s are given in Figure 4.4.
As shown in the figure, the small droplets are positioned in the center of the spray,
and an increase is shown in SMD with y coordinate and reaches the maximum value
on the liquid jet. Increasing nozzle diameter leads to a decrease in velocity, energy
and angular momentum of the liquid. As a result of that the SMD of the particles on

the liquid jet increases. Increasing nozzle diameter also leads to a reduction in

71



instability of the waves on the surface of the hollow cone spray. Obtained results show

that breakup occurs further away from the nozzle exit.

Q1=0.100 kg/s
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Figure 4.4. Nozzle Diameter Effect on the Microscopic Properties for Q1
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In order to investigate the nozzle diameter effect at different mass flow rates
experiments are repeated for Q2 and Qs, and results are demonstrated in Figure 4.5
and Figure 4.6, respectively. As shown in mean velocity and SMD contours, when the
mass flow rate is increased, the change in nozzle diameter leads to similar effects on

the microscopic properties as the flow rate is Q1.

Mean x velocity and mean y velocity tend to decrease with increasing nozzle diameter.
The maximum mean x velocity of the particles is measured as 28.70 m/s, 18.70 m/s,
and 13.43 m/s, and the maximum mean y velocity of the particles is measured as 17.97
m/s, 15.54 m/s, and 12.15 m/s for A-2, A-1, and A-3 at Q»=0.173 kg/s, respectively.
The maximum mean x velocity of the particles is 35.67 m/s, 24.88 m/s, and 19.00 m/s,
and the maximum mean y velocity of the particles is 21.14 m/s, 20.52 m/s, and 15.16
m/s for A-2, A-1, and A-3 at Q3=0.240 kg/s, respectively.

As shown in the SMD contours for Q2 and Qs, increasing nozzle diameter has a
reducing effect on the velocity, energy and angular momentum of liquid. As a result
of that, as in the flow rate of Q1, SMD values of the droplets increase and breakup

occurs further away from the nozzle exit.
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Figure 4.5. Nozzle Diameter Effect on the Microscopic Properties for Q
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Q3=0.240 kg/s
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Figure 4.6. Nozzle Diameter Effect on the Microscopic Properties for Qs
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In order to compare the results, mean x velocity, mean y velocity, and SMD values at
x=40 mm, 80 mm, and 120 mm are plotted for A-2, A-1, and A-3. Comparison
graphics are given in Figure 4.7, Figure 4.8, and Figure 4.9 for Q1, Q2, and Qs,

respectively.

As shown in the velocity graphics plotted for designated x locations, magnitudes of
mean X velocity and mean y velocity on the spray increase with increasing nozzle
diameter. In the center of the spray, mean x velocities are in negative values in the
revealed vortex, and magnitude of mean x velocity decrease with increasing nozzle
diameter. Out of the vortex, particles change direction and mean x velocity takes on
positive values and increasing nozzle diameter leads to decrease in mean x velocity.
In the center of the spray, mean y velocity decreases to zero and reach maximum value

on the liquid jet.

As shown in comparison graphics of SMD, increasing nozzle diameter results in an
increase in SMD values at x coordinates near the nozzle exit. But, effect of increasing

nozzle diameter losses its strength on SMD for increasing x coordinates.
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4.2.2. Nozzle Length Effect on the Microscopic Properties

In order to research the effect of nozzle length on the microscopic properties
experimental studies are performed with A-6 (L,=8.1 mm), A-1 (L,=10.2 mm), and
A-7 (Lo=13.5 mm), and results are given in Figure 4.10, Figure 4.11, and Figure 4.12
for Q1, Q2, and Qs, respectively. The contours and streamlines are plotted from at x=20

mm.

As shown in contours of mean velocity, revealed vortex at the exit of the atomizer

remains almost the same for three different nozzle lengths.

Mean x velocity contours of A-6, A-1, and A-7 for Q:=0.100 kg/s are given in Figure
4.10. Mean x velocity of the droplets does not change with increasing nozzle length.
The maximum mean X velocity is measured as 10.65 m/s, 10.49 m/s, and 10.17 m/s
for A-6, A-1, and A-7, respectively. For each nozzle length, increasing x-coordinate

leads to a decrease in the mean x velocity of droplets.

Mean y velocity contours of A-6, A-1, and A-7 for Q:=0.100 kg/s are given in Figure
4.10. As shown in figure, increasing nozzle length has no significant effect on meany
velocity of the droplets. The maximum value of mean y velocity is measured as 9.12
m/s, 8.65 m/s, and 8.92 m/s for A-6, A-1, and A-7, respectively. Also, a decrease is
observed in the mean y velocity of droplets with increasing x-coordinate for each

nozzle length.

The SMD contours of A-6, A-1, and A-7 for Q:=0.100 kg/s are given in Figure 4.10.
As shown in the SMD contours, the small droplets, which have small SMD values,
are positioned in the center of the spray, and an increase is obtained in SMD with y
coordinate and reaches the maximum value on the liquid jet. Increasing nozzle length
increases the frictional losses of the nozzle and decreases the energy of liquid due to
the more interaction between the liquid and nozzle wall. But it is observed from the
results that variation of the nozzle length between 8.1 mm and 13.5 mm has very little

influence on the SMD values of spray.
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Figure 4.10. Nozzle Length Effect on the Microscopic Properties for Q1
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In order to investigate the nozzle length effect at different mass flow rates,
experiments are repeated for Q2 and Qs, and results are given in Figure 4.11 and Figure
4.12. As shown in mean velocity and SMD contours, it is obtained that increasing
nozzle length has no significant effect on the microscopic properties at increased mass

flow rates.

The measured mean x velocity and mean y velocity values remain almost the same
with increasing nozzle length for different mass flow rates. The maximum mean x
velocity of the particles is 18.28 m/s, 18.70 m/s, and 17.67 m/s, and the maximum
mean y velocity of the particles is 15.28 m/s, 15.54 m/s, and 14.90 m/s for A-6, A-1,
and A-7 at Q.=0.173 kg/s, respectively. The maximum mean x velocity of the particles
is 25.17 m/s, 24.88 m/s, and 24.45 m/s, and the maximum mean y velocity of the
particles is 20.74 m/s, 20.52 m/s, and 20.65 m/s for A-6, A-1, and A-7 at Q3=0.240
kg/s, respectively.

As given in the SMD contours, change of the nozzle length between 8.1 mm and 13.5
mm has very little influence on the SMD values of spray for Q. and Qs.
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Figure 4.11. Nozzle Length Effect on the Microscopic Properties for Q2
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Q3=0.240 kg/s
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Figure 4.12 Nozzle Length Effect on the Microscopic Properties for Qs
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In order to compare the results, mean x velocity, mean y velocity, and SMD values at
x=40 mm, 80 mm, and 120 mm are plotted for A-6, A-1, and A-7. Comparison
graphics are given in Figure 4.13, Figure 4.14, and Figure 4.15 for Q1, Q2, and Qs,
respectively. As shown in the graphics, velocity and SMD plots are almost the same
at designated x locations for three different nozzle length. Therefore, it can be said

that nozzle length has no significant effect on microscopic properties.
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4.2.3. Tangential Port Number Effect on the Microscopic Properties

In order to study the effect of tangential port number on the microscopic properties,
experimental studies are performed with A-5 (Np=2), A-4 (Np=4), and A-1 (Nyp=6),
and results are denoted in Figure 4.16, Figure 4.17, and Figure 4.18 for Q1, Q, and
Qs, respectively. The contours and streamlines are plotted from at x=20 mm.

As shown in contours of mean velocity, change of tangential port number has no
significant effect on revealed vortex at the exit of the atomizer. The revealed vortex

remains almost the same for three different tangential port numbers.

Mean x velocity contours of A-5, A-4, and A-1 for Q:=0.100 kg/s are given in Figure
4.16. As shown in the figure, increasing tangential port number does not significantly
change the mean x velocity of the particles. The maximum mean X velocity is
measured as 10.36 m/s, 11.17 m/s, and 10.49 m/s for A-5, A-4, and A-1, respectively.
It is also obtained that; the mean x velocity of particles decreases with increasing x-
coordinate for each tangential port number.

Mean y velocity contours of A-5, A-4, and A-1 for Q:=0.100 kg/s are given in Figure
4.16. Mean y velocity of the droplets does not significantly change with increasing
tangential port number. The maximum mean y velocity is measured as 8.57 m/s, 8.28
m/s, and 8.65 m/s for A-5, A-4, and A-1, respectively. The meany velocity of particles

decreases with increasing x-coordinate for each tangential port number.

The SMD contours of A-5, A-4, and A-1 for Q:=0.100 kg/s are given in Figure 4.16.
As shown in the figure, increasing tangential port number has a positive effect on the
distribution of the particles for the atomizer. The results show that uniformity of
particles is higher with six tangential ports than four and two tangential ports. The
droplet distributions of spray for the atomizers with two and four tangential ports are
irregular, and there are big particles near the axis of the hollow cone spray. On the
other hand, the small droplets are located at the center of the spray, and an increase is

observed in droplet diameter with y coordinate and reaches the maximum value on the
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liquid jet for atomizer with six tangential ports. The uniformity is increased with

increasing tangential port number.

Q1=0.100 kg/s
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Figure 4.16. Tangential Port Number Effect on the Microscopic Properties for Q1
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In order to investigate the tangential port number effect at different mass flow rates
experiments are repeated for Q2 and Qs, and results are given in Figure 4.17 and Figure
4.18. As shown in mean velocity and SMD contours, when the mass flow rate is
increased, changing tangential port number leads to similar effects on the microscopic

properties as the flow rate is Q:=0.100 kg/s.

As shown in the figures, increasing tangential port number has no significant effect on
mean velocities at Q2 and Q3, too. The maximum mean x velocity of the particles is
17.96 m/s, 18.70 m/s, and 18.70 m/s, and the maximum mean y velocity of the
particles is 14.89 m/s, 14.71 m/s, and 15.54 m/s for A-5, A-4, and A-1 at Q,=0.173
kg/s, respectively. The maximum mean x velocity of the particles is 25.12 m/s, 26.80
m/s, and 24.88 m/s, and the maximum mean y velocity of the particles is 19.96 m/s,
20.51 m/s, and 20.52 m/s for A-5, A-4, and A-1 at Q3=0.240 kg/s, respectively.

As shown in the SMD contours, increasing tangential port number results in an
increased uniformity of the droplet distribution in the spray for higher mass flow rate
values. The uniformity of droplet distribution is higher with six tangential ports than

four and two tangential ports for Q2 and Qa.
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Q2=0.173 kg/s

A-5 (N = 2) A-4 (N = 4) A-1 (N = 6)
140 140 140 357
120 120 120 336
315
100 100 100 29.4
27.3
80 80 252
23.1
Ty 60 60 b
~~
e 40 40 18.9
: i 16.8
— — 20 [ =20 =
c > E € € 14.7
[15] + £ 0 g 0 £ 126
5] = = = = 105
S 8 20 20 8 8.4
— 63
re) -40 -40 42
> -60 -60 24
! 0
>< -80 -80 21
42
-100 -100 63
-120 -120 -120 -84
140 L 140 . 140 by a9
“720 40 60 80 100120 “720 40 60 80 100120 20 40 60 80 100120 -]ig
X[mm] X[mm] X[mm] s
140 140 140
120 120 f 120
100 ” 100
80
E‘ 60
= 40
— v 20 — 20 —_20
[ > £ £ £
s 2 E E E?°
O > > =
E 2 20
D -40 |-
> -60
1
> -80
-100 -100
-120 120 -120
2 L |y E & K 2 b L
140540 60 80 100120 140,040 60 80 100120 140,040 60 80 100120
X[mm] X[mm] X[mm]
140 " 140 140
120 120 120
100 100 100
g 80 80
60 60
,E. 40 40 F
—20E — 20} — 20
= £ E | £
— £ E 0 E O
a > > 20k > .20
E -40 -40
) -60 60
-80 -80
-100 -100
-120 -120
140,040 60 80 100120 14020 40 60 80 100120 140040 60 80 100120

X[mm]

X[mm] X[mm]

Figure 4.17. Tangential Port Number Effect on the Microscopic Properties for Q2
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Q3=0.240 kg/s

A-5(Nyp =2) A-4 (Nip = 4)

A-1 (Np = 6)

Mean

X-Velocity [m/s]

140
120

140

-100
-120

-140,

20 40 60 80 100120 40 60 80 100120
X[mm]

140
120
100

-120

14020 40 60 80 100120

X[mm]

Mean

Y-Velocity [m/s]

120

-100
-120

140,040 60 80 100120
X[mm]

20 40 60 80 100120

140
120

20 40 60 80 100120
X[mm]

SMD [um]

140
120
100

80

-100
-120

14020 40 60 80 100120

140
120
100
€
1y
>
-120
-140

20 40 60 80 100120
X[mm]

140

-120

14020 40 60 80 100120

X[mm]

Figure 4.18. Tangential Port Number Effect on the Microscopic Properties for Qs
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In order to compare the results, mean x velocity, mean y velocity, and SMD values at
x=40 mm, 80 mm and 120 mm are plotted for A-5, A-4, and A-1. Comparison graphics
are given in Figure 4.19, Figure 4.20, and Figure 4.21 for Q1, Q2, and Qgz, respectively.

As shown in the velocity graphics plotted for designated x locations, velocity profiles
are almost the same for three different tangential port number, and it can be said that
tangential port number has a negligible impact on velocity. However, increasing
tangential port number has a positive impact on SMD distribution. As shown in
comparison graphics, SMD distributions are more uniform in the center of the spray
for six tangential ports, but decreasing port number increases the droplet diameter
oscillations near the axis of the spray.
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4.2.4. Mass Flow Rate Effect on the Microscopic Properties

In order to research the effect of mass flow rate on the microscopic properties

experimental studies are performed with seven test atomizers for Q1, Q2, and Qs.

In order to compare the results for three mass flow rates, mean x velocity, mean y
velocity, and SMD values at x=40 mm, 80 mm, and 120 mm are plotted for A-1. The
contours and comparison graphics are given in Figure 4.22 and Figure 4.23,

respectively. The comparison graphics for other atomizers are given in Appendix A.

As shown in the contours of mean velocities (Figure 4.22), the revealed vortex at the
exit of the atomizer becomes smaller and approaches to the exit of the atomizer with
higher mass flow rate values. It is also investigated that mean velocity values of the

particles on liquid jet increases with increasing mass flow rate.

As demonstrated in the SMD contours (Figure 4.22), a coarse spray is obtained at low
mass flow rates. Increasing mass flow rate leads to an increase in velocities of the
liquid. The liquid exits from the nozzle with a higher velocity which causes more
effective disturbances on the hollow cone spray. These effective disturbances increase
the instabilities which would help to break up liquid into smaller droplets, lead to a

better atomization and a decline in SMD.

It is also observed that increasing mass flow rate results in more unstable waves on
the surface of the spray and because of that breakup appears much closer to the exit

of nozzle.

As shown in comparison graphics of X and Y velocities (Figure 4.23), increasing mass
flow rate causes an increase in magnitude of velocities on the spray. The revealed
vortex at the nozzle exit becomes smaller and comes close to the nozzle exit with

increasing mass flow rate.

As demonstrated in comparison graphics of SMD (Figure 4.23), increasing mass flow

rate causes a decrease in SMD values of particles near the nozzle exit. Furthermore,
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effect of increasing mass flow rate losses its strength on SMD of particles away from

the nozzle exit.
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Figure 4.22. Mass Flow Rate Effect on the Microscopic Properties of Baseline PSA
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4.3. Results of Pressure Drop Measurements

Mean pressure drop values are measured for seven test atomizers at Q1, Q2, and Qs.

In order to investigate the effect of nozzle diameter on pressure drop, mean pressure

drop values of A-2, A-1, and A-3 are measured and results are given in Table 4.9.

Table 4.9. Mean Pressure Drop Values of Atomizers as a Function of Nozzle Diameter at Different

Mass Flow Rates

Mean Pressure Drop [bar]

Q1 Q2 Qs
A-2 (Do=4.1 mm) 3.80 10.50 19.40
A-1 (Do=5.4 mm) 2.42 5.72 10.34
A-3 (Do=6.8 mm) 1.86 3.84 6.80

As presented in Table 4.9, mean pressure drop value decreases with increasing nozzle

diameter at different mass flow rates.

In order to examine the effect of nozzle length on pressure drop, mean pressure drop

values of A-6, A-1, and A-7 are measured and results are given in Table 4.10.

Table 4.10. Mean Pressure Drop Values of Atomizers as a Function of Nozzle Length at Different

Mass Flow Rates

Mean Pressure Drop [bar]

Q1 Q2 Qs
A-6 (Lo=8.1 mm) 2.30 5.25 9.83
A-1 (Lo=10.2 mm) 2.42 5.72 10.34
A-7 (Lo=13.5 mm) 2.41 5.48 10.01

As presented in Table 4.10, change in mean pressure drop due to the increase in nozzle

length is negligible at different mass flow rates.
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In order to investigate the effect of tangential port number on pressure drop, mean
pressure drop values of A-5, A-4, and A-1 are measured and results are given in Table
4.11.

Table 4.11. Mean Pressure Drop Values of Atomizers as a Function of Tangential Port Number at
Different Mass Flow Rates

Mean Pressure Drop [bar]
Qu Q2 Qs
A-5 (Nip=2) 2.40 5.80 10.87
A-4 (Nip=4) 2.51 6.08 11.63
A-1 (Np=6) 2.42 5.72 10.34

As presented in Table 4.11, change in mean pressure drop due to the increase in
tangential port number is negligible at different mass flow rates.

It is also observed from the results given in Table 4.9, Table 4.10, and Table 4.11 that
increasing mass flow rate results in an increase in the pressure drop for all geometrical

configurations.

All measured mean pressure drop values have a 0.5% error margin caused by pressure

transducer.
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CHAPTER 5
RESULTS OF NUMERICAL STUDY

5.1. Introduction

Two-dimensional axisymmetric swirl flow simulations are carried out and the liquid-

gas phase interactions are examined.
5.2. Numerical Simulation Results

In this section, two-dimensional axis-symmetric simulations and their results are

examined to understand the PSA flow.
5.2.1. Pressure Swirl Atomizer Flow

Contours of mean volume fraction of the baseline PSA for GRID3 are given in Figure
5.1.

o8
06

04

03

02
01
0.0

Figure 5.1. Contours of Mean Volume Fraction for Air [m/s]
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The water takes part near the walls of the atomizer body, while the air is at the center
of the atomizer as air core. The mean volume fractions of air at different measurement
lines are given in Figure 5.2. The mean volume fraction is defined as one in the air

region, zero in the water region, and between zero and one in the transition region.
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Figure 5.2. Mean Volume Fractions at Measurement Lines

Contours of mean axial velocity of the baseline PSA are given in Figure 5.3.
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Figure 5.3 Contours of Mean Axial Velocity [m/s]
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As seen from the contours of mean axial velocity, the mean axial velocity is slow in
the swirl chamber and increasing through the atomizer and reaches its maximum value
at the exit of the nozzle. In the air region, negative mean axial velocities are obtained
which depicts the air flow into the atomizer. The magnitude of negative mean axial
velocity is small at the nozzle exit and increases towards the beginning of the swirl
chamber. The mean axial velocities of atomizer at four different measurement lines
are shown in Figure 5.4. The horizontal red lines show the boundaries of transition
region. For the Line-4, Line-6, and Line-12, upside of the transition region is water
region and down side of the transition region is air region. For Line-14, transition
region is on the spray, and upside and down side of the transition region is air region.
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Figure 5.4. Mean Axial Velocities at Measurement Lines
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The mean swirl velocity contours of the baseline PSA are given in Figure 5.5.
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Figure 5.5. Contours of Mean Swirl Velocity [m/s]

As seen from the contours of mean swirl velocity, minimum mean swirl velocity is
obtained near the atomizer walls, it gradually increases towards the transition region
and reaches its maximum near the water-air interface and at the axis of the atomizer it
decreases to zero. The mean swirl velocities of atomizer at four different measurement
lines are shown in Figure 5.6. The horizontal red lines show the boundaries of

transition region.
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Figure 5.6. Mean Swirl Velocities at Measurement Lines
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5.2.2. Mass Flow Rate Effect on the Pressure Swirl Atomizer Flow

To research the mass flow rate effect on the PSA flow, numerical analysis is repeated
for Q1 and Qz. The simulation results for Q1, Q2, and Qs are compared and results are
given in Sections 5.2.2.1,5.2.2.2,5.2.2.3, and 5.2.2.4.

5.2.2.1. Mass Flow Rate Effect on Mean VVolume Fraction

The mean volume fractions of air at different measurement lines for different mass
flow rates are illustrated in Figure 5.7. As shown in graphics, mass flow rate effect on
mean volume fraction is negligible. Mean volume fraction values remain nearly the

same at designated measurement lines with increasing mass flow rate.
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Figure 5.7. Mass Flow Rate Effect on Mean Volume Fractions at Designated Lines
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5.2.2.2. Mass Flow Rate Effect on Spray Cone Angle and Air Core Diameter

The mean volume fraction of air is 1 at the atomizer axis because of the air core. The
mean volume fractions of air at designated lines inside the atomizer change from 1 to
0 with increasing radial coordinate because there is the water region near the wall of
the atomizer. The first change point of mean volume fraction from 1 to a lower value
specifies the radial coordinate of the air core. Similarly, the mean volume fractions of
air at designated lines outside the atomizer change from 1 to a lower value on the
hollow cone spray. The first change point of mean volume fraction from 1 to a lower
value specifies the radial coordinate of the spray edge. The air core and spray edges
are defined by explained method at different measurement lines for different mass

flow rates are demonstrated in Figure 5.8.
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Figure 5.8. Mass Flow Rate Effect on SCA and Air Core Diameter at Designated Lines

Figure 5.8 shows that, the air core and SCA remains almost the same with increasing
mass flow rate, which is in agreement with previous works [16], [29], and [49]. The
minimum mean air core diameter is obtained at the beginning of the swirl chamber
and stays nearly the same through the swirl chamber. At convergence section, the
mean air core diameter begins to increase and at the exit of the nozzle it reaches to

maximum value.
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5.2.2.3. Mass Flow Rate Effect on Mean Axial Velocity

The mean axial velocities at different measurement lines for different mass flow rates

are given in Figure 5.9.
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Figure 5.9 Mass Flow Rate Effect on Axial Velocities at Designated Lines

As shown in the figure, mean axial velocity in the water region and the magnitude of
the negative mean axial velocity in the air region increase with increasing mass flow
rate. The maximum mean axial velocities are 13.7 m/s, 24.0 m/s, and 33.5 m/s for Q1,
Q2, and Qs, respectively. The maximum magnitude of negative mean axial velocities

are 4.9 m/s, 7.3 m/s, and 8.3 m/s for Q1, Qz, and Qs, respectively.
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5.2.2.4. Mass Flow Rate Effect on Mean Swirl Velocity

The mean swirl velocities at different measurement lines for different mass flow rates

are given in Figure 5.10.
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Figure 5.10. Mass Flow Rate Effect on Mean Swirl Velocities at Designated Lines

As depicted in the figure, increasing mass flow rate leads to an increase in the mean

swirl velocity. The maximum values of mean swirl velocity are 16.1 m/s, 29.4 m/s,

and 40.7 m/s for Q1, Q2, and Qs, respectively.

5.2.3. Spray Cone Angle

Calculated mean SCAs of baseline PSA for three different mass flow rates are given

in Table 5.1.
Table 5.1. Mean SCA of Baseline PSA
Mean SCA
Q1 Q2 Qs
Baseline PSA 83.3° 84.0° 84.4°

Numerical simulations reveal that the mass flow rate has negligible effect on SCA.

110




CHAPTER 6

COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

6.1. Spray Cone Angle Comparison

Calculated SCAs of baseline PSA for experimental and numerical studies are given in

Table 6.1 for three mass flow rates. Experimental SCA values in Table 6.1 have an

uncertainty less than 3°.

Table 6.1. Comparison of SCAs

Spray Cone Angle
Q1 Q2 Q3
Experimental
83.0° 81.1° 85.8°
Results
Numerical
83.3° 84.0° 84.4°
Results
Deviation 0.36 % 3.58 % 1.63 %
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Figure 6.1. Comparison of Spray Cone Angle Graphically

The results show that SCAs for experimental and numerical studies are compatible

and maximum difference is less than 4%.
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6.2. Axial and Radial Velocity Comparison

Axial and radial velocities of baseline PSA are measured experimentally and
numerically. Measured axial and radial velocities along a vertical line at location x=
20 mm are compared for three mass flow rates and results are denoted in Figure 6.2

and Figure 6.3.
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Figure 6.2. Comparison of Axial Velocities at x=20 mm for Three Mass Flow Rates
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Figure 6.3. Comparison of Radial Velocities at x=20 mm for Three Mass Flow Rates

The comparisons show that numerical results are in good qualitative agreement with

experimental results and velocity measurements are accurate to within 10%.
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CHAPTER 7

CONCLUSIONS

In this thesis, effects of geometrical parameters of PSA on the hollow cone spray are
investigated experimentally, and physical phenomenon inside the PSA is examined

using numerical methods.

Within the scope of the experimental study, macroscopic properties of spray are
visualized by HSSS. Obtained images via this system are imported in the image
processing program and length between the spray edges is measured at two different
locations. These distance values are used to calculate the SCA. SCA is calculated for
seven test atomizers at three different mass flow rates. Additionally, microscopic
properties of spray are investigated with PDPA system for seven test atomizers at three

different mass flow rates.

Investigation of the macroscopic properties show that SCA changes slightly with
variation of mass flow rate, nozzle length, and tangential port number. Otherwise,
increasing nozzle diameter causes an increase in SCA. In addition to these results, the
calculated SCA value for baseline atomizer is found to be consistent with the value
specified in the literature. The breakup length shortens with increasing mass flow rate
and decreasing nozzle diameter, but change of breakup length with nozzle length and

tangential port number is negligible.

Investigation of the microscopic properties with PDPA system gives information
about the velocity and size distribution of particles. Effects of geometrical parameters
and mass flow rate on the axial and radial velocity distributions are investigated. The
results show that magnitude of velocities of the spray increases and revealed vortex at
the exit of the atomizer becomes smaller with increasing mass flow rate and decreasing

nozzle diameter. Nozzle length and tangential port number have no significant effect
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on the magnitude of velocities and vortex within the specified ranges of values. The
SMD distributions show that big droplets exist on the spray cone and smaller ones
appear near the axis of the hollow cone spray. As seen from the SMD distributions,
the SMD values changes slightly with mass flow rate and nozzle length. In addition,
the results show that nozzle diameter and tangential port number affect the SMD
distributions. Decreasing nozzle diameter has a reducing effect on the SMD of
particles near the spray boundaries. Increasing tangential port number causes an
improvement on the uniformity of particle distribution. The results show that SMD
distributions for the atomizers with two and four tangential ports are irregular, but
small droplets are located in the center of the spray, and droplet diameter tends to
increase with y coordinate and reaches the maximum value on the liquid jet for the
atomizer with six tangential ports. This result shows that, unlike most studies in the

literature, the tangential port number has a significant effect on droplet distribution.

The experimental results obtained in this thesis, such as SCA, breakup length, velocity
and SMD distributions for PSAs, are important inputs for combustion modelling.
There are not so many results in the literature about the velocity and SMD distribution
fields of PSAs, but this thesis contains a lot of important experimental data and inputs

for combustion modelling.

To investigate the flow phenomenon inside the PSA, two-dimensional axisymmetric
and unsteady numerical simulations are performed for the baseline PSA using
ANSYS-FLUENT software. Volume fraction, axial velocity, and radial velocity
distributions inside the atomizer are obtained and effect of mass flow rate on the
volume fraction, SCA, air core diameter, axial velocity, and swirl velocity is
investigated. Simulations results show that SCA and air core diameter change barely
with mass flow rate. Magnitude of the axial velocity in the water and air region tends
to increase with increasing mass flow rate. Additionally, swirl velocity also increases
with increasing mass flow rate. This thesis also shows that numerical results are in
good qualitative agreement with experimental results. Therefore, numerical model can

be used in order to obtain SCA and velocity distributions of PSA.
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In a future study, effects of the rest of the geometrical parameters such as swirl
chamber diameter, swirl chamber length, and tangential port diameter on the hollow
cone spray may be investigated. Additionally, the tests performed in this thesis may
be repeated with other test fluids (especially LOX) in order to investigate the effect of

test fluid on the macroscopic and microscopic properties of PSA.
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Mass Flow Rate Effect on Microscopic Properties of Test Atomizers

APPENDICES
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Figure A.1. Mass Flow Rate Effect on the Microscopic Properties of A-2
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Figure A.3. Mass Flow Rate Effect on the Microscopic Properties of A-3
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Figure A.5. Mass Flow Rate Effect on the Microscopic Properties of A-6
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Figure A.7. Mass Flow Rate Effect on the Microscopic Properties of A-7
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Figure A.9. Mass Flow Rate Effect on the Microscopic Properties of A-5
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Figure A.11. Mass Flow Rate Effect on the Microscopic Properties of A-4
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