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This thesis presents a computational analysis for determining the flow properties of 

novel non-circular nozzles.  In last few decades, non-circular nozzles have been 

investigated intensively due to their remarkably superior capabilities in enhancing 

mass entrainment over circular nozzles.  In this thesis, to increase the amount of 

ambient fluid entrained in the jet flow, three different geometrical modifications are 

applied to non-circular nozzles. These modifications include changing contraction 

profiles, the twist angles of transition, and nozzle lengths.  The flow properties of air 

emanating from geometrically modified non-circular nozzles are studied by using 

computational fluid dynamics (CFD) in the Star CCM+ fluid solver. This 

computational analysis shows that suitably modified non-circular nozzles are very 

effective passive flow conditioning devices and can modify the flow field.  

Particularly, nozzle with a sharp exit and large twist angle entrains the ambient fluid 

at a higher rate than the circular and other modified non-circular nozzles. 
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Chapter 1 

Literature Review 

Introduction 

 Jet flows are widely used in many engineering applications such as gas turbine 

combustors, engine injectors, water jets, and hydraulic drilling.  In most of these 

engineering applications, main purposes are mixing and mass entrainment 

enhancement in the flow domain.  The efficiency of all those applications is highly 

dependent on flow properties of the jet flow. In this thesis, novel non-circular 

nozzles are studied to improve mass entrainment rates of non-circular nozzles.   

  Axisymmetric jets are the most common jet applications because they are 

easy and convenient to produce, and they provide stable flows due to their smooth 

and straightforward geometries.  In the past few decades, researchers have begun to 

look for alternative jet designs that are more suitable than a circular jet for 

particular applications including combustion, mixing, and cleaning [1].  The search 

for alternative jet designs in hopes of finding better jet designs eventually led them 

to investigate non-circular jet flows.   

 Many researchers reported that non-circular jet flows showed better mixing 

and mass entrainment over circular jets [13, 15, 23].  Experimental studies 

suggested that enhancement of mixing and mass entrainment is related to the 

azimuthal distortion caused by the sharp edges of non-circular jets [6, 8].  
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 It is highly important to understand the flow properties of a jet flow in order 

to find new ways of control and improvement over common jet configurations.   

1.1 Circular Jets 

Circular jets are the most commonly used free shear flows that are formed 

when the fluid emerges from a circular outlet.  Circular jets are often referred to as 

axisymmetric jets.  The axisymmetric jets have been investigated comprehensively 

to understand the behaviors of the jet after emerging from an outlet.   

Experimental studies on mean velocity fields in circular jets show that in the 

stream-wise direction, the jet flow could be divided into two different regions where 

the flow has similar properties [2]. 

•  Potential core region, which is also called flow development region.  In the 

potential core region, exit velocity does not diminish.  The region has a     

cone-like shape where the exit velocity has the same magnitude everywhere 

within the potential core.    

• Fully developed region, in which the centerline velocity starts to diminish as 

the jet propagates downstream.  The jet interacts with the surrounding fluid 

and momentum exchanges in the mixing layer.  As a result of this exchange, 

more surrounding fluid is entrained and the jet becomes wider, as the exit 

velocity diminishes.   

A simple sketch of a circular jet is shown in Figure 1.1 to illustrate how a 

circular jet propagates after emerging from an outlet. 
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Figure 1.1: Sketch of a circular turbulent jet [2]. 

As can be seen from Figure 1.1, the exit velocity, Uo, is preserved until the axial 

section 1-1, where the flow development region ends. 

1.2 Non-circular Jets 

 Non-circular jets are often called three-dimensional jets. Three-dimensionality 

of non-circular jets makes them important research topics.  Unlike the round jets, 

non-circular jets have two distinct axes.  The axes of non-circular jets are referred to 

as the major and minor axis.  The major axis is the longest diameter in the cross-

section of a non-circular nozzle outlet, while the minor axis is the shortest diameter.  

A simple sketch of a non-circular jet issued from an elliptical slot is presented in 

Figure 1.2. 

 

 



4 

 

 

Figure 1.2: Sketch for a three-dimensional free jet issuing from an elliptical slot [3]. 

As can be seen from the sketch, the major axis of the elliptical slot is y-axis and 

the minor axis is z-axis.   

 Many researchers performed numerous experimental studies on non-circular 

jets issued from outlets like square, rectangle, triangle, and ellipse in the past three 

decades.  Numerical simulations were also devoted to non-circular jets in the past 

decade, but they are very scarce. 

 Grinstein et al. [4] investigated subsonic free square jets both experimentally 

and computationally.  They mainly focused on the initial conditions of the jet such as 

turbulence level, Reynolds number, and momentum thickness.  They found that 

axis-switching mechanism depends on the initial conditions of the jet.  Mass 
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entrainment, in terms of the stream-wise mass flux in the rectangular jets was found 

to be higher than in a round jet for both experimental and numerical results. 

 A comprehensive study on nine different non-circular nozzles was done by Mi 

and Nathan [23].  They studied centerline values of mean velocity and turbulence 

intensity for nine jets.  They reported that changing the axisymmetric nature of jet 

exit region causes velocity to decay faster at the centerline.  They also reported that 

"fluctuating intensity growing" and fast velocity decay, the indicators of mass 

entrainment enhancement, were observed in non-circular jets.  Among all different 

nine nozzles, the isosceles triangular nozzle showed the fastest velocity decay which 

indicates faster mixing, while the smooth contraction round jet showed the slowest 

velocity decay. 

 The isosceles triangular jets were studied by Azad et al. [24].  They reported 

the results for three different apex angles for the triangular jet and one contoured 

round jet for the comparison.  The results showed that the triangular jet with the 

smallest apex angle (10°) had the highest entrainment as well as the fastest velocity 

decay. 

 Similar studies were done by Gutmark and Ho [6] for elliptical jets.  Gutmark 

and Ho found that the entrainment rate of an elliptic jet was several times greater 

than those of circular and plane jets.  They used a small aspect ratio elliptic jet to 

increase the entrainment ratio.  They suggested that small-aspect ratio elliptic jets 

could be a passive flow control for increasing mass entrainment.  They used a 2:1 
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aspect ratio elliptic jet to increase mass entrainment rate in the flow domain.  The 

experimental results were impressive.  They reported that the entrainment rate was 

eight times higher than those of circular and plane jets. 

 Miller et al. [7] simulated a wide range of jets (elliptic, rectangular, triangular, 

square, and circular).  The same equivalent diameter for all nozzles was used to 

determine the efficiency of non-circular nozzles in mixing enhancement.  The results 

showed that all non-circular jets provide better mixing than circular jets, and hence 

better entrainment ratios are reported for non-circular nozzles.  They found that 

square jet does not show axis-switching; however,  its axes are rotated by 45°.  

 Numerical analysis of a rectangular jet was studied by Berg et al. [5].  They 

successfully modeled near field velocity profiles and far field velocity decay in the 

flow domain.  An important aspect of this study is that they compared the two most 

used two-equation turbulence models (k-ε and k-ω turbulence models) and found 

that standard k-ε turbulence model showed superior capabilities in predicting the 

velocity decay of rectangular jet.   

 Numerical simulation of an equilateral triangular turbulent free jet was 

carried out by Shamami and Birouk [26].  The main purpose of the study was to test 

several numerical methods and find the best method which predicts the flow 

properties close to the reference experimental case.  They used two-equation 

turbulence models, namely the standard k-ε and the realizable k-ε.  They also used 
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Reynolds stress models.  They reported that realizable k-ε model predicted the 

near-field velocity decay better than other eddy viscosity  turbulence models [26]. 

1.3 Turbulent Jets 

 Turbulent jets are free shear flows driven by a source of momentum and 

emerging from an orifice or a nozzle into surrounding fluid.  As soon as the jet exits 

the outlet, the fluid penetrates into ambient fluid, and a shear layer is created 

between the jet and ambient fluid.  The shear layer causes the mixing process 

between the jet and surrounding fluid.  The jet entrains surrounding fluid and 

propagates downstream.  As the jet moves downstream, it entrains more fluid, and 

the mixing region becomes wider.  The centerline velocity starts to decay due to 

momentum exchange in the shear layer. 

1.4 Flow Mechanisms in Non-circular Jets 

1.4.1 Axis-switching 

  Experimental and numerical simulations showed that axis-switching is highly 

responsible for large increases in entrainment rates.  Axis-switching is an important 

flow property such that the vortex rings produced by jet undergo a drastic shape 

change due to different azimuthal distortion at the minor and the major axis of    

non-circular nozzles, as the jet goes downstream.  The jet flow that emanates from 

the section with the larger curvature moves faster than the section with a smaller 

curvature [8].  As a consequence of this difference in the velocity profile of the 
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vortex ring, it does not keep its initial shape, and eventually at some downstream 

location, two axes are interchanged [1].   

The superior mixing capability of such jets  

 

Figure 1.3: Axis-switching in a vortex ring [1]. 

1.4.2 Bifurcation 

   Hussain and Husain reported another flow mechanism for an elliptic jet.  An 

elliptic jet with an aspect ratio of 4:1 (AR=4) showed quite different flow 

characteristics from any other elliptic jet configurations.  The flow velocity 

increased much faster than AR=2 elliptic jet in the major axis due to larger 

curvature.  In the experiments, elliptic jet continued to move faster in the major axis 

until the opposite side of the elliptic ring overlapped at the centerline of the jet.  The 

resulting interaction produced two circular jets in the flow domain.  The bifurcation 

process caused an expansion in the jet cross sectional area; therefore, better mixing 
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was observed in the jets with AR=4.  Bifurcation mechanism in elliptic jets is shown 

in Figure 1.4.   

 

Figure 1.4: Bifurcation mechanism [8]. 

 It can be seen from three different images in Figure 1.4 that the major axis 

accelerates and interacts with other end of the major axis and this acceleration 

forces jet to bifurcate, instead of changing the axes [8]. 

1.5 Flow Control 

 The role of vortex dynamics (large and small coherent structures) and vortex 

induction in mass entrainment are investigated by many researchers [6, 16].  

Manipulating the flow field is the process to control the jet.  Controlling of the jet 

provides perfectly excited flow for engineering applications such as combustion 

chambers where both small and large scale mixing are needed, and also the aircraft 
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jets where noise reduction is necessary.  Flow control can be achieved in two 

different ways. 

• Active Control 

• Passive Control 

 Active control is adapting the jet flow properties by forcing the flow externally.  

For active flow control, finding an optimum excitation is very important. The 

excitation mode, the frequency and the amplitude are the primary parameters that 

have to be set to precise values.  An analyst should decide what frequency and level 

are needed for the purposes of excited jet.    

  Another way of controlling the flow is passive control.  In passive control, the 

jet is not forced externally to change the flow patterns.  Instead, the passive control 

can be achieved directly by changing the geometry such as the contraction profiles, 

tabs or internal grooves, and notched edges. 

 Rather than forcing the flow mechanically or acoustically, it is preferable to 

modify the nozzle passively to control the flow.  It is also generally cheaper to adjust 

the nozzle geometry to control the flow. 

 Gutmark and Grinstein suggested that non-circular jets could be a powerful 

passive control technique to manipulate the flow field.  They argued that the flow 

properties of non-circular jets mainly depend on the shape of an outlet.  Hence, they 

modified the outlet shape of non-circular nozzle in different ways such as elongated 

nozzle and sharp-edged nozzle.  The modification they made in nozzle enabled them 
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to control the flow properties of the jet at very low-cost.  They suggested that 

controlled non-circular jets could be used at many engineering applications such as 

jet noise reduction, impinging jet heat transfer, combustion, and mixing control [25]. 

 New [27] used notched nozzles to study the influences of the nozzle outlet 

geometry on mean flow behavior of axisymmetric turbulent jets.  He reported the 

flow differences observed between V- and A- notches when the high aspect ratios 

were used.  Also, he reported that severe flow distortions occurred when relatively 

sharper nozzles were used.    

 Much effort was spent to develop efficient ways of controlling the small and 

large structures actively or passively to augment mixing and increase mass 

entrainment, and much more effort will be spent in near future.   

1.6 Objectives  

 The objective of this thesis is to study the flow properties of different           

non-circular nozzles to find the best nozzle design for better mixing and higher mass 

entrainment rates.  In this study, non-circular nozzles are modified geometrically 

and the effects of those modifications on improving the flow properties are studied. 

 The implemented computational method is described briefly in Chapter 2.  The 

process of how the model is built and the model parameters are selected is 

explained.  The nozzle geometries and the computational domain are defined.  

Chapter 3 covers the modification that is applied to the contraction profiles of non-

circular nozzles.  In this chapter, the results from two different contraction profiles 



12 

 

are compared.  Chapter 4 depicts the information on modifying non-circular nozzles 

to have a twisted configuration.  Chapter 5 explains the last geometrical 

modification method.  In chapter 5, the nozzle lengths are elongated to influence the 

flow behaviors of non-circular jets for enhancing mass entrainment.  In Chapter 6,    

I discuss the some important flow properties which are indicators of higher mass 

entrainment rates.  In chapter 6, mass entrainment rates are presented and 

discussed for all the jet configurations.  Finally, in Chapter 7, I draw conclusion from 

the results and give the concluding remarks on the mixing capabilities of                

non-circular jets.    
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Chapter 2 

Numerical Simulation Setup 

 Numerical solutions presented in this thesis are obtained by using Star CCM+.  

The Star CCM+ computational fluid dynamics (CFD) solver is one of the most 

powerful and commercially available CFD solver for engineering applications.  

Nozzle geometries are prepared by using SolidWorks 2013 and then imported into 

Star CCM+ as parasolid files.   

2.1 Finite Volume Method 

 The Star CCM+ solver uses the finite volume method, which is a numerical 

method that divides the problem domain into finite number of volumes and 

evaluates conservation laws (conservation of mass and momentum) for every finite 

volume.  These volumes are called cells of a computational grid.   The next step is to 

find discrete versions of conservation laws in integral form for every control volume 

in the domain.  The main objective is to obtain a set of linear equations 

corresponding to the number of cells in the grid [9].   

2.1.1 Governing Equations  

    In this thesis, the governing equations are Navier-Stokes equations of 

incompressible flows.  Navier-Stokes equations can be written in tensor form 
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(2.1) 

   
 (2.2) 

where 𝜌, u, and f are the density, velocity, and external force, respectively.  The 

stress tensor is denoted by 𝝈 and represented as   

                                                                                 

 

(2.3) 

where I is the identity tensor and T is the viscous stress tensor which is also called 

as the deviatoric part of the stress tensor and p is the pressure.  In Star CCM+, the 

finite volume discretization starts with continuous integral form of Navier-Stokes 

equations of incompressible flow for continuity and momentum 

 
(2.4) 

where ug is the grid velocity and applicable only if the mesh is moving.  The terms 

on left-hand side of the equation (2.4) are the transient term and the convection 

term.  The terms on right-hand side are the pressure gradient term, the viscous flux, 

and the external force term.  To obtain a discrete form for a single control volume 

cell-0, above equation is applied to a reference volume cell-0 

 
(2.5) 

where a is the face area vector, and the subscript f indicates the face quantity.   
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 The transient term occurs in Navier-Stokes equations if the problem is       

time-dependent.  It must be included in governing equations.  There are several 

ways to solve transient simulations in STAR CCM+.  The transient solver that is used 

in this thesis is an implicit unsteady solver with a first-order temporal discretization 

scheme.  This scheme is referred as backward Euler method: 

 
(2.6) 

In (2.6), the transient term is solved at both current time step "n+1" and previous 

time step "n".  The backward Euler method provides unconditional stability, but 

solving equations at both current and previous time step increases the 

computational expenses. 

 Another important term appears in (2.4) is the convection term.  To obtain 

more accurate and stable numerical solutions to physical problems, it is important 

to discretize the convection term properly.  There are several discretization 

schemes available in Star CCM+.  It should be noted that when working with 

Reynolds-Averaged Turbulence Models only first and second-order upwind schemes 

are available in Star CCM+. 

2.3 Segregated Flow Model 

 There are two unsteady flow solvers available in Star CCM+, namely coupled 

flow solver and segregated flow solver.  Coupled flow model solves conservation 

equations for mass and momentum simultaneously using a time-marching 
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approach.  The coupled flow solver is mainly used in compressible flows, natural 

convection problems, and the flows with large body forces [9]. 

The segregated flow model solves the flow equations in a segregated manner.  

A predictor-corrector approach is used to link momentum and continuity equations, 

which are solved separately.  The segregated flow model offers a good compromise 

between accuracy and computation time for constant density flows.  It is also 

suitable to use segregated flow model for mildly compressible flows.  It is highly 

recommended to use segregated flow where the computational resources are issue 

and the physics of problem is suitable to use segregated flow [9]. 

There are several algorithms to couple pressure-velocity and derive 

equations for the pressure from continuity and momentum equations.  The default 

algorithm in Star-CCM+ is "Semi Implicit Method for Pressure Linked Equations 

(SIMPLE)" algorithm.  SIMPLE is not only default algorithm for the solver, but also 

the most widely used one to solve segregated flow model. SIMPLE algorithm was 

introduced by Patankar and Spalding [21].  In SIMPLE algorithm, initial pressure 

field is defined by using boundary conditions.  The gradients of velocity and 

pressure are computed according to the initial pressure field.  The discretized 

momentum equations are solved to compute intermediate velocity field.  The face 

mass fluxes are checked in every cell to see if continuity equation is satisfied for 

every cell.  To satisfy continuity equation, the pressure correction is applied and the 

pressure field is updated by using new corrected pressure values.  The face mass 
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fluxes and cell velocities are corrected with respect to updated pressure field.  These 

fundamental steps can be repeated as long as the convergence criteria are satisfied.          

2.3 Turbulence Modeling  

 Turbulence is a very complicated physical behavior of the fluid.  Although this 

behavior of turbulent flow is mostly understood today, it is still difficult to 

approximate a fairly complicated phenomenon because approximation process 

causes loss of some data in the numerical solution.  The process of introducing the 

lost data is known as "Turbulence Modeling." There are three most common 

approaches for modeling turbulence that are available in STAR CCM+: 

• Reynolds- Averaged Navier-Stokes (RANS)   

• Large Eddy Simulation (LES) 

• Detached Eddy Simulation (DES)  

 Reynolds-Averaged Navier-Stokes (RANS) equations are divided into three 

main groups.  The number of additional transport equations that is solved in the 

turbulence model classifies the turbulence models.  These models are one-equation, 

two-equation, and second-moment closure models [10].   

2.3.1 Two-equation Models 

   Two-equation models are the most widely used equation models in 

engineering applications.  They provide a good compromise between computational 

cost and accuracy.  They are also well suited to industrial-type applications [9]. 
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 The two most commonly preferred turbulence models among two-equation 

models are the standard k-ε and the k-ω model.  They are both two-equation models 

in which transport equations are solved for the turbulent kinetic energy k and either 

the dissipation rate ε or the specific dissipation ω [9].  In order to show the 

capabilities of these two commonly used models in predicting jet flow properties, 

Berg et al. [5] studied the performance of the k-ε and the k-ω turbulence models to 

see which model gives the best result that is consistent with the experimental 

results of turbulent free jet.  In their study, the k-ε turbulence model succeeded in 

predicting the main features of the flow better than the k-ω model.   

2.3.2 The Realizable K-ε Turbulence Model  

    Although the standard k-ε model predicts the jet flow properties better than 

k-ω turbulence model, it is reported that the standard k-ε turbulence model still 

does not provide consistent results with the experimental studies for the plane and 

the round jets [11].  It is also reported that although standard k-ε model 

demonstrates excellent performance when predicting the flow properties of 

confined flows,  it does not accurately predict the flow properties of unconfined 

flows, where higher mean shear rates are expected.  Also, standard k-ε overpredicts 

the spreading rate of the axisymmetric jet [28].  

 To overcome these weaknesses of standard k-ε model in predicting the 

spreading of jet and the flow properties of unconfined flows, the realizable k-ε 

turbulence model was developed by Shih et al. [12].  In this turbulence model, they 
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suggested a new transport equation for turbulent dissipation rate ε.  Also, unlike the 

standard k-ε turbulence model, the model coefficient, Cμ, is no longer defined as a 

constant in this new model.  Instead, this coefficient is expressed as a function of 

mean flow and turbulence properties. The idea of a variable coefficient is also in 

agreement with the experimental studies.  This new turbulence model satisfies the 

realizability constraints, which are positivity of normal Reynolds stresses and the 

Schwarz's inequality for turbulent shear stresses [12]. 

 After carrying out several benchmark computations to test the present model, 

they reported well-known spreading rate anomaly was completely removed.  In 

addition, this new dissipation rate equation is expected to enhance numerical 

stability in turbulent flow conditions. 

  In conclusion, after investigating the previous computational studies carefully, 

and because of the reasons listed in this section, the realizable k-ε turbulence 

model is selected for this study.   

2.5 Boundary Conditions 

 Boundary conditions are necessary to introduce initial conditions to the 

numerical simulation.  Boundary conditions also tell the flow solver how to treat 

fluid flow along these boundaries of the computation domain.  In this study, three 

different boundary conditions are introduced into the flow domain.   
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• Velocity Inlet  

• Pressure Outlet 

• Wall 

The computational setup and boundary conditions are presented in Figure 2.1. 

 

 

 

Figure 2.1: The perspective view of the computational setup. 

 The computational domain consists of a nozzle and a chamber where the jet 

discharges into ambient air.  The computational chamber is cylindrical with a 

diameter of 1 m and a height of 1.2 m.  To make sure that the cylindrical walls were 

sufficiently far from jet flow, the computation was also carried out with a diameter 

of 2 m chamber and it is seen that the diameter of 1 m is wide enough not to 

influence the flow field.  It can be seen from Figure 2.1 that the inlet boundary is 

situated at the left hand side and outlet boundary is situated at the right hand side of 
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the computational domain.  The rest of the computational domain is specified as a 

wall with no-slip condition. 

 The inlet boundary is defined as a velocity inlet.  The velocity inlet boundary 

condition allows the analyst to assign an initial velocity.  The initial velocity is 

defined as 10 m/s in order to have the Reynolds numbers around 105   at the exit of 

nozzle.  The jet exit velocities, Uo , could vary between 60 m/s and 67 m/s at 

different nozzle geometries.  The Reynolds numbers based on the equivalent 

diameter and the exit velocities are varied from 1.5 x105 to 1.8x105.  The Reynolds 

number is calculated as  

 (2.7) 

where ρ, ν, U, and L are respectively density, kinematic viscosity, local velocity of the 

jet, and characteristic dimension, which is the equivalent diameter of the nozzle 

outlet in this study.  The right end of the cylindrical chamber is defined as the 

pressure outlet with relative pressure of 0 Pa.  The reference pressure is defined as 

the atmospheric pressure; hence all other pressures are shown with respect to the 

reference pressure of 101,325 Pa.   

 No-slip conditions are imposed to the wall boundaries.  No-slip condition 

predefines the tangential component of the velocity to zero.    
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2.6 Mesh Generation  

 Mesh generation has an important role in dependable and accurate 

computational solution.  An analyst must choose the correct mesh size and type that 

help to discretize the whole computational domain properly and efficiently.  The 

balance between computational resources and mesh size determines the limitations 

of numerical simulation. This is because higher mesh density requires more 

computational resources, which means an increase in the total cost.  Therefore, the 

final mesh must provide necessary conditions to accurately solve the problem, while 

also staying within reasonable limits in regards to computational cost. 

 The parasolid files were created using SolidWorks 2013, and then imported 

into Star CCM+ to generate the volume mesh.  Star CCM+ provides a comprehensive 

mesh generator which is capable of generating tetrahedral, hexahedral, and 

polyhedral volume meshes.  Other meshing options enabled during generating 

computational meshes are listed below: 

• Polyhedral Mesher 

• Surface Remesher 

• Extruder Mesher 

 Polyhedral mesh provides a good solution for complex mesh generation 

problems.  In comparison to equivalent tetrahedral mesh, polyhedral mesh is easier 

and more efficient to produce [9].  In this thesis, polyhedral mesh is selected to 

discretize the computational domain due to its advantages over tetrahedral mesh.   
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 The surface remesher is an important tool to prepare surface of the geometry 

for final volume meshing process.  Surface remesher improves the overall quality of 

existing surface and optimizes it for volume meshing.   

 The extruder mesher can be used for extending the inlet and outlet to enlarge 

the computational domain.  In Star-CCM+, the pressure outlet boundary is designed 

to permit recirculation.  The recirculation can cause a non-uniform pressure 

distribution near outlet boundary [9].  To assume the outlet boundary is sufficiently 

far from the jet flow, the outlet of the computational domain was extended using the 

extruder mesher function. Extruder mesher function provides only the structured 

hexahedral mesh option.  

2.7 Mesh Density 

 A non-uniform polyhedral mesh was used during simulations.  However, a 

structured mesh was used, as well, where the extruder mesh function was enabled.  

To capture the essence of the flow properties in the shear layers, the mesh was 

refined around the centerline of the jet flow.  The refined meshes were expanded 

towards the wall boundaries using a conical-shaped refinement region.  The 

refinement ensured relatively finer mesh in the region where high velocity 

gradients were expected.  The computational domain is presented in Figure 2.2. 
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Figure 2.2: The computational domain after the volume mesh generation. 

 In Star CCM+, the mesh refinement can be done based on the absolute values 

or the relative values of the base cell size.  The base cell size is the characteristic 

length that other cell sizes are set relatively.  In this study, the base cell size was set 

to equivalent diameter of the nozzle outlet (De=0.04282 m).  A 7% of the base cell 

size was used to mesh the entire volume of the nozzle.    

 The surface growth rate between adjacent cells in the mesh was adjusted to 

1.3 to provide a smooth transition from one cell to another.  The refinement zone 

was started from the nozzle outlet until the axial location at X=1 m (~23De).  The 

diameter of the conical refinement zone increased gradually with increasing 

downstream distance and was 0.6 m (~15 De) at X=1 m.   
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 Figure 2.3 shows the cut planes in the major axis and three cross-stream 

planes of the final volume mesh.  

 

                   

Figure 2.3: Cut planes of the major axis, X/De=1, X/De=5 and X/De=9. 

 The total number of nodes is limited to 1.5 million to meet the computational 

power restrictions for this thesis. 

 



26 

 

  2.8 Nozzle Geometry 

 Non-circular nozzle geometry consists of two distinct parts, which are merged 

together in SolidWorks 2013 to form the total volume of non-circular nozzle.  Two 

parts and the final total jet volume are presented in Figure 2.4.   

                              

 

Figure 2.4: Drawings of final total jet volume after merging two main parts of      

non-circular nozzle. 

 The first part is the non-circular part which consists of a rectangular cross 

section with the half-circles connected to the short edges of the rectangle.  The 
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second part is a conical part which consists of a circular inlet and an outlet and can 

be defined as a tapered cone.   

The cross-sections of the non-circular nozzles are also presented in Figure 2.5. 

 

Figure 2.5: The cross-sections of the non-circular nozzles.  

 In this study, the nine different nozzle configurations were analyzed.  The first 

three nozzles (A, B, and C) were built in non-circular twisted shape with differences 

only in nozzle length. The nozzle length was denoted by L, and set to 2De, 3De, and 

4De, where De was the equivalent diameter of the non-circular outlet.  The 

equivalent diameter of the non-circular outlet was calculated using the following 

equation:  
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(2.8) 

where A is the cross-sectional area and p is the perimeter of the nozzle outlet [22]. 

 The three nozzle geometries (nozzles G, H, and I) were designed with a 

contraction profile converging to a sharp exit. The first contraction provides a 

sharp-edged outlet configuration.  

 The next three nozzles were designed with a contraction profile converging 

normal to the edge (nozzles A, D, and F).  The second contraction provided a smooth 

transition between the nozzle inlet and outlet.   Herein, nozzle A was studied in two 

different chapters (modification of the contraction profiles and modification of the 

nozzle length).  For both contraction profiles, the nozzles were designed with three 

different twist angles (θ), which were 0°, 25°, and 45°.  The more specific sketches of 

contraction profiles and twist angles are presented in the following chapters. 

  The last nozzle configuration (nozzle E) consisted of only the conical part of 

non-circular nozzles. It had a circular inlet and an outlet with the equivalent 

diameter, and the transition between them was provided with constant angle 

contraction profile.  The nozzle geometries are presented in Figures 2.6 to 2.9. 
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Figure 2.6:  Non-circular nozzle geometries with the first contraction profile.       
Left: Nozzle G (θ=0°).  Center: Nozzle H (θ=25°).  Right: Nozzle I (θ=45°). 

 

                   

Figure 2.7: Non-circular nozzle geometries with the second contraction profile. 
Left: Nozzle D (θ=0°).  Center: Nozzle A (θ=25°).  Right: Nozzle F (θ=45°). 

 

             

Figure 2.8: Non-circular nozzles with different nozzle lengths. Left: Nozzle B         
(L=3De).  Right: Nozzle C (L=4De).  

 

         

Figure 2.9: Circular nozzle geometry.  Nozzle E (θ=0°). 
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 Detailed information regarding nozzle properties is given in Table 2.1 for all 

nozzle configurations.    

Table 2.1: Nozzle configurations. 

 

Nozzle 
Name 

Length(L) 

(mm) 

Diameter (De) 

(mm) 
L/De 

Twist 

(Degree) 
Outlet Shape 

A 76.34 42.82 2 25 Non-circular 

B 128.46 42.82 3 25 Non-circular 

C 171.28 42.82 4 25 Non-circular 

D 76.34 42.82 2 0 Non-circular 

E 76.34 42.82 2 0 Circular 

F 76.34 42.82 2 45 Non-circular 

G 76.34 42.82 2 0 Non-circular 

H 76.34 42.82 2 25 Non-circular 

I 76.34 42.82 2 45 Non-circular 
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2.9 Physics Models 

 The simulation needs physical information such as materials, turbulence 

models, and space-time to represent the physical continuum inside the flow domain.  

In Star CCM+, the physics module defines the physical continuum.  The combination 

of the models enables the analyst to define the problem completely.  The physics 

models that are applied to continuum are presented in Table 2.2. 

Table 2.2: Physics model. 

Space Time Material 
Flow 

Solver 
Equation 
of State 

Flow 
Regime 

 
Turbulence 

Model 

3-D Implicit 
unsteady 

Air Segregated Constant 
Density 

Turbulent Realizable 
k-ε  

 

2.9.1 Model Parameters 

   Some of the important model parameters are discussed in this section.  In this 

thesis, the air properties are used at standard sea-level conditions and presented in 

Table 2.3. 

Table 2.3: Air properties. 

Density  
(kg/m3) 

Dynamic Viscosity 
(Pa·s) 

1.18415 1.85508x10-5 
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 The implicit unsteady solver was used for all simulations.  The first order 

temporal scheme was activated to solve the transient term.  First order temporal 

scheme is also known as Euler implicit and discretizes the transient term using 

solution at current time "n+1", as well as the previous time "n".  The default time 

step size was 0.001 s for first order temporal scheme.  Several different time step 

sizes were tried to satisfy the convergence criteria.  The reasonable results were 

obtained by using time step size of 5x10-4 s.   

 Another important factor that needs to be taken into account is the 

compressibility while simulating the jet flow.  Mach number is the non-dimensional 

number that is the ratio between the free stream velocity, U∞  , and the speed of the 

sound, c,  can be defined as, 

 
(2.9) 

  
 The flow is considered incompressible if the Mach number does not exceed 

0.3.  In this study, the Mach numbers were between 0.18 and 0.2 for the jet flows 

and sufficiently low enough to be considered incompressible.   
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Chapter 3 

Modification of Contraction Profiles 

 The first method for conditioning the flow field was to modify the contraction 

profile of non-circular jets.  The contraction profile provides a well-designed 

transition from a circular inlet to a non-circular outlet.  To analyze the effects of the 

contraction profiles, the non-circular part of the nozzle was modified with two 

different contraction profiles. For the cone part, a constant angle was used for the 

contraction in all computations.  Two different contraction profiles are presented in 

Figure 3.1.   

                      

Figure 3.1: Non-circular nozzle configurations with two different contraction 

profiles.  Left: First contraction profile (Sharp exit) Right: Second contraction profile 

(Smooth exit). 
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 For first contraction profile, the curve provides a transition converging to a 

sharp edge.  As can be seen from Figure 3.1, this curve forms an acute angle with the 

major axis of nozzle outlet.  For second contraction profile, the curve provides a 

smooth transition converging normal to the edge and forms a right angle with the 

major axis of nozzle outlet.  For the sake of simplicity, nozzles are referred to as 

nozzle G and nozzle D for first and second contraction profiles, respectively.  It is 

important to indicate that the 0° twist angle is applied to non-circular nozzles to 

focus on only the effects of the contraction profiles.    

 In this chapter, the results are reported for two different contraction profiles.  

Mean velocity profiles, turbulence intensity profiles, half-width variation of the jets, 

and mean velocity fields are presented in the following sections.  

3.1 Mean Velocity Profiles of Different Contraction Profiles 

 Mean velocity profile is an important flow property that gives an insight into 

the spreading characteristics of the jet flow.  To analyze mean velocity profiles, the 

line probes are used to extract and sample the data from the computational domain. 

The location of a line probe can be specified by entering the coordinates of two 

endpoints of the probe.  

 Mean velocity profiles are extracted at seven different axial locations in the 

flow domain.  The computed mean velocities are normalized by the local centerline 

velocities.  Mean velocity profiles are presented in Figure 3.2 for nozzles D and G. 
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Figure 3.2: Mean velocity profiles of two different contraction profiles. 
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 Nozzle exit plane is the axial location where the first mean velocity profiles are 

extracted.  The nozzle exit plane is denoted by X/De=0.  At X/De=0, it is seen from 

Figure 3.2 that saddle-back velocity profile occurs both in the major and minor axis 

for nozzle D.  Saddle-back velocity profile shows off-center velocity peaks over the 

span-wise direction. The acceleration of the velocity in the outer region of the jet is 

responsible for the velocity peaks. Another velocity profile that is observed at nozzle 

outlet is a top-hat velocity profile, which has a uniform velocity distribution over the 

entire profile.  It can be seen from Figure 3.2, the flow exits the nozzle outlet with a 

top-hat velocity profile in nozzle G. 

 In nozzle D, as the jet goes downstream, the formation of off-center velocity 

peaks becomes immediately clear in the major axis.  The peak velocity is 1.5-2 times 

higher than the local centerline velocity in some axial locations for nozzle D.  The 

highest velocity occurs at X/De=5, where it is twice as high as the local centerline 

velocity.  The difference between the centerline velocity and off-center velocity 

peaks starts to decrease after X/De=5.  In the minor axis, the peak velocity is near 

the edges of outlet, but later as the jet moves downstream, the velocity profile 

becomes more bell-shaped, in which the maximum velocity occurs in the centerline 

of the jet.   

 In nozzle G, the flow emerges from the outlet with a top-hat velocity profile in 

the major axis.  For the major axis plane, nozzle G shows off-center velocity peaks, 

which are smaller in magnitude with respect to nozzle D.  For the minor axis, the jet 

flow has similar velocity profiles to those observed in nozzle D. The reason for the 
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similar velocity profiles in the minor axis is that nozzles D and G share same 

contraction profile for the conical part.  

3.3 Turbulence Intensities of Different Contraction Profiles 

 Turbulence intensity can be defined as the root-mean-squares of velocity 

fluctuations scaled to local mean velocity values in the flow region.  Turbulence 

intensity is also known as a scale to measure the turbulence level and generally 

expressed as a percentage. For the high turbulent flows, turbulence intensity is 

between 5% and 20%.  

 It is important to know turbulence levels in the air flow for many fields such as 

aeronautics, air-conditioning, and mixing devices. In mixing devices, higher 

turbulence intensities imply higher entrainment rates.  

 Turbulence intensity is related to the turbulent kinetic energy and can be 

calculated using following equations: 

 
(3.1)  

 (3.2) 

 (3.3) 

where I is the turbulence intensity and the local velocity is U in first equation (3.1), 

u' is the root-mean-square of the turbulent velocity fluctuations, u'x, u'y, and u'z are      

x, y, and z components of the turbulent velocity fluctuations and k is the turbulent 
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kinetic energy in the second equation (3.2),  and Ux, Uy, Uz are x, y, and z 

components of local velocity in the third equation (3.3).   

 Star CCM+ has a large selection of built-in field functions which help to analyze 

the computational results.  It is also possible to create user-defined field functions.  

In this study, turbulence intensity values are evaluated by using a user-defined 

function which is in terms of turbulent kinetic energy field function.  The subroutine 

that is added to evaluate turbulence intensity is 

 (3.4) 

where I is the turbulence intensity and "$TurbulentKineticEnergy" represents the 

kinetic energy field function.  Here, the dollar sign ($) is used to refer to the scalar 

field functions in Star CCM+.  As can be seen from (3.4), the turbulence intensity is 

normalized by nozzle exit velocity (Uo).   

 Turbulence intensities are extracted from the same axial locations where 

mean velocity profiles are extracted.  The results are presented in Figure 3.3 for 

nozzles D and G. 
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Figure 3.3: Turbulence intensities of different contraction profiles. 
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 A conclusion can be drawn after the comparison of the turbulence intensity 

results from nozzles D and G.  In the major axis, there is an additional intensity peak 

in the centerline of the jet for nozzle D, whereas the intensity profiles only have two 

peaks in the shear region for nozzle G.  In the minor axis, both nozzles show similar 

trends in the centerline of the jets.   

 As seen in Figure 3.3, the peaks in turbulence intensity profiles are the same in 

the major axis for both jets.  However, turbulence intensities are found to be higher 

in the minor axis for nozzle G at X/De=9.  The highest turbulence intensity occurs at   

X/De=9, where the turbulence levels are varied from %12 to %16 in both major and 

minor axis of the jets. It should also be noted that turbulence intensities increase 

with increasing downstream distance from nozzle outlet. 

3.4 Half-width Variations in Different Contraction Profiles 

  The half-width variations of the jet provide essential information about the jet 

growth, as the jet propagates downstream.  The half-width of the jet is the radial 

distance where mean velocity of the jet is halved.  By studying the half-width 

variations of the jet, we can understand how the jet spreads in the flow domain.  The 

important flow mechanisms such as axis-switching can be revealed by plotting the 

half-width variations.  Figure 3.4 summarizes the half-width variations for nozzles D 

and G.  Half-width variation of circular nozzle is also included for comparison. 
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Figure 3.4: Half-width variations in different contraction profiles. 

 For nozzle D, high spreading rates are observed in the major axis with 

increasing downstream distance, whereas the half-width of jet decreases initially in 

the minor axis.  However, after the initial decrease in the jet-growth, the jet also 

starts to spread out in the minor axis.   

 For nozzle G, spreading of the jet is significantly different from nozzle D in the 

major axis.  The jet flow spreads into the centerline until the axial location X/De=7.  

After that point, the jet starts to spread out slowly in the major axis.  Meanwhile, the 

flow shows similar trends to those observed in nozzle D until axial location X/De=1 

in the minor axis .  The half-width of the jet decreases first, and then a substantial 

increase occurs after axial location X/De=2.  It can be seen from Figure 3.4 that a 

switch-over point occurs at the axial location X/De=2.5, while its relation with     
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axis-switching phenomenon is to be determined after analyzing the mean velocity 

fields. 

 The half-width variation of circular jet (nozzle E) is also plotted to compare 

the spreading rate of circular nozzle to those of non-circular nozzles.  In the near 

field (X/De<10), the jet issued from circular nozzle seems to be still in the potential 

core region because circular jet does not spread out and keeps its initial jet width. 

3.5 Mean Velocity Fields in Different Contraction Profiles 

 Mean velocity fields are studied to explain how the jets evolve with increasing 

downstream distance (X/De).  The flow mechanisms (axis-switching, jet bifurcation) 

can also be revealed by analyzing the mean velocity field in non-circular jets.  In this 

section, mean velocity fields are reported to determine the flow mechanisms that 

occur in two different contraction profiles.    

  Mean velocity fields are plotted for nozzles D and G.  The six different axial 

locations are specified to extract the data from the computations.  The line probes 

are situated at X/De=0, X/De=2, X/De=3, X/De=5, X/De=7, and X/De=9 to extract 

mean velocity field data.  Additionally, mean velocity flow fields are plotted in the 

major and minor axis planes of nozzles D and G.  Mean velocity fields are presented 

in Figures 3.5 and 3.6 for different contraction profiles. 
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Figure 3.5: Mean velocity fields in nozzle D. 
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Figure 3.6: Mean velocity fields in nozzle G. 
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 In Section 3.1, the off-center velocity peaks are observed in mean velocity 

profiles for nozzle D.  Furthermore, in Section 3.4 it is indicated that the half-width 

of jet in nozzle D increased substantially in the major axis, whereas the negative 

growth is observed initially in the minor axis.  As a result of these behaviors, the 

double-jet formation is observed in nozzle D.  The formation of the double-jet can be 

seen from Figure 3.5.  Similar observations can be found in the experiments of 

Gutmark et al. [16].  They used a conical contraction profile to achieve combustion 

enhancement.  They reported a growth of the jet in the major axis, as well as the 

flow acceleration in the outer region of the jet that caused a double-jet formation. 

 As can be seen in Figure 3.6, in the first axial location, the jet emerges from the 

outlet with an elliptic slot jet formation.  As the jet moves downstream, the width of 

jet in the major axis decreases constantly, while it increases in the minor axis.  This 

jet formation in nozzle G is well-known axis-switching phenomenon in non-circular 

nozzles. 

 In conclusion, both nozzles show very different flow formations, as the jets 

propagate downstream.  While the flow velocity increases in the outer region of the 

jet, and forms a double-jet for smooth nozzle D, the jet spreads into the centerline in 

the major axis and axis-switching occurs for sharp nozzle G. 
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Chapter 4 

Modification of Twist Angles 

 The second method for conditioning the flow field was to modify the nozzle 

body in such a way that it includes a rotational transition from an inlet to an outlet.   

In order to obtain a twisted nozzle body, non-circular part of nozzle was twisted, but 

the conical part was kept unchanged.  The purpose of twisted body shape is to 

introduce an angular velocity component to fluid flow after it exits the outlet.  The 

transition surface of nozzle was designed with three different twist angles.  The 

twist angle is the angular difference between the axis of an inlet and the major axis 

of an outlet.  These twist angles are 0°, 25°, and 45°.  The definition sketches of twist 

angles are presented in Figure 4.1. 

         

Figure 4.1: Definition sketches of the twist angles.  

 In total, six different nozzle configurations are compared in this chapter. In 

addition to zero twist angle nozzles (D and G), other four nozzles are 25° twist angle 

nozzles (A and H) and 45° twist angle nozzles (F and I).  
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 Cut scenes of the nozzles are presented in Figure 4.2 to illustrate the cross-

sectional areas clearly.  The cross-sections are numbered from an inlet to an outlet 

starting from 1. 

   

 

Figure 4.2: The cross-sectional areas of the twisted nozzles.  Left:  0° twist angle. 

Right: 25° twist angle. Bottom: 45° twist angle. 

 Figure 4.2 shows that the cross-sections of twisted non-circular nozzles 

undergo a rotation from an inlet (1) to a nozzle outlet (8)  

 In this chapter, the results are reported for different twist angles.  Mean 

velocity profiles, turbulence intensity profiles, half-width variation of the jets, and 

mean velocity fields are presented in the following sections.  
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4.1 Mean Velocity Profiles of Different Twist Angles 

 Mean velocity profiles are plotted in Figure 4.3 for 25° twist angle nozzles and 

in Figure 4.4 for 45° twist angle nozzles.  The nozzles from different contraction 

profiles are compared under the same twist angles.   

        

               

               

 
 

Figure 4.3: Mean velocity profiles of 25° twist angle. 
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Figure 4.4: Mean velocity profiles of 45° twist angle. 

 As seen in Figure 4.3, although both nozzles have the same twist angle, the 

velocity profiles are quite different for nozzles A and H in the major axis, in which 

the flow velocity increases in the outer region of the jet for nozzle A.  However, the 

flow does not show any acceleration for nozzle H.  Also, the jet emerges from the 
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outlet with a saddle-back velocity profile for nozzle A, while it has a top-hat profile 

at nozzle outlet for nozzle H.  For the minor axis, mean velocity profiles are nearly 

identical, as the jets move downstream.  The jets have a saddle-back velocity profile 

at the nozzle outlet.  However, the acceleration is not observed at any axial 

locations.  

 For nozzle F, the flow velocity also increases near the jet periphery in the 

major axis, and the flow continues to accelerate until the axial location X/De=7.  At 

this location, the maximum velocity is 2.5 times higher than the local centerline 

velocity.  However, for nozzle I, the flow does not accelerate, and the maximum 

velocity occurs in the centerline of the jet.   

 For the minor axis, the velocity profiles show similar trends for all nozzle 

configurations.  Since only rotated part is the non-circular part and the conical part 

is the same for all nozzles, the results are reasonable because the minor axis is 

associated with the conical part of total nozzle body.   

4.2 Turbulence Intensity Profiles of Different Twist Angles 

 As mentioned in the introduction of this chapter, three different twist angles 

are defined and compared to assess impact of the twist angle on producing efficient 

fluid flows for mass entrainment.  To compare the turbulence intensity profiles of 

different twist angles, they are grouped under the same twist angle, and are plotted 

in Figures 4.5 and 4.6.  
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Figure 4.5: Turbulence intensity profiles of 25° twist angle nozzles. 
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Figure 4.6: Turbulence intensity profiles of 45° twist angle nozzles. 
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 Figures 4.5 and 4.6 summarize the turbulence intensity profiles for all nozzles.   

For twist angle 25°, the maximum turbulence levels are approximately equal in the 

major axis.  However, the turbulence levels are relatively higher in the minor axis of 

nozzle H than in the major axis of nozzle A.  

 For 45° twist angle, the turbulence levels are higher in the major axis of nozzle 

F than in the major axis of nozzle I.  On the contrary, the turbulence levels are found 

to be higher in nozzle I than in nozzle F with the maximum difference of 20% at 

X/De=7 in the minor axis. 

 The turbulence levels are in the range of 10% to 16% for all nozzle 

configurations in the major axis and in the range of 10% to 12% in the minor axis. 

 An interesting observation is that the intensity humps are observed near the 

outer region of the jet in smooth exit nozzles (A and F), whereas they are very close 

to the centerline of the jet flow in sharp exit nozzles (H and I) in the major axis.  

4.3 Half-width Variations in Different Twist Angles 

 Half-width variations of the jets are presented in Figure 4.7 for different twist 

angles.  The results from jet spreading of reference circular jet and no-twist nozzles 

(D and G) are also plotted to compare the jet-width variation along the stream-wise 

direction. 
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Figure 4.7: Half-width variations in different twist angles.  Top: Sharp exit nozzles.  

Bottom: Smooth exit nozzles. 

 

 Figure 4.7 shows that half-width of the jet increases for smooth exit nozzles 

(D, A, and F) in the major axis.  Moreover, while the twist angle increases, the jet 

growth increases.  In the minor axis, a negative jet growth is observed initially.  

After the axial location X/De=2, the jets start to spread out in the minor axis for all 

smooth exit nozzles. 
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 For sharp exit nozzles (G, H, and I), the jets show a negative growth initially, 

and then they start to spread out in the major axis.  The nozzle with the highest 

twist angle (nozzle I) recovers from the negative growth faster than other nozzles, 

and then the half-width of the jet increases substantially after X/De=5.  In the minor 

axis, a negative jet growth is observed until the axial position X/De=1, and then the 

jet begins to spread in the minor axis for all nozzles.  These results are also in 

agreement with the observation of Miller et al. [7].  They reported that the jets 

issued from sharp-edged non-circular nozzles grow faster. This is because of the 

large-scale coherent structures that are generated by non-circular nozzles.   

 In Section 3.5, it is showed that axis-switching occurs in nozzle G.                  

Axis-switching point is at X/De=2.5.  Similar half-width variations also can be found 

in nozzle H.  Figure 4.7 shows the cross-over point that is observed in nozzle H, 

while its relation with axis-switching is to be determined after analyzing the mean 

velocity fields in the next section.  

4.4 Mean Velocity Fields in Different Twist Angles 

 Mean velocity fields are plotted in the major and minor axis planes as well as 

in six cross-stream planes. Mean velocity fields are presented in Figures 4.8 to 4.11 

for 25° twist angle (nozzles A and H) and 45 ° twist angle (nozzles F and I).   
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Figure 4.8: Mean velocity fields in nozzle A. 
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Figure 4.9: Mean velocity fields in nozzle H. 
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Figure 4.10: Mean velocity fields in nozzle F. 
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Figure 4.11: Mean velocity fields in nozzle I. 
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 In Figure 4.8, it is seen that the flow accelerates in the outer regions of the jet. 

Also, cross-stream planes show that a secondary jet is formed for nozzle A.  Once the 

velocity field in the major axis plane is analyzed, as the jet goes downstream, the 

double-jet formation can be noticed easily for nozzle A.   

 As expected, nozzle F also shows double-jet formation downstream.  It  can be 

seen from Figure 4.10, specifically the flow field taken along  the axial plane X/De=9, 

the jet expands in a significantly larger area compared to the jet issued from      

nozzle A. One particular conclusion can be made after examining spreading of 

nozzles A and F.  As the twist angle increases, the jet-growth also increases 

downstream. 

 Figures 4.9 and 4.11 show that the flow does not spread strictly in the major 

and minor axis due to the rotation of the axes for nozzles H and I (sharp exit).  Thus, 

the mean velocity field should be investigated in whole planar sections to 

understand the flow formations completely.  For nozzle H, the jet propagates in an 

entirely different fashion.  As soon as the jet emerges from outlet, it forms an          

"S-shaped" growing pattern which is followed by a rotation of the axes.  In Section 

4.3, it is noted that there is a cross-over point for nozzle H.  Now, it is seen from 

Figure 4.9 that the rotation of its axes is completed at X/De=5.   

 After analyzing the results from the 25° twist angle nozzles (A and H), it can be 

concluded that the jet issued from nozzle H spreads in a larger area than the jet 

issued from nozzle A.  Particularly, the mean velocity fields of nozzles A and H show 
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that the jet area occupied by the flow issued from nozzle H is twice as large as the jet 

area occupied by the flow that issued from nozzle A at the same cross-stream planes 

(X/De=7, X/De=9). 

 For nozzle I, the jet propagates in a similar fashion as it does in nozzle H.  

However, the rotation of the axes is not completed for nozzle I.  The 45-degree 

rotation can be seen in Figure 4.11.  Thus, no cross-over point is observed in Section 

4.3 for nozzle I.   Most particularly, the jet expansion is the highest in nozzle I among 

all the twisted nozzle configurations, which makes nozzle I a better nozzle 

configuration for mass entrainment. 

 In conclusion, off-center velocity peaks are observed in smooth exit nozzles for 

all twist angles. Moreover, the off-center acceleration of the jets is elevated, as the 

twist angle increases.   

 For sharp exit nozzles, the top-hat velocity profile is observed at the nozzle 

outlets.  Despite the fact that the turbulence intensity profiles do not show 

significant differences for the same contraction profiles in different twist angles, 

they are quite different when comparing two different contraction profiles.  
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Chapter 5 

Modification of Nozzle Lengths 

 The last passive control technique was to extend the nozzle length to see 

influences on flow properties.  Three different nozzle lengths were studied, and the 

results are reported in this chapter.  The nozzle lengths were chosen to be 

proportional to the equivalent diameter of the nozzle outlet.  The ratios between 

nozzle length and the equivalent diameter of outlet were 2:1, 3:1, and 4:1.  These 

nozzles are referred to as nozzles A, B, and C, respectively.  The twist angle was 25° 

for nozzles A, B, and C. 

                             

Figure 5.1: Nozzle Lengths.  Left: Nozzle A Center: Nozzle B Right: Nozzle C.  

 Sections 5.1 and 5.2 provide mean velocity and turbulence intensity profiles, 

respectively. Details regarding the half-width variations and mean velocity fields are 

presented in Sections 5.3 and 5.4.  

5.1 Mean Velocity Profiles of Different Nozzle Lengths 

 Mean velocity profiles are presented in Figure 5.2 for nozzles A, B, and C.   
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Figure 5.2: Mean velocity profiles of different nozzle lengths. 
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 Mean velocity profiles of nozzles show that the flow velocity increases near the 

jet periphery for all nozzles in the major axis, as the jet moves farther in the      

stream-wise direction.   

 For nozzle A, the peak velocity is more than twice the local centerline velocity 

at X/De =5.  After that point, off-center velocity peaks start to diminish in the major 

axis.  In the minor axis, the jet exits outlet with a saddle-back velocity profile, and 

the jet does not show any acceleration.  Thus, the centerline velocity becomes the 

local maximum for mean velocity profiles.   

 The jet issued from nozzle B has similar velocity profiles to those observed in 

nozzle A in the major axis.  However, off-center velocity peaks are not as high as 

they are in nozzle A.  In the minor axis, the velocity profiles are similar to those 

observed in nozzle A. 

 The jet issued from nozzle C has also similar velocity profiles in the major and 

minor axis.  However, for nozzle C, off-center velocity peaks diminish much faster 

than nozzles A and B.  In the minor axis, velocity profiles also show similar trends to 

those observed in nozzles A and B. 

5.2 Turbulence Intensity Profiles of Different Nozzle Lengths 

 The turbulence intensity profiles are compared in different nozzle lengths to 

understand how nozzle length influences the flow field.  The results are presented in 

Figure 5.3. 
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Figure 5.3: Turbulence intensity profiles of different nozzle lengths. 
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 Figure 5.3 summarizes the turbulence intensity profiles in different nozzle 

lengths. Turbulence intensities are higher in the mixing layer (r/De=±1) for all 

nozzle lengths.  The turbulence intensity profiles also change rapidly and form the 

humps both in the major and minor axis.  In major axis, the turbulence intensity 

profiles form three peaks over the entire jet span.  For both the major and the minor 

axis, the turbulence intensity profiles show similar trends for all nozzles.  In nozzle 

A, the turbulence intensities are found to be higher than nozzles B and C in the 

major axis, particularly in the centerline.   

5.3 Half-width Variations in Different Nozzle Lengths 

 The half-width variations of the jets are presented in Figure 5.4 for different 

nozzle lengths.  The half-width variations of the reference circular nozzle are also 

added to compare the half-width variations along the stream-wise direction. 

 

Figure 5.4: Half-width variations in different nozzle lengths. 
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 It can be seen from Figure 5.4 that the variations of the jet half-width are 

similar for all nozzles in the major and minor axis.  In the minor axis, all nozzles 

show a negative jet-growth initially, and then the jets start to spread after the       

cross-stream plane at X/De=2. 

 For the major axis, the half-width of the jet increases continuously in the 

stream-wise direction.  However, the half-width of the jet increases substantially in 

the major axis for nozzle A.  For nozzle B, the half-width of the jet increases, but it is 

not as fast as nozzle A.  Likewise, the growing of the half-width for nozzle C is slower 

than nozzle A.   

5.4 Mean Velocity Fields in Different Nozzle Lengths 

 As mentioned in the previous section, the half-width of the jets increased both 

in the major axis and the minor axis, but the growth in the minor axis was slower 

than in the major axis.  The peculiar growth patterns of these nozzles are different 

from the growth pattern of the common elliptic jets.  To determine the flow 

formations in the computational domain, mean velocity fields are extracted at the 

major and minor axis planes and at six different axial planes.  The results are            

post-processed by using Star CCM+ post-process tools, and then plotted in Figures 

5.5, 5.6, and 5.7.   
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Figure 5.5: Mean velocity fields in nozzle A. 
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Figure 5.6: Mean velocity fields in nozzle B. 
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Figure 5.7: Mean velocity fields in nozzle C. 
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 In elliptic jets, while the spreading rate in the major axis reduces, it increases 

substantially in the minor axis.  Because of the substantial growth in the minor axis, 

the axes of the jet interchange.  The minor axis becomes the major axis and vice 

versa. The process is called well-known axis-switching in non-circular jets.  

However, in this study for different nozzle lengths, spreading rate of the jet 

decreased in the minor axis while spreading rate is increased in the major axis.  At 

the same time, the flow velocity increased in the outer regions of the jet.  As a result 

of this process, double-jet formation occurs in nozzles A, B, and C. 

 In Figure 5.6, the mean velocity fields are presented for nozzle B.  The 

spreading of the jet issued from nozzle B is comparable to nozzle A.  The initial jet 

growth pattern (increase in the major axis and the sudden decrease in the minor 

axis) of the second contraction profile also leads to the double-jet formation for 

nozzle B.  At X/De=9, off-center velocity peaks start to diminish and completely 

uniform velocity distribution can be observed in the jet issued from nozzle B.  

 As expected, the double-jet formation is also observed in nozzle C.  However, 

the double-jet formation is not obvious as in the cases mentioned above, since the 

jet does not accelerate substantially in the major axis.   

 To conclude, all nozzle lengths have similar spreading patterns in the flow 

domain. Still, increasing nozzle length influences the growth rate of the jet 

profoundly. While the nozzle length gets longer, the jet spreads slowly and vice 
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versa in the major axis.  However, nozzle length is not responsible for influencing 

the jet growth in the minor axis.   

 For the major axis, the flow is accelerated in the outer region of jet for all 

nozzle lengths and resulted in off-center velocity peaks.  For the minor axis, the 

velocity profiles are similar in all nozzles, where the jet exits the outlet with a 

saddle-back velocity profile in the minor axis. 

 It is fair to say that the turbulence intensities are higher near the centerline in 

the minor axis because the distance between the edges of outlet and the centerline 

is much closer in the minor axis. 

 Another observation is that the substantial increase in the jet growth that 

occurs in nozzle A may be the indicator of an efficient mixing in the shorter nozzle 

length. 
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Chapter 6 

Flow Properties of Nozzles  

 Some of important flow properties such as mean velocity profiles, turbulence 

intensity profiles, and half-width variations of the jets are reported in the sections of 

previous chapters.  There are also other important flow properties that demonstrate 

the efficiency of jet flow in mixing and mass entrainment.  These properties are the 

centerline velocity decay, the centerline turbulence intensity variations, and they 

are reported in this chapter.  The results are related to the previous studies in            

non-circular jets.   

 Section 6.1 provides the information about the centerline velocity decay in the 

jet flows. Section 6.2 depicts the importance of the centerline turbulence intensity 

variation. Detailed information regarding the conservation of momentum is given in 

Section 6.3.  Finally, the mass entrainment ratios are presented in Section 6.4. 

6.1 The Centerline Velocity Decay 

 The centerline velocity decay rate is a practical indicator to estimate mass 

entrainment ratios in the jet flows because as the velocity decay rate gets higher, the 

potential core diminishes earlier; therefore, the jet entrains more fluid from the 

surroundings.  The higher mean stream-wise velocity decay rate of jets issuing from 

sharp-edged slots implies higher entrainment ratios and consequently better mixing 

in the jet flows [15]. 
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Relatively shorter potential core in non-circular jets also indicates the superior 

mixing capabilities of those jets over their circular counterparts. 

 The centerline velocity decays are plotted as a function of normalized axial 

distances (X/De) for all nozzles in Figure 6.1.  This figure is also important to see 

how the different contraction profiles, the twist angles, and nozzle lengths influence 

the centerline velocity decay. 

 

Figure 6.1: The centerline velocity decay in the jets. 

 As can be seen in Figure 6.1, the velocity decay rates in non-circular nozzles 

are much faster than in circular nozzle E.   
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 The fastest velocity decays occur in nozzles A, D, and F (sharp exit nozzles).  

However, they accelerate in the span-wise direction (the major axis plane) near 

outer boundaries of the jet.  As a result of this behavior, they show double-jet 

formation.  It should be noted that the mixing efficiency may not be concluded from 

the centerline velocity decay rates due to unique formation (the double-jet) for the 

second contraction profile nozzles.   

 For sharp exit nozzles, the centerline velocity decay faster than circular jet.  

Another observation is that nozzle G, which demonstrates axis-switching 

phenomenon, forms a hump in the centerline velocity profile.  This hump is 

associated with axis-switching mechanism and is exactly located where                  

axis-switching occurs. 

 Figure 6.1 also illustrates the correlation between the twist angle and the 

centerline velocity decay.  As the twist angle increases, the velocity decays faster for 

both contraction profiles.   

 For the effects of nozzle lengths on the centerline velocity decay, Figure 6.1 

demonstrates that as nozzle length becomes shorter, the centerline velocity decays 

faster.  Nozzle A that has the shortest nozzle length decays faster compared to 

nozzles B and C.    

 For all jets, the vena-contracta effect is observed in very near field where the 

jet issues from outlet.  The vena-contracta effect is the initial acceleration of fluid 

after emerging from an outlet.  As can be seen from Figure 6.1, the fluid flows are 
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accelerated in the centerline for all jet configurations.  It is also discussed in the   

half-width variation sections that for all non-circular nozzles, the half-width of jets 

are decreased initially in the minor axis. This behavior of non-circular nozzles is 

attributed to the vena contracta effect [29].   

 The effect of nozzle geometry on the velocity decay was also investigated by 

Hammond [14].  The findings of Hammond's experiment are shown in Figure 6.2 to 

compare with the results of this thesis shown above in Figure 6.1. 

 

Figure 6.2: The centerline velocity decay in the different nozzles [14]. 

 The results of this thesis are in agreement with the findings of Hammond's 

study.  It can be seen from Figure 6.2 that the velocity decays faster in non-circular 

jets compared to the circular jet.   
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6.2 The Centerline Turbulence Intensity Variation 

 The augmentation of turbulence intensity is highly desired for efficient mixing 

because the higher turbulence levels enhance the mixing [13].  Since the turbulence 

intensity influences the development of jet flow, it is important to analyze the 

intensity distribution along the jet centerline.  The turbulence intensity variations 

are plotted as a function of the normalized axial distance (X/De) for all nozzles in 

Figure 6.3. 

 

Figure 6.3: Turbulence intensity variations in the jet centerlines. 
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 Figure 6.3 shows that non-circular nozzles demonstrate augmented 

turbulence intensity in near field compared to circular nozzle E.  It can be seen that 

the turbulence intensities of non-circular nozzles are higher (up to six times) than 

circular nozzle E in some axial locations.  

 Similar observations can be found in the experiments of Gutmark et al.  [13].  

They reported that the turbulence level in tapered non-circular slot nozzle was five 

times higher than in circular orifice and slot orifice in some downstream locations. 

 A hump is observed in the centerline turbulence intensity profile for nozzle G.  

This hump is also associated with axis-switching phenomenon which was 

previously discussed in Chapter 3 

6.3 Conservation of Momentum 

 In Chapter 1, the jet flows were identified as the free shear flows driven by a 

source of momentum.  Since there is no external force involved in the jet flow, it is 

reasonable to assume that momentum flux of the jet in axial direction should be 

conserved, as the jet propagates in the stream-wise direction.  Momentum flux is 

calculated by integrating the free-stream velocity and the density of the fluid over 

the jet's cross-section.  The integration is carried out numerically by using the 

equation 

 (6.1) 
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where Mf is the momentum flux, ρ is the density, Uz is the axial velocity component 

of the jet flow, and "dxdy" is the cross-section of the jet periphery.  The subroutine 

that is added to integrate momentum flux numerically in Star CCM+ is 

 (6.2) 

where "$$Velocity[2]" represents the axial velocity component of the jet flow.  It 

should be noted that the dollar sign ($) and two dollar signs ($$) are used to refer to 

scalar field functions and vector field functions, respectively.  Next, computed 

momentum flux is integrated over the cross-sections of jet. Momentum fluxes are 

normalized with momentum flux at X/De=1, and presented in Figure 6.4.   

 
Figure 6.4: Conservation of Momentum. 
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 As can be seen from Figure 6.4, the momentum fluxes are constant for all 

nozzle configurations at different axial locations.  Thus, the momentum is preserved 

in axial direction of the jet flow. 

6.4 Mass Entrainment Ratios 

 Mass entrainment ratios were difficult to predict in the experimental studies, 

since there were not distinct boundaries for jet periphery.  Ricou and Spalding used 

a cylindrical porous chamber in the experimental setup to measure the total amount 

of entrained fluid into the jet.  The cylindrical chamber measured an average mass 

entrainment along the length of the chamber [17].  As a drawback of their method, 

mass entrainments along the axial locations were not measured directly.  Instead, 

they developed an empirical relationship between mass entrainment and the axial 

downstream distance.  By using the empirical relationship, they provided mass 

entrainment ratios anywhere in the flow domain.   

  With the help of modern computational techniques, it is possible to measure 

mass entrainment at specific axial locations inside the computational domain.  Mass 

entrainment can be computed by integrating mean axial velocity over the cross-

sectional areas where the axial velocity component of the jet is nearly equal to zero 

[18, 19].  In this thesis, the axial velocity and density are integrated numerically at 

various specific axial cross-sectional areas using the equation   

 
(6.3) 
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where ṁ is the mass flow through a cross-sectional plane.  Mass entrainment ratios 

are calculated using the equation 

 
(6.4) 

where �̇�0 is exit mass flow rate.  Mass entrainment ratios are extracted at seven 

axial location situated at X/De=0,  X/De=1,  X/De=2,  X/De=3,  X/De=5, X/De=7,  and 

X/De=9.  Mass entrainment ratios are presented in Figure 6.5.  

 

Figure 6.5: Mass entrainment ratios. 
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 As can be seen from Figure 6.5, for most of the nozzle configurations, mass 

entrainment ratios are varied from 1.5 to 2 at X/De=9.  However, mass entrainment 

ratios are higher in nozzles H and I (sharp exit) than those observed in other       

non-circular nozzles.  They perform superior mixing capabilities in the near field.  At 

X/De=9, nozzle I entrains almost three times more ambient air than other nozzle 

configurations.  Similarly, nozzle H entrains nearly two times more ambient air than 

the rest of nozzle configurations.  Between other nozzles, nozzle F has comparably 

higher entrainment ratios.  As expected, circular nozzle E has the lowest mass 

entrainment rate among all nozzle configurations. 

 The highest entrainment ratios are obtained by using first contraction profile 

(sharp exit).  However, nozzle G with 0° twist angle does not show significant 

differences than nozzle D with 0° twist angle (smooth exit.) 

 Another important aspect of this study is to investigate the impact of twist 

angle on mass entrainment.  It is concluded that the twisted shape of nozzle 

geometry increases mass entrainment.  The highest mass entrainment ratios are 

associated with the largest twist angles in both different contraction profiles.  For 

example, nozzle I with twist angle of 45° is the most effective nozzle on mixing.  

Likewise, nozzle F with twist angle of 45° has the best mass entrainment in smooth 

exit nozzles. 

 It is also seen that mass entrainment ratios are highly related to nozzle length.  

The higher mass entrainment rate occurs in the smallest nozzle length (nozzle A.)  



83 

 

Regardless of the twist angle, nozzle length can be considered as an important factor 

on achieving higher mass entrainment rates.  The computational results of nozzle 

lengths also show similar trends with those of the experimental study of Trabold et 

al. [20].  They showed that the length of nozzle has a measurable influence on the 

entrainment rate.  Generally, the entrainment rate is higher when nozzle length is 

reasonably small.  
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Chapter 7 

Concluding Remarks 

 A computational analysis of non-circular nozzles was presented in this thesis.    

A CFD model was developed to predict mass entrainment ratios, the turbulence 

intensities, jet half-width variations, and mean velocity profiles in non-circular 

nozzles.  The CFD model was used to perform the numerical analysis for all nozzles. 

Three different geometrical nozzle modifications were applied to non-circular jets 

to condition and control the flow properties and consequently enhance the 

entrainment process.  These modifications were the 

• Contraction profiles, 

• Twist angles, 

• Nozzle lengths. 

 First of all, two different contraction profiles were considered to study the 

effects of contraction profiles on flow properties.  The first profile was designed 

with a curve that provides a contraction converging to the sharp edge.  The second 

profile was designed with a curve that provides a smooth contraction converging 

normal to the major axis of outlet. 

 Next, three different twist angles were defined to study the effects of twisted 

surface. Three twist angles were 0°, 25°, and 45°.  Zero twist angle nozzles were 

used as reference nozzle geometries for the twist angle related computations. 
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 The last modification was to extend nozzle lengths proportional to the 

equivalent diameter of nozzle outlet.  These lengths were L=2De, L=3De, and L=4De 

for nozzle length related computations.    

 A detailed analysis of the modified nozzle geometries was performed.  The 

results were compared to circular nozzle as well as reference non-circular nozzles.  

This thesis addressed the flow properties of geometrically modified non-circular 

nozzles utilizing Star CCM+ post-process tools. The general conclusions drawn from 

studying the results based on implemented CFD model were as follow: 

1. Modifying the contraction profile to have a sharp-edged outlet significantly 

improves mass entrainment ratios in non-circular jets. Sharp exit nozzles 

show higher mass entrainment rates than smooth exit nozzles.  Moreover, 

the amount of air entrained in sharp exit  nozzles is two/three times higher 

than those of smooth exit nozzles at axial locations X/De=7 and X/De=9.    

2. As the twist angle increases, entrainment ratio also increases.  Regardless 

of the contraction profile, the highest entrainment ratios are observed in 

the largest twist angle nozzles (nozzles F and I).  However, mass 

entrainment ratios do not differ significantly between nozzles D and G 

(zero twist angle nozzles). 

3. For nozzle length considerations, non-circular nozzle with the smallest 

nozzle length (L=2De) has higher mass entrainment ratios than nozzle B     

(L=3De) and nozzle C (L=4De) in the near flow field (X/De <10). These 

results are also consistent with the previous experimental study [20]. 
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4. Mass entrainment ratios are much higher in all non-circular nozzles than in 

circular jet. 

5. Turbulence intensity variations along the centerline of non-circular are 

compared to circular nozzles. The turbulence intensities in non-circular 

nozzles are significantly higher (up to four times) at some downstream 

locations than in circular jet.   

6. Centerline velocity decay, which is an indicator of a better mixing, is faster 

in non-circular nozzles than in circular nozzle.  

7. Smooth exit non-circular nozzles demonstrate double-jet formation in the 

near field.  For sharp exit nozzles, axis-switching phenomenon is observed, 

as the jet propagates downstream except for nozzle I, where the axes are 

rotated by 45°. 

8. In conclusion for my study, nozzle I (sharp exit, 45°twist) is the best 

nozzle geometry for mixing. 
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