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Abstract

The swirling flow plays a decent role in various applicatidie interaction between the
swirling jet flow phenomena and the CFD numerical modelling is on growing demands for
many industrial/nofindustrial fields such as combustion chambers and heategels. The
purpose of this research tis investigate the applicability of turbulence modelling typically
employed in RANS equations to model a fieacting swirling flow, and to extend the current
understanding of turbulence modelling bdglivering various rang of numerical data to
evaluate different types of turbulence mod@bISYS-CFX simulation program is used to
model the flow by applyingGY RNG GY Shear ST, LRRP-RS, SSGRS and Omeg&S
turbulence models at different degseé swirl intensity. The reason for choosinG Y RNG G
Y Shear ST turbulence models is due to their common use in various published work for
various kinds of flow. For instance, standarDk WXUEXOHQFH PRGHO XVHV IR
flows, while RNG G Yturbulence model is good for strained flows and low Reynolds number
flows and Shear Stresses SST is good for transitional, free shear and compressible flows.
Besides, RSMs turbulence models are excellent for swirling flow. Thus, indicate the ability of
these models to perform the swirling flow at different strength is highly recommended to
identify the advantage/disadvantage attached to.tRenthe planar jet flow, the results show
that all the previous models can predict the flow behaviour and havéeexegreement with
two cases of the planar jet flow, where #vwerageerror percent is 5.33% and 11% for the first
and second case, respectivdlize results show that all models are recommended to apply for
low swirl degree with an approximate averageor percent of 16%. The contours results
denote a slightly nesymmetric effect due to existence of the swirl and the existence of the
screws in the geometry. However, the turbulence models were able to predict the change in the

symmetric shape at eaabchtion at different level of prediction.



For medium swirl degree, the study has found that the RSM models were preferred to
apply because of their ability of showing the influence of swirl degree on the scalar mixing
process with a 12% of average eradditionally, the contours indicate that the reymmetric
form is higher than the first swirling number because of the increasing in the swirl strength.
However, the models show different level of computing this feattwe.instance, two
equations baseturbulence models predict a small rymmetric shape at the last two
locations. Though, the RMS turbulence models predict a large effect e$ynumetric
structureRemarkablyall the models have failed to predict the swirl flow at high swirl strength,
apart from the LRRIP-RS model which show a good agreement with the experiment data by
an average error percent of 14.72%. The study concludes that the models based on eddy
viscosity method are not ideal for high swirl flow. For instance, thedsuationsbased
turbulence models predict a small reymmetric shape through the computational domain
because these models represent the flow like a planar flow at high velocity. Thus, the related
contours of these models show high mixture fraction in all locati@eserally, all the RMS
turbulence models predict a huge effect of -sgmmetric structure due to the swirl force.
However, Methane mass fraction is not correct specially irBS@nd Omeg&S turbulence
model. Therefore, the RMS turbulence models cardipt the high swirl effect on the
symmetric structure more than the tequations based turbulence models. On the other hand,
it is also concluded that the diffusion process is dominated the scalar mixing at planar jet flow
where the Reynolds number idatevely low. However, the turbulent mixing is the dominant
process when the swirl occurtdéinally, the results suggest that the existence of screws have

a significate effect on symmetric.
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Chapter 1

1.1Introduction

This chaptemprovide a general introduction obmputational fluid dynamicsnodelling
theory. Then, a brief historicatudyof fluids dynamics phenomena extended with a general
outline of fuid flow types.In addition, the motivation of this study is established in section
1.3. The research objective along with the descriptfaine thesis are explained in sections

1.4 and 1.5, respectively.

1.2 General review of CFD and modern system development

ComputationaFluid Dynamics(CFD), known asa numerical processisesgenerallyto
predicatefluid flow G\QDPLFV DQG VRPH VFLHQ Wdat lir&nsget) R&d VVHV !
transfer, chemical reactions, and relamtenomena E\ V R Qovérahdg mathematical
equatiors (Bakker, 2002; Date, 2005 CFD resultsare usal to establish new designs,
developmerg restructure and troubleshooti(akker, 2002)Also, CFD is dealing with fluid
dynamics problems by using numerical methods on a compnterestingly, CFD relation
with these kinds of problems is relatively new compared to fluid dynamics issuesawich
overthree centuries old, while CFD is about five decades old only. In general, all the problems
that are associated with CFD involve tinear equations, multipart geometries, different sorts
of sciences and engineering fields which showed an extraordinary success and raised the
demands for CFD. Wsof CFD includesheformality of boundary and initial conditiongartial
differential equéion and subject other conditioiiliyogi et al., 2006)CFD is a computer
based simulation udeo analyse many systems including fluid flow, heat transfer and relevant
aspects such as chemical reactions and combustion.ikiéetvere is a wide range of industrial
and nonindustrial applications constructed usitige CFD technique For example,the
aerodynamics system, hydrodynamics sysaemh thegas turbineengine in power plant and
environmental engineering-urthermore, external and internal fluid flow performamce
electrical and electronic engineering, heat transfer, biomedical engineering and others
(Versteeg & Malalasekera, 2007).

(Ashgriz & Mostaghimi, 200Rspecify that CFD provides a numerical solution to the

fluid motion problems by solving thehosen equations througfie following steps:

{Indicate the required mathematical equatjaifferential equationgo represent the fluid

flow



iDiscretise the equations to create a numerical analogue
iGenerate a domain includirgements or small grids
1Specify the initial conditions and the boundary conditions of the system

ISpecify parameters if needed to solve the problem, either by direct method or iterative

method.

Moreover, CFDs consideedas a part of classical fluid dgmics and numerical analysis
reinforced by vital electronic digital computers with a remarkable contribthiarhas been
done by many researaisescientistsand engineers all over the world. Therefore, CFD &ble
able toof solve almostall problems 6 fluid dynamics which increasethe passion and
confidence of researchers and scientists wiflélyogi et al., 2006)Some researchers define
CFD as a tool that applies to provide a numerical simulation of fluid flovirmjpementing a
sequence of methodologies into a computer where the results can be vigthitsgg 2007,
Kinyua Kande, 2017)

Recently, (Sharma, 2016 defines CFD as "a theoreticahethod of scientific and
engineering investigation, concerned with the development and application of aaideoa
like a tool (a software) which used for a unified caasdeffect based analysis of a fluid
dynamics as well as heat and mass transfer prollaestly, One of the researchers defines
CFD as a numerical analysis tool with algorithms used to solve fluid mechanics problems
(Kinyua Kande, 2017)

Historically(Emmons, 1944; Richardson, 191wpre recognised aswo of the first
attempting to establish the uses of CFD. However, the regular study of CFD started in the
sixties. CFD developed almost concurrently with electronic digital comp(@oarantet al.,

1928 was the first scientist who established the basics of finite difference method for partial
differential equations by studying the presence and individuality of solutions of partial
differential equationsMeanwhile the dewelopmentof powerful electronic digital computers

for the past 50 years made CFD progress on very high demands with huge progress outcome,
especially for nonlinear problemisurthermorethe most known methods for this purpose are

the finite difference method, finite @eent method, finite volume method and the spectral
method Remarkably, the use of CADasled by the governmeatand academic institutions

since the 198Qswvhere relevant trainingvas conducted to the researchers and other users.



Nevertheless, until theillenniumindustry fieldswerefacing difficulties finding professional
CFD engineerg¢Halley & Spall, 2000)

Moreover, the regular study of CFD started in the sixties by the aerospace industry to
design, analyse and produce aircraft and jet endate, 2005)Subsequently, this method
applied to manufacture internal combustion engines, combustion chanfilggas turbines,
predation of drag forces for motor vehicles, and more environmental uses. Gradually, CFD
became an energetic component in the design and manufacturing of industrial and non

industrial products and procesg¥ersteeg & Malalasekera, 2007)

Additionally, it has been indicated th@FD was crucial tahe primary desktop software
(such as computer codesging establishedn the early 1970&nd as suchCFD plays an
essential role in engineering's industrial development since that (idate, 2005)
Furthermorethe main difference between CFD methods and the approximate methods of
standard fluid dgamics is that by using an exact numerical method along with the model
implementations such &guationsboundaryand initial conditionsPlus,without presenting
any further estimatiorOn the other handhe error percent of the approximate methodsuish
higher thanthe CFD error percent, which eliminated by improving the mesh quality of the
project. Therefore, the computed soluti@anspredicted to approach the exact solution, while

it is not applicable when using a different approximate mefNoagi et al., 2006)

As it's been mentioned above, CFD is becoming an energetic component in the design and
manufacturing of industrial and nemdustrial products and processes. Thus, the outcome
results need to establish reliability by Verification & Validation. Furthermoeeause of its
importance, many forums discuss the definition of Verification & Validation such as the
American Institute of Aeronautics and Astronautics AlAAstronautis, 1998) the
ERCOFTAC(Casey et al., 200®r the ITTC Resistance Committ@danual, 1999)where
different meaning can be found. However, the most definition most straightforward is given by
(Roache, 1998where Verificaton is a mathematical procetigat aims to illustrate thathe
steps of solving the equation are corrédbreover, Validation is a part dhe scienific
HQJLQHHULQJ SURFHVV ZKLFK DLPV WR LOOXVWUDWH WKD
right eT X D W (EBa&\Hoekstra, 2006)

It is known that the cost of CFD facilities expensiveas theyuse high-performance
computersHPC, along with high technical labs. Howeyére CFD has many advantagks

instance, it can save time and cost of new system dasidjih can review extenge systems
3



where it is impossible to control or accomplish in experimeltsreover, CFD is safer than
experiments and the ability to apply moiskscondition to the same projeétinally, the CFD

program indicates high quality and different outconselits(Versteeg & Malalasekera, 2007)

Furthermore, the numerical algorithms apgl in CFD codes to solve fluid flow
phenomena with innovative results contain three main elements. These elements are pre
processor, solver, and pgatocessorrfore details in chapte) BAshgriz & Mostaghimi, 2002;
Versteeg & Malalasekera, 2007)

1.3 A brief history of fluid dynamics

Fluids are defined as anything arouhdtcan flowand have the ability to reeange their
shapes flexibly without affecting the macroscopic properties of the flaids as gases and
liquids. Unlike solids, fluid particles can move through pipes at different velocities and
accelerations. Fluids are considerea@stinuous media in which the motion of fluids can be
specified according teelocity Qpressurel, and densityg etc.,(Batchelor & Batchelor, 2000;
Pedley, 1997)The fluid flow can be classified into hydraulic whieh improved from
experimental studies, and hydrodynamic, whishdeveloped from theoretical studies.
Interestingly, both classificatis have merged into one disciplinghich is fluid mechanics
(Nakayama, 2018)

The applications of fluid mechanics in human activities and engineering studies are
abundant because the earth is covered with 75% water and 100% air. For instance, medical
investigations of breathing and blood flow a®ll as energy generation. Additionally,
engineering applications consist of fans, turbans and p@Bgigami, 2009) Furthermore,
fluid mechanics can cover other applications that occur in nature, such as in biology, and in

numerous invented or manufactured situatidf@mung et al., 2010)

Precisely,then, canfluid flow be considered as an essential discipline in industrial
processes; particularly the operations that incltdeheat transfer process. Examples of
applications of fluid flow in transferring the heat are that the cooling water circulated through
a gasoline machine, as well as the water stream through the central part of a nuclear reactor

and the airflow passing the winds of a mdtaenhard IV & Lienhard, 2008)

The fluid flowhasbeen discovered in the past when prehistoric relics of irrigation channels
had been first found in Egypt and Mesopotamia. This discovery had been pratig:twater
canals had been created 4000 years B.C. These th@yater city system depends on

4



transferring clear water from the outlying areas to fountains, baths and public buildings.
Although the water city system is very ancient, it has been deselso that the water can be
transferred effectively. Also, the size and shape of the water pipe had been designed as well as
the supply pressure had been regulated to avoid friction with the wall of théNaikayama,

2018)

Many researchers have well solved the previous studies offffoblems such as
sailing ships and irrigation systems. For example, Archimddes supposed the
parallelogram law for adding vectors as well as the laws of bouncing, applying them to
floating and flooded bodiegRosentrater & Balamuralikrishna, 2009loreover, the
equation of conservation of mass in ahmension steadgtate flow hd been stated by
Leonardo da Vinci. Besides, Leonardo da Vinci has made a significant change in the field
of hydraulics. Interestingly, he was the first to suppose laws of drag or movement of a jet
or falling water. Furthermore, in the period between 1¥D33 the differential and integral
equations of motioknown asthe momentunflux conservation equations for an inviscid
fluid had been developed by Leonhard Euler which known as the Bernoulli equation or
(XOHUYVY HTXDWLRQV -8tBkegstRatdd tbr awiscbusIfiDidy was tbrmed in
1840 when Claudéeouis Navier presented the element of visco§kpderson Jr, 2010;
%DaLu 1L\RJL HW DO SRVHQWUDWHU %DODPXL

Additionally, the importance of dimensionless Reynolds number has been supposed
experimentally by Osborne Reynolds. Ludwig Prandtl had explained that the fluid flow of
both water flow and airflow could be divided into two layers. The first layer called the
boundary layer, which is considered a thin layer, and it is near the solid surface and
interfaces. The other layer patched onto a nearly inviscid outer layer, where Bernoulli and
Euler's equations are applié@ahrami, 2009)In the year 1941, studies were devoted to
solving nonlinear equation problems. However, there were noaenethods for solving
nonlinear problems. Recently, dealing with nonlinear equations have been developed
effectively by improving the electronic digital computers and the robust numerical
procedures such as finite difference, finite component and theatieas (Niyogi et al.,

2006) Generally, Fluid flow can be divided into six types as follows:



1.2.1Steadyand unsteady flows.
Steady flows occurs when all fluid properties such as velocity, pressure, and density
stay constant with time. Whereas within unsteady flows, all the fluid properties at a specific

point can change with time.

1.2.2Laminar and turbulent flow.

Depending orReyndds number (Re)laminar flow happens when the fluid particles
move in a straight and parallel streamline. This type of flow is known as viscose flow or
streamline flow because the fluid particles move in a straight path. On the other hand,
turbulent flowis the type of flow when the fluid particle can move in azag direction.

The energy loss in turbulent flow is high because ofth@& Gfoffmation.

1.2.3Uniform and non-uniform flow
The uniform flow can be clarified as the flow that happens when theityalconstant
with the length of flow direction at a specific time. In contrast-aoniiorm flow based on

changing the velocity with the length of flow direction.

1.2.4Compressibleand in-compressible fluid flow
The difference between the compressible amdmpressible flow is the density. The
density of the compressible fluid is changing at each point whereas the density of the

incompressible fluid is constant at each point.

1.2.50ne, two and threedimensional fluid flow

One dimensional fluid can l#assified as a type of fluid when the flow characteristic
such as velocity is a function of time and one space coordinaté likeo-dimensional
fluid flow, the velocity is a function ofime, and two spacecoordinate such agaJ
Though, threadimersional fluid flow is the type of flow when the velocity can be a

function of time and three space coordinalésdv

1.2.6Rotational (swirl) and irrotational flow
Rotational fluid can be known as the kind of fluid in which fluid particles can rotate on
their axis whilst they move in a straight path, whereas an irrotational flow means that the

fluid particles cannot rotate while they are flowing along streaniUipe & LaNasa, 2002)



1.4Motivation

The motivation of the present work initiates froine importance of merging between the
swirling jet flow phenomenandthe CFD numerical modelling. Furthermore, the importance
of swirling jet lies in the fact that a huge ramjéndustrial application rely on this type of flow
such axcombustion chambs, heat exchangers, internal combustion engines, separators etc.
FurthermoreCFD is attractive an energetic component in the design and manufacturing of
industrial and no#industrial products and processé&serefore applying CFD approach for
this typeof flow is highly recommended in various industrial/Aadustrial fields.The current
work also aims to delivevarious rang of numerical data to evaluate different types of

turbulence models.

Alternatively, understanding the scalar mixing in a-neactng isothermal flow conditions
is also consideredin this study Therefore, the current work provides a comprehensive
numerical study of the scalar mixing phenomena in a planar and swirling jet flow via applying
ANSYS-CFX simulation program. The swirl flosffect is studied athreedegree of swirl
levelse.g.,low, mediumandhigh at a constant Reynolds nhumber 8fé52based on the area
averaged velocity of 8.48\/s at thanlet and the diameter of 50.8mmhus,the intention of
this studyis toevaluate various turbulence models implementing in Workbench programme to

simulate an isothermal, naeacting, and steady state swirling flow.

1.5 Researchaims andobjectives

The main aim of this research is to investigdte modelling of a nomeacting swirling
flows. The present researéhtentionsat extending the current understanding of turbulence
modelling employed with the RANS equations. The current and previouslisipedbldata in
open literature are still lacking and discrepancies between different studie3 legikterature
review in chapter 2 describes the gaps in knowledgéescribed isection 24 which will be

addressed by satisfying the following objectives

1. Develop a validated approach to modellingsivirling andplanarflow phenomenausing
ANSYS-CFX. This requires a thorough understanding of prediction approaches and

analysis othe discrepancy between treallife measuremestand CFDmodelling.

2. Investigatethe modelling ofthe scalar mixing process as a function of swirl number.

Hence, three swirling level will be examined i.e., low, medium and high swirling strength.



3. Investigate the effect afsing different turbulencaodelson the svirl. In another words,
apply various RANS turbulence models for each swirling level to evaluate \iligm

previously published experimental data.

4. Indicate the best RANS turbulence model among all the appliedTtmspecify establish

an overview of error expectation percent of each meteh it used to predict thssvirling

jet flow.

5. Investigate the effect of diffusion and turbulent mixing in the simulation dorfain.
instance, wen thediffusion dominates the flormndwhen the turbulent is dominated

1.6Description of the thesis
This thesis consists &fevenchapters. The general backgrounda@nCFD and modern
system developmentong with a brief history of fluid dynami¢gve already been introduced

in thischapter.The detailsand descriptiof each chapter are shownkigurel-1 below.






Chapter 2 LITERATURE REVIEW
2.1 Turbulent jet flow

Generally, Jet flows known as any liquid or gabatstreams into an environment with
thedifferent or sam@hysicaland chemical propertiesuch as flowing of Methane from a jet
orifice to the atmospheric diGolub & Polezhaev, 2008Converselyaturbulent jeis creaing
whena running fluid enters atationarybody of the same fluidoroducing a velocity shear
layer between the two fluids and causing it to mwith turbulence Referring to Figure -4
which shows dluid jet starting from its nozzle orifice towagliescentt OXLGTV HQYLURQP
though it could be any fluid with the same density. Moreover, the prefigure shows that
the continuous turbulence jet flow takagproximately conical shapehich means thathe
radius 4tothe jet is proportional to the distan@downstream from thialet placeg(Mihailovic,
2012)

On the other hand, one of the most important jet principles of free turbulence jet flow is
the jet spread angle, which many scientists have a huge interest in studying it as it plays an
important role irfmany applications such #gcombustion engineerirfgeld. The cone shape
angle as shown in FigureZiswell defined by many experiments and theoretical studies, these

methods indicate that thet halfanglehave a limited range of values equal¥tao 20 (T.
Guo et al., 2017)




I Jet half-angle JetSpread
angle

o

Furthermore, it has been agreed that the total spread @angd@e angle has a universal
value equal to Zor equal to 11.8as a haHangle value as ifigure 23. This angleemains
the sameregardlessf the type of fluid and at any different flow conditions such as the orifice
diameter or inlet flow velocityTherefore, the relationship between ttwvnriver distanceT

andradius 4 can be indicated as follogihailovic, 2012)

—fssZ Nsw (2-1)

S
4:T, L=T (2-2)
w

On the other hand, the finite nozzle radius has a value of half the exit dia@aten
though the initial jet radius is more than zero. Therefore, the virtual soupm®ential core
has a value of approximatelyx@t , as shown irFigure 23 (Mihailovic, 2012) Many types
of research has been applied to study the subject of jets experimentally and numerically over
thepast seven decad@szra, 2018)
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Commonly, there are many types of turbulent jet flow such as plan turbulent free jet,
circular jet flow, radial jet and compound j@Rajaratnam, 1976)However, this study
focuses mainly on turbulent swirling jet flow in a circular geometry burner and one case of
planar jet flow. Therefore, the next subheading will ideldthe characterization of planar

jet flow and swirling jet flow in a circular jet shape, respectively.

2.1.1Circular planar jet flow

Circular planar jets can be found in various applications such as heating/ ventilating
functions, drying processesisothermal jets and neisothermal jets The efficiency of
mixing in this kind of jet flow is dependent updime jet spread rate and potahtcore
decay. The shear layer is known as the region of interactibing mixing between the
ambient and jet fluidstand itperformsanessentiafactor in the growth of turbulent flow
fluctuations in the entrainment of ambient fl(ikra, 2018; Sato & Sakao, 196BEsides,
a free jet is occurring when a fluid penetrates a quiescent envinbioyna pressure drove
force only and there is no effect of the wall ceiling or barrier on the flow, while a confined
jet flow created by the influence of reverse flows originated from the same jet entraining
ambient material. Furthermore, the static puesss constant in the free shear layer for the
subsonic jet flow because the fluid boundary cannot maintain a pressure difference across

it. Then, the outlet boundary layer grows as a mixed free shear layer and entraining the
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ambient fluid in the jet flowTherefore, the mass flow increases with jet spread along the
downstream direction while the centreline velocity decreases to conserve mor{ientam

2018; Rajaratnam, 1978Ylany researchers have studied the flow structure of free jet flow
and four different zones based on centreline velocity decay has been established from these
studies as shown in Figurestzand2-5 (Yue, 1999)

Self similar profiles
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The first zone, which is called the convergent zone, is the place of the potential core
which is the area where the centreline quantity or maximum quantity such as velocity,
concentration and volume is equal to the nozzle outlet quantity and it usually expands up
to 4@o 6 @where @s the diameter of the nozzle exit and it is in the form of a cone.
Subsequently, the second zone, which is called transition zone or io@ragfion, is the
area where centreline quantity begins to decay and shear layers from both sides merge. This
zone normally take place at the region fro@® 20 @nd the quantity decaygsoportional

to T°4®where Tis the axial distance. Thengtthird zone, which isalled the selsimilar
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area, is the area where the quantity profiles such as transverse velocity profiles are similar
at different values ofT, the decay at this areapsoportional to T’2 Finally, the fourth
zone,called the temination zone, is the area where the centreline quantity starts to decay
quickly and it is been studied by various researcdh@rs, 1999) Moreover, diffusion plays

as the main force of moving at the first two zones in the axial jet flow while the third and
fourth zones are only the developed and termination jet respectively, and most engineering
applications are applying at the first this@nes. Alternatively, large eddies are formed
because of the huge velocity difference at the surface between the outlet jet fluid velocity
and the static ambient fluid which leads to lateral mixing. Then, the mixing will slow down

the fluid jet flow velodty while it increases the surrounding fluid velocity and the width of

the jet increases as a result of fluids interfeflBgra, 2018; Rajarathnam, 1976)




I. Characterization of circular planar jet flow

NP
QTN L Q_v#8'FF—G (2-3)

Figure 26 illustrates the main fundamentals of circular jet flow where the diameder
develgsfrom a jet nozzle with a uniform velocity df, into a significant static quantity of the
same liquid. As has bepmneviouslyexplained, the size of the jet increases graduallynasves
away from the nozzle. Moreover, the description of jets growth is explained in thé&igamee
by usinga time-mean velocity measuringevice such as pitdtibe to calculate the deviation
of the axial velocity Qwith the radial distanceNat different axial sectionsA potential core
zone can be indicated by the section up-tovthere the not diminished velocity equal Tp
after this area the generated turbakeat the boundaries begitspenetrate to the axis and the
mean velocity 7; on the axis starts to decay with(Rajaratnam, 1976 Many other factors
affectthe jet spread such as Reynolds number, nozzle geometry, inlet velocity profile, fluid

temperature and aspect rafifzra, 2018)

Furthermore, many numerical experimeatsl studies indicate the setimilar area by
compuing the average turbulent fluctuatignsuch as the work done bfPope, 2000;
Wygnanski & Fiedler, 1969)n orderto calculate the velocity profiles as shown in Figures 2
7 and2-8, the results show that velocishapethroughthe jetflow is a practically similar to
bell curvewhich is fitting toGaussiarequation Similar profiles can be seen in Figure8,2-

4, 25 and2-6. Thereforethe velocity can be written as follew
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Where Trefersto thedownriverdistance from the virtual source alongh the jetr is
the crosget radiatingdistance measured from jet centrelir@, , known as the maximum
velocity which is normally at the centreline of the jdfinally, éis the standard deviation

associateavith the spreadateof the profile across the centreline.
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[I. Equation of motion

The circular jet equation of motion cée derived by usingReynolds equations in the
cylindrical systemNd &, since thget dominatesnly a small width in the transverse direction
then the boundary layer of the jet will be approximated. Regnolds equationg the
cylindrical system for steady axisymmetfiow is written as follow(Loitsyarskii, 1966;
Rajaratnam, 1976; Schlichting, 1968)

oR oR _FR soL ®R _soR _ R _ o°R
ReenER VT Nt Fe o R Enan M E 55 C
O (@ O B R (2-4)
Fom JE o HEPE 1 Fa
oR OR _ RR ®R _soR _R _0°
REnERSVE N R EnanT 8 E 5 6C
0 0 KRS (2-5)
F E— Bt 2>
FoERPE 5 RWPE t —=1r 6
oRE ORL FSOLER OGREsoREOGRG
%ON I:gov oN NON o 6
0 o R
F I, FR8E — o BR (2-6)

o) o) (2-7)
0 NI\Fg 0 '

Where R, R, R are referring to mean velocities M1 and directions whileR, R and
R are thevelocity fluctuations.As in a planar circular jet there is no swirl, which means that
R is equal to 0 andll the terms containindg and its derivatives disappefiom the above
equationsOn the other hand, radial gradient directions are much higher than thosexethe
direction R ( R, It has been assumed that witlea nozzle Reynolds numbisrgreater than
a few thousandthe corresponding turbulent shear stressésbe much larger than viscous
stresses which can be neglected. Moreovetutiiiellent normal stsssescan be assumed to be
equal in bothradial and peripheral direction¥hereforethe equations of motion turn into
(Loitsyanskii, 1966; Rajaratnam, 1976; Schlichting, 1968)

soL 0 (2-8)
60N ON
OR OR soL__0o B o
— ER— L F-— FF- R¥E 2 E— RG 2-9
RenE RV é 0 c‘)N{E§ N ~ o (2-9)
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0 0

— E— NR L 2-10

SN E ' (2-10)
By IntegratingEquation 28 andsubstituting in2-9 simplifying like that of the plane jet

Equation 29 convertgo:
SR R R »

R— ER—,L Fo— F-— N{¥& (2-11)

Where Lis the outside pressure of thee jAssuming thatQéRrefer to velocity in axial and

radial directionsespectively Tis theaxial distancelownstream the jet andL F e ¥Bwith

these substitutionshe equations of motion become

(‘)QE 0Q I:sc‘)L s ONI (2-12)
Qc‘)T ONL €0T éNON
0 0
— NE— NR r 2-13
5TV ETN (2:13)

Furthermore, inmost of the practical cases, ihas beenassumed thato L 0 Tis
approximately zero, therefoEguation 212 become:
C)QER(‘)_Q S SONI (2-14)
L ReN e NN
Finally, Equations 213 and 214 are representing the simplified equations of motion for a

planar circular jefLoitsyanskii, 1966; Rajaratnam, 1976; Schlichting, 1968)

lll. Equation of momentum

The momentum flux of a circular jet flow in tlagial direction is conservetlie toazero
pressure gradieis thget diffusing into astaticatmosphere of the same fluigpe. Therefore,
the develomentof this equatiorbased on thigriterion starts withmultiply Equation 214

by é Mindintegrate with respect tdfrom NL rto NL ». So(Rajaratnam, 1976)
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Consequentlyizquation 215 will be:

@ " ’

—@114 teN@®E r (2-19)
Importantly, Equation 219 declares the previous assumption that where the momentum

flux in the axial direction is conserved, the rate of change of the axial momentum flux in the

axial direction is equal to zero

Moreover,Equation2-19 can be used to develop velocity and length scales equations as

Q L B:Ne>; L B:u; (2-20)
QRT (2-21)
>R T (2-22)
follow:
@ 1
@ F@ >6 J_r4 teaNBP@ L r (2-23)
With thesesubstitutionsEquation 219 turnsto:
>R T (2-24)
tLEtML r (2-25)
LEML r (2-26)

Because the value of the definite integraEguation2-23is a constanttherefore:

2.1.2 Swirl jet flow

Swirling flows as shown ifrigures 29 and 210 arevery common in natal phenomena
such as tornadoes, hurricane, and whirlpad well as inndustrial applications such as the
combustion chambers, heat exchangers, internal combustion engines, separatarsKetc.
Gupta et al., 1984; Gursul, 2004; L. N. Jones, 2004@reis muchpublished research that has
been done on thigrid of flow where a high level of turbulence occurbe uses ofa swirling
jet flow will create a lowpressure region in the swirling core centre because of the axial, radial
and tangential velocity components that generate the pressure gramlarettae-