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ABSTRACT

This project presents a computational analysis for determining the flow
properties of novel circular nozzles. In last few decades, circular nozzles have
been investigated intensively due to their remarkably superior capabilities in
enhancing mass entrainment over non circular nozzles. In this thesis, to
increase the amount of ambient fluid entrained in the jet flow, three different
geometrical modifications are applied to circular nozzles. In this study, the
mixing characteristics of a circular free jet were investigated computationally
for different turbulence models. Found that K-epsilon turbulent model deemed
to be fit for M=0.6 The study found that the variation in length of the nozzle
leading to improved mixing characteristics. The flow properties of air
emanating from geometrically modified circular nozzles are studied by using
Computational Fluid Dynamics (CFD). This computational analysis shows that
suitably modified circular nozzles are very effective passive flow conditioning
devices and can modify the flow field. Particularly, nozzle with length variation
entrains the ambient fluid at a higher rate than the diameter ratio modified

nozzles.
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CHAPTER 1

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].

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].

o 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.

o 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 Fig 1.1 to illustrate how a

circular jet propagates after emerging from an outlet.
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Fig:1.1: Sketch of a circular turbulent jet

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

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



1.2 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.
1.3 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 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. Itis 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 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.
1.4  OBJECTIVES

The objective of this thesis is to study the flow properties of different
circular nozzles to find the best nozzle design for better mixing and higher
mass entrainment rates. In this study, circular nozzles are modified
geometrically and the effects of those modifications on improving the flow

properties are studied.

The implemented literature study is described briefly in Chapter 2. The
aim and scope of the study is explained in chapter 3. 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 in Chapter 4. In



Chapter 5, discussion on the important flow properties which are indicators of
higher mass entrainment rates. Finally, in Chapter 6, conclusion from the
results and give the concluding remarks on the mixing capabilities of circular
jets.



CHAPTER 2
LITERATURE REVIEW

Numerical solutions Aircraft noise is a serious environmental concern for
people living in the vicinity of the airports. The dominant source of aircraft
noise especially during takeoff is the propelling jet. Jet mixing noise in aircrafts
can cause permanent hearing damage to human ear. The reduction of jet
noise has become a topic of ongoing intense research due to stringent noise
regulations around airports. A review of the available literature on
experimental and numerical investigation of compressible subsonic jet for the
jet aerodynamics and aeroacoustics is presented in this chapter. The review
is based on different parameters like the inflow and boundary conditions, the
simulation method used etc. The field of aeroacoustics have begun with the
first theory on jet noise by Sir James Lightill (Lighthill, 1952). This theory was
developed to predict the intensity of noise produced by turbulent jets. To
describe the acoustic waves, Lighthill reformulated the equations of fluid
motion as a wave equation and is now referred to as Lighthill's acoustic
analogy. An experimental investigation to establish the relationship between
instability waves and jet noise was conducted by Moore (1977). It was
observed that the instability waves were not a direct source of noise but in a
subsonic jet it modifies the downstream turbulence. Thus it was concluded
that the accurate prediction of downstream turbulence could lead to an
accurate jet noise model. Then the focus of research had been placed on flow
characteristics that are directly influencing the jet flow development and
mixing process and thereby the jet noise produced. This was possible either
through changing the nozzle conditions or by influencing the instability waves
in the shear layer. Boersma et al. (1998) confirmed that altering the nozzle
condition can not only control the mixing region but can influence the turbulent
properties downstream of the initial mixing region. Thus new concepts and
designs in the nozzle geometry were established as methods for jet noise
reduction. Computational aeroacoustics (CAA) has undergone spectacular

progress with the rapid development of computer resources during the last



three decades. Direct Numerical Simulation (DNS), Large Eddy Simulation
(LES) and

Unsteady RANS simulations are the simulation methods generally
used in computational aeroacoustics. In these methods, the acoustic
information can be obtained directly by solving the compressible flow
equations or in a secondary step. Various methods like FW-H analogy (Di
Francescantonio, 1997; Ffowcs Williams and Hawkings, 1969) and the
Kirchoff formulation (Lyrintzis, 1994) have been developed for compressible
simulations which extend the acoustic waves outside the simulation domain.
Several numerical studies have been carried out in Computational Aero
Acoustics (CAA) to investigate the sound radiated from a jet with different
initial conditions like nozzle geometries, Reynold's number, temperature
conditions etc. Many of the previous works show that the jet mixing aero
dynamics is highly dependent on the nozzle exit shape (Ho and Gutmark,
1987; Gutmark et al., 1989; Hussain and Husain, 1989; Quinn, 1989; Miller et
al., 1995). Devices like chevrons, bevel nozzles, lobed mixers, micro jets etc.
has been established as a method for jet noise reduction since last few
decades. The complex interactions between azimuthal and stream wise
vortices resulted in increased entrainment characteristics and better fine-scale
mixing of noncircular jets compared to the round nozzle of the same nozzle
exit area (Mi et al., 2000). By altering the mean and turbulent flow
characteristics through the variation in nozzle geometries a reduction in jet
noise can be achieved. Anderson et al. (2003, 2005) investigated the flow field
and the radiated sound of an isothermal Mach 0.75 compressible jet with
Reynolds number 50000 using Large Eddy Simulation and Kirchhoff surface
integration. The Favre filtered Navier Stokes Equations were solved using cell
centered finite volume method solver. For the solution of convective fluxes a
low dissipation third order upwind scheme and for the viscous fluxes, a second
order centered difference approach was applied. A three stage second order
Runge-Kutta method was used for time marching. The sub grid scale stresses
were computed using Smagorinsky’s sub grid scale model. The computational

domain contained boundary fitted block structured mesh with a total of 3



million cells. At the inlet of the nozzle, total pressure and total enthalpy were
specified and at outlet static pressure was specified. At all free boundaries,
absorbing boundary conditions were used. Sound pressure levels in the far-
field were evaluated with a hybrid approach. Kirchhoff surface integration was
utilized for the propagation of sound to far-field locations. Instantaneous

pressure on the

Kirchhoff surface obtained from the LES predicted sound pressure
levels which were in excellent agreement with measured values. The
aerodynamic results and the sound pressure levels were validated against the
experimental data reported by Jordan et al. (2002) and were found in good

agreement except for the initial jet spreading and the potential core length.

Large Eddy Simulation of two compressible jets, one an isothermal jet
and other a hot jet were carried out by Anderson et al. (2004) for a Mach

number of 0.75.

It was found that heating of the jets results in a higher mixing and hence
a shorter potential core region. Heated jet was found to be narrower than the

isothermal jet.

The aerodynamic results and the sound pressure levels were validated
against the experimental data reported by Jordan et al. (2002, 2003). Initial jet
spreading and potential core length were not predicted correctly owing to the
presence of coarse region in the nozzle outlet. A higher Sound Pressure Level
(SPL) was obtained with heated jet in both experimental and numerical work.
However, the increase was not sufficient to make any conclusion regarding

the relation between the temperature ratio and SPL.

Boersma and Lele (1999) carried out the Large Eddy Simulation of a
compressible 0.9 Mach jet, one at a moderate Reynolds number 36 x10"3 and
other at a high Reynolds number 1001073

They used a model based on the Boussinesq hypothesis. Navier-

Stokes equations were rewritten in a cylindrical coordinate system, with x, r,



and 6 as the axial, radial, and azimuthal coordinate directions, respectively. In
the numerical scheme used, spatial derivatives in axial and radial direction
were taken with 6th order compact finite differences. In the azimuthal direction
a Fourier method with approximate idealising was used. The time integration
was carried out with a fourth order Runge-Kutta scheme. The number of grid
points used in simulations for moderate Reynolds numbers was less when
compared to the fine grids employed for high Reynolds numbers. The centre
line velocity, axial velocity, Reynolds stresses, potential core, density profiles,
time series of pressure and power spectra were analysed in these range of
Reynolds number.

Bogey et al. (2003) carried out a three-dimensional circular jet
simulation with a Mach number of 0.9 and Reynolds number of 65000 using
LES to study both flow field and acoustic radiation. The validation of the
computation is then carried out by comparing both flow properties and the
radiated sound field with experimental data available in the literature. The full
three-dimensional Navier-Stokes equations written in a conservative form
were solved. To compute sound wave with more accuracy a low dispersive
and low dissipative numerical algorithm was used. To accommodate different
discretization in the flow field and in the acoustic far field a Cartesian and non-
uniform mesh was used. Though Large Eddy Simulation (LES) can be
performed for simulating flows at higher Reynolds number, by computing only
the larger scales and by taking into account the effects of unresolved ones
through a sub grid scale model, the Smagorinsky model was applied to make
the problem simpler. The physical part of the computational domain was
extended axially up to 20 times the radius of the jet for the flow field, and up

to 30 times radius for the acoustic field.

The computational domain was discretized with varying mesh sizes,
minimum near to the centerline and increasing in the radially outward direction.
The simulated flow field showed that the potential core length obtained was
consistent with the experimental value. Flow properties, namely flow

development, mean flow parameters and turbulent intensities, were in good



agreement with measurements. The sound field provided by LES compared
well with experimental results in terms of directivity, spectra and levels. The
sound sources in the jet were found around the end of the potential core and
were similar to the experimental observations. Most of the experimental
studies on the influence of initial conditions on the jet flow have been
conducted for jets with Reynolds numbers about 1075 <ReD< 5x1075 . In this
range, the exit shear layer is expected to be transitional, but the use of tripping

devices in the nozzle can make it go fully turbulent.

Bogey and Bailly (2005) investigated the effect of inflow conditions on
the flow development and sound field of 0.9 Mach circular jet with Reynolds
number 4x1075 . The investigated parameters were the forcing amplitude, the
initial shear-layer thickness and the use of the first four azimuthal modes when
synthesizing the forcing disturbances. The filtered compressible Navier—
Stokes equations were solved using highly accurate numerical schemes with
low dispersion and low dissipation properties. A 13-point finite difference
scheme was used for spatial discretization, whereas an explicit six-stage
Runge—Kutta algorithm was applied for time integration. The mean profiles of
velocities, pressure, and density were imposed at the inflow boundary. Both
the flow development and the emitted sound were shown to depend
appreciably on the initial parameters chosen to model the inflow of the
transitional jet. Bodony and Lele (2004, 2005) performed Large Eddy
Simulation of three cold and hot jets (Tj/ T~ = 1.8, 2.3 and 2.7) at Mach
numbers 0.5, 0.9 and 1.5. In the first part of calculation a near-field large-eddy
simulation that captures the sound generating turbulent field and the radiated
noise, and in the second part a region that continues the radiated sound to
distances far away from the jet plume was adopted. The azimuthal derivatives
were evaluated using Fourier bases. The acoustic far field was related to the
near field through a Kirchhoff surface in the form of a right circular cylinder
that encloses the jet. Pressure fluctuations on the surface of the cylinder were
collected as functions of time and of the axial and azimuthal directions.
Predictions of flow parameter were found to be in good agreement with

experimental data. The ability of LES to accurately predict the radiated sound

10



was found to be strongly dependent on the jet operating conditions. The noise
from the heated jet simulations were found to be over-predicted and the
unheated jet sound predictions were in better agreement with the
experimental data. A high order accurate three dimensional LES code was
developed and tested by Uzun et al. (2003) utilizing a robust dynamic Sub
Grid-Scale (SGS) model for a turbulent isothermal jet at a Reynolds number
10”5 . A sponge zone that was attached downstream of the physical domain,
damps out the disturbances before the spurious waves reach the outflow
boundary. To predict the far field noise accurately they coupled the near field
data provided by LES with the Ffowcs Williams-Hawkings method for
computing noise propagation to the far field. Favre-filtered unsteady,
compressible, non- dimensionalized Navier-Stokes equations formulated in
curvilinear coordinates were solved. To compute the spatial derivatives at
interior grid points away from the boundaries, a non-dissipative sixth-order
compact scheme was employed. Implicit spatial filtering was employed to get
rid of the high frequency oscillations resulting from the unresolved scales. The
mean flow parameters calculated were found to be in good agreement with

the experimental results.

Bogey et al., (2007) experimentally investigated a round, isothermal
and cold jet of diameter 38 mm and Mach number between 0.6 to 1.6 and
ReD = 5 x 1075 . Properties of near-field jet noise particularly at 7.5
diameters from the jet centre line were documented which differ
appreciably from properties of far-field noise. The results were presented to
form a database that can be used for the validation of the acoustic fields
determined numerically by compressible Navier-Stokes computations. Tide
and Babu (2009a) performed an unsteady RANS simulation with the Shear
Stress Transport (SST k-w) model for cold and hot jets. Nozzle of 50 mm
diameter was used to study the baseline round configuration and 6 lobed
chevron configurations with 00 and 50 taper angles along the nozzle edge.
The computational domain used for the three-dimensional simulation was
1800 semi-circular cross section. The domain extended 50Dj downstream of

the nozzle exit, 10Dj atinlet, 20Dj at outlet and the length of the buffer zone was

11



40D;. Favre averaged Navier—Stokes equations along with the SST k-w
turbulence model equations were solved. The nozzle inlet was modelled as
apressure inlet with static and stagnation pressure specified. The rest of the
domain inlet and the upper semi-circular entrainment surface were
modelled as pressure inlets at the ambient pressure and temperature. The
domain outlet was taken to be a pressure outlet at the ambient pressure. The
bottom boundary was treated as a symmetry surface. All solid surfaces were
treated as adiabatic surfaces and standard wall functions were used. It was
found that heating of the jets results in a higher mixing and hence a shorter
potential core region. Heated jet was found to be narrower than the isothermal
jet. Comparison of mean actual velocity and fluctuating components showed
good agreement with the LES results. The effect of chevrons on noise was
also investigated by Tide and Babu (2009b) for M=0.75 hot and cold jets.
Noise predictions using unsteady RANS calculation was improved by
applying periodic boundary conditions and improving the near wall
resolution. The 3D calculations were carried out on a hexahedral mesh
with 1.1 million cells in a 300 pie sector for the baseline round nozzle. Hybrid
meshes of 1.5 million cells were used for simulations with chevron lobes in a
view to keep the wall y+ less than 10. Overall sound pressure levels at far-field
observer locations were calculated using Ffowcs Williams-Hawkings
equation. Numerical prediction of stagnation pressure, stagnation
temperature, turbulent kinetic energy and 900 observer spectral trends
were compared with experimental data. Freund et al., (2001) computed the
mean flow development and the radiated sound of a 0.9 Mach circular jet
by using DNS. Karabasov et al., (2010) developed a hybrid methodology
for jet noise prediction using optimised modelling and numerical techniques.
Acoustic propagation was modelled by solution of a system of adjoint Linear
Euler Equations, capturing convective and refraction effects using a spatially
developing jet mean flow provided by a RANS CFD solution. Goldstein's
acoustic analogy, including a Gaussian function model for the two-point cross-
correlation of the fourth-order velocity fluctuations in the acoustic source was

used for modelling sound generation. Uzun and Hussaini (2010) carried out
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LES for a round nozzle with overset grid capability to compute the jet flow in
detail and the effect of inflow conditions on the jet flow field and far field noise.
Simulation of a baseline round nozzle for the flow inside the nozzle and the
free jet flow outside were performed simultaneously by a high-order accurate,
multi-block, large eddy simulation (LES) code with overset grid capability. For
the round nozzle jet the governing equations were solved on a very fine mesh
with approximately 370 million grid points. The application of Direct Numerical
Simulation (DNS) and Large Eddy Simulation (LES) are more feasible to jet
noise prediction methodologies with the recent improvements in the
processing speed of computers. The first DNS of a turbulent jet was carried
out by Freund et al (2000) for a supersonic jet at Mach number 1.92 with
Reynolds number 2000. At similar convective Mach numbers, the computed
overall sound pressure levels were found to be in good agreement with
experimental data. Freund (2001) simulated a Mach 0.9 turbulent jet using
25.6 million grid points with a Reynolds number of 3,600. The predictions of
mean flow and radiated sound showed excellent agreement with experiment
data provided by Stormberg (1980). Moore (2007) performed DNS of a low
Reynolds number jet at three temperature ratios. Analysis of turbulent kinetic
energy contours showed that heating of the jet can reduce jet noise. Even
though the results proved DNS to be best choice for jet noise problem, it still
restricted to low Reynolds number and simple geometries. This is because of
the wide range of length and time scales which necessitates high resolution
requirements that are far beyond the reach of computational facilities
available. Since most of problems with practical interest have high Reynolds
number, an alternative method known as Large Eddy Simulation (LES) was
developed. Large Eddy Simulation has been used extensively to compute the
flow field of turbulent jets. LES is having less computational cost compared to
DNS and suitable for doing simulations for problems of practical interest. In
LES the large scales are directly resolved and the effect of the small scales or
the sub grid scales on the large scales are modelled. Many successful LES
computations for different types of flows have been performed to date by

various researchers [Boersma and Lele, 1999; Anderson et al. (2003, 2004,
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2005); Bogey et al. (2001, 2003, 2007); Bogey and Bailly, 2005; Bodony and
Lele (2004, 2005); Lew et al., 2005; Shur et al., 2007; Rembold and Kleiser,
2004; Uzun and Hussaini, 2010; Tucker, 2008; Viswanathan et al. (2005,
2008)]. One of the first attempts in using LES as a tool for jet noise prediction
was carried out by Mankbadi et al. (1994). A high order numerical scheme
was employed to perform LES of a supersonic jet flow. The simulation
captured the time- dependent flow structure and Lighthill's theory was applied
to calculate the far field noise. De Bonis (2006) made a review on the current
state of Large Eddy Simulation (LES) for nozzle flows and reported the issues
which currently limit its application. LES requires high order numerical
schemes which do not lend themselves well to complicated grid topologies.
Although Reynolds Averaged Navier Stokes (RANS) calculations greatly
depend on turbulence models to model all relevant scales of turbulence, the
application of RANS based methods to jet noise prediction is also a subject of
ongoing research (Khavaran, 1999; Hunter, 2003). The mean flow properties
provided by a RANS solver is used for the noise predictions. Since noise
generation is a multiscale problem that involves a wide range of length and
time scales, it appears the success of RANS based prediction methods will
remain limited unless excellent turbulence models capable of accurately
modelling a wide range of turbulence scales are developed and implemented
into existing RANS solvers. Nallasami (1999) presented a review of turbulence
models that are significant for the jet noise computations. Flow solutions
obtained with k-¢ model, algebraic Reynold’s stress model and Reynold’s
stress transport equations were reviewed. Algebraic stress model (ASM) and
Reynolds stress transport model were implemented in flow solvers to compute
the Reynolds stress components. Three dimensional Navier-Stokes code
PAB3D was developed by Pao and Hamid (1996) to obtain numerical
solutions to the Reynolds averaged Navier-Stokes equations in three-
dimensional spatial domain. A unified method for subsonic and supersonic jet
analysis was reported. The Navier-Stokes code was used to obtain solutions
for axisymmetric jets with on-design operating conditions at Mach numbers

ranging from 0.6 to 3.0, supersonic jets containing weak shocks and Mach
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disks and supersonic jets with non-axisymmetric nozzle exit geometries. Even
though the jet flow contains a variety of complex flow physics, the RANS
calculations require only the initial and boundary conditions to be specified.
Detailed flow physics developments in the jet were predicted well by the RANS
based methods. A more accurate aerodynamic and aeroacoustics prediction
tool for high speed high temperature 3D jet flows was provided by Hamid et
al. (2003) making modifications to the k-€ model. A new temperature gradient
correction to the eddy viscosity term was introduced and validated which
proved to be a great promise in predicting high and low temperature jet flows.
Hamid et al. (2006) reviewed the computational methods, code
implementation and computed results for a wide range of nozzle
configurations at various operating conditions and made comparisons with the
available experimental data. The capabilities of numerical methods applied to
compute the underlying turbulent jet fluid dynamics were overviewed by
Georgiadis and De Bonis (2006). The article was primarily divided between
RANS modelling and unsteady modelling methods like LES. The comparison
between RANS based models and LES using practical examples reveal certain
issues in flow simulations. Unlike LES, RANS based models can provide only
time-averaged information. However, it can easily capture the trends
measured in experiments for different nozzle configurations and flow
conditions with lesser computational resources. It is obvious that RANS based
models are capable of fast evaluation of new nozzle designs and hence
immensely used by the designers and manufacturers for better shapes and

profiles.
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SUMMARY

1. Among the different methods employed by researchers to calculate the
flow field and the radiated sound of jets emanating from nozzles, LES
appears to be the most preferred one. The small scales of turbulence
can be accurately captured using LES, only if proper grid resolution is
employed.

2. LES methods require high-order numerical schemes and high-
resolution mesh which do not lend themselves well to complicated grid
topologies. LES is computationally very expensive which in turn make

it difficult to utilize for the fast evaluation of new designs.

3. Even though RANS based methods could only provide time-averaged
turbulent information it can capture the trends exhibited by experiments
well while altering the geometry or flow conditions of the nozzles. This
statement coupled with the fact that RANS solutions are relatively
computationally less expensive indicates that RANS based methods

still have a place for better nozzle configurations.
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3.1

3.2

CHAPTER 3

AIM AND SCOPE OF THE STUDY

AIM OF THE STUDY

To study the Mixing Characteristics of a Circular Jet in a convergent
nozzle in under-expanded condition by varying its length and the
diameter ratio through computational studies.

To validate the computational results of the optimized model with its

experimental investigation.
SCOPE OF THE STUDY

Jet flow studies are mainly motivated by two considerations. In many
practical situations enhanced mixing of jet fluid with the ambient fluid is

desirable.

By suitably modifying or controlling the initial development of the jet
shear layer, desirable mixing and acoustic characteristics of the jet can

be achieved.
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CHAPTER 4
METHODOLOGY OF COMPUTATIONAL STUDIES

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.
4.1 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].
4.2 GOVERNING EQUATIONS

In this thesis, the governing equations are Navier-Stokes equations
of incompressible flows. Navier-Stokes equations can be written in tensor

form

(f?u )
pl —+u-Vu—f| -V .e=0.
il 4.1)
V- -u=10. (4.2)

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

The stress tensor is denoted by ¢ and represented as

oglpu)=—pl+ T, (4.3)
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where | 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
d . : .
— | pudlV + ?g pufu—ug)-da=— ?gpl-da—k %T - da + [ fdV,
dt |y J A JA JA Jv

(4.4)

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

terms on left-hand side of the equation (4.4) 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

) . . _
;—t[pul’ }{]—I—;[up(u—uﬂ} -aly = —Zf:(pl-a}f —|—Zf:T-a. (4.5)

where ais the face area vector, and the subscript f indicates the face quantity.

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.

(poun)" ™! — (poug)”

Vi, 4.6
At 0 ( )

€ :
—(pul), =

In (4.6), 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.

19



Another important term appears in (4.4) 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 schemesare available in Star CCM+.

4.3 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 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. 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
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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 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.
44. 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+

o Reynolds- Averaged Navier-Stokes (RANS)
o Large Eddy Simulation (LES)

o 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].
4.4.1 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].

The two most commonly preferred turbulence models among two-

equation models are the standard k-¢ and the k-w model. They are both two-
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equation models in which transport equations are solved for the turbulent
kinetic energy k and either the dissipation rate € or the specific dissipation w
[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-¢
and the k-w 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-¢ turbulence model succeeded in predicting the main features of the flow

better than the k-w model.
442 The realizable k-g turbulence model

Although the standard k-&¢ model predicts the jet flow properties better
than k-w turbulence model, it is reported that the standard k-¢ 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-
¢ 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-€ overpredicts the spreading rate of the axisymmetric jet [28].

To overcome these weaknesses of standard k-£ model in predicting the
spreading of jet and the flow properties of unconfined flows, the realizable k-¢
turbulence model was developed by Shih et al. [12]. In this turbulence model,
they suggested a new transport equation for turbulent dissipation rate €. Also,
unlike the standard k-¢ turbulence model, the model coefficient, Cy, 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
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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-¢

turbulence model is selected for this study.
45 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.

e Velocity Inlet
e Pressure Outlet

e Wall

The computational setup and boundary conditions are presented in Fig 4.1.

A 2D constant area single jet model was created with a nozzle length
of 60mm, an inner diameter 20mm and an outer diameter 10mm in the
GAMBIT platform. Due to symmetry only top half of the model was designed.
A rectangular block was created and often it was pronounced as the

outer/computational domain.

4 Pressure futlet 4
ball flowain 2 N S Pressure
| P Vall Computetional Dosair Out let
Pressure | Settlingy
Inlet (hanber i By
— Nnzzl
. Bis }

Fig:4.1 : The perspective view of the computational setup
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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 Fig 4.1 the GAMBIT
model for single free jet with settling chamber, nozzle and the duct. The
settling chamber inlet is denoted as pressure inlet, and its walls, nozzle upper
wall and domain left side wall are designated to wall boundary condition. The
bottom of the domain is designated as axis throughout the length of the
domain. The top and right-hand side of the domain are designated as pressure
outlet boundary condition.

Assigning of boundary conditions involves identifying the boundary
locations (e.g., inlets, walls, axis) and supplying data at the boundaries. The
data involved at a boundary depends upon the boundary condition type and

the physical models employed.

Poorly defined boundary conditions can have a significant impact on
the solution. The primary inlet and the secondary inlet were taken as pressure

inlets.

The domain’s top and right end was taken as pressure outlet. The duct
walls and the left end of the domain were taken as walls. The meshed
geometry is to be exported for further analysis. It can be reported as a mesh
file or as a neutral file to FLUENT. But generally, it is preferred to export it as
a mesh file. Thus, the meshed geometry with the boundary conditions

assigned is exported to FLUENT as a mesh file.

The meshed file is imported to FLUENT is read as a case file. The
imported grid is checked for skewness and scaled to mm. Once the grid
checking and scaling is done, a suitable solver has to be selected. Since the
flow is high subsonic and correctly expanded sonic, a compressible,

axisymmetric solver is employed for the compressible jet flow symmetric about
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its axis. Green gauss cell based gradient option is used. Required solver is
selected by selecting solver menu items under the model submenu in define
menu option. Material properties can be set and modified in FLUENT for fluids,
solids, mixtures, and particles. The fluid used for analysis is air and its
properties are set to it by selecting materials under define menu option. The
inlet pressure is varied for different flow conditions and the pressure outlet is
ambient pressure (101325 N/m”2) applied to domain.

Before computing the solution, the solution controls are to be set. The
discretized equation which is to be used for solving is selected in the solution
control. The discretized conservation equations are solved iteratively and
usually a number of iterations are required to reach a converged solution.
Convergence is reached when changes in solution variables from iteration to
the next iteration are negligible and overall property conservation is achieved.
The accuracy of the converged solution depends on accuracy of the physical
model, grid resolution and independence. This iteration process for the

solution is done by selecting iterate menu item in the solve menu option.

FLUENT (commercial software package for fluid flow predictions) was
used to complete this investigation of flows related to co-flowing jets with lip
thickness and bypass ratio. The working fluid throughout this investigation was
air. Therefore, a robust computational model capable of predicting the effects
due to high speed, turbulent, viscous and compressible phenomena is utilized.
Formation of the computational grid receives considerable attention when
conducting a computational analysis. Grid resolution must be high enough to

accurately resolve gradients.

However, CPU memory imposes a limit on the size and resolution of
the grid used. Inaccuracies and long solution times can result if the grid is not

formed correctly.
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46 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.

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 Fig 4.2.

Fig:4.2 : The computational domain after the volume mesh generation
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4.7 NOZZLE GEOMETRY

Detailed information regarding nozzle properties is given in Table 4.1

for all nozzle configurations.

Table 4.1 : Nozzle configurations

INLET OUTLET LENGTH|CONVERGENCE
DIAMETER (mm) | DIAMETER (mm) | (mm) | ANGLE (in deg)
20 10 10 26.56
NOZZLE- 1 30 10 10 45.968
40 10 10 56.81
20 10 20 14.036
NOZZLE- 2 30 10 20 26.565
40 10 20 36.87
20 10 30 9.462
NOZZLE- 3 30 10 30 18.435
40 10 30 26.565
20 10 40 7.125
NOZZLE- 4 30 10 40 14.036
40 10 40 20.556
20 10 50 5.711
NOZZLE-5 30 10 50 11.31
40 10 50 16.699
20 10 60 4.754
NOZZLE- 6 30 10 60 9.452
40 10 60 14.036
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4.8 EXPERIMENTAL SETUP

The experiments of a convergent subsonic jet were conducted at the
High-Speed Aerodynamics Laboratory in Chennai, India at Bharath University
shown in Fig 4.3. Compressed air was provided to the primary settling
chamber from a storage tank via a control valve to achieve the desired Mach
number. The isentropic relations were used to set the back pressure for the
primary nozzle, while the settling chamber pressure (P0O) was regulated to
attain the desired Mach number ranging from 0.4 to 1.0 Mach. The experiment
was conducted on the nozzle dimensions of 10,20 and 30mm length of
diameter ratio 3.

Firstly, the compressor was switched on and the air was sent into the
pressure tank and was stored in it. Then the nozzle was fixed to the high-
speed jet facility by using an adapter. WIKA sensor was used to measure the
variation of Pitot pressure in the axial directions of the jet at different locations.
The sensor has a range of 0—10 bar and an accuracy of £0.15% full scale after

re-zero calibration.

The measurement of total pressure was done using a Pitot tube with
inner and outer diameters of 0.4 and 0.6mm respectively. The probe was
mounted on a traverse mechanism with a linear translation resolution of 0.1
mm. Then the experiment was started by releasing the air into the settling
chamber by rotating the control valve. The pressure values coming out of the
jet were calculated by the WIKA sensor using the Pitot tube which was
mounted on the traverse mechanism. The pressure values are calculated for
every quarter position up to the length of 30 cm by rotating the traverse
mechanism in the axial direction of the jet. The experiment was carried out for
a while of 16 min and the data that was obtained from the sensor was used

for the post-processing work to get accurate results of the total pressure.
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Fig:4.3 : Experimental Jet Setup

4.8.1 Shadowgraph

Shadowgraph is suitable for visualizing the flow field where strong
density gradients exist. Sonic under expanded and supersonic (over
expanded and under expanded) jet flows produce large density gradients that
lead to variations in optical refractive index of the light that passes through the
supersonic flow. Shadowgraph system was used in this study for visualizing
wave patterns in the jet flow field. The flow pattern was captured using a
shadowgraph system with a Helium spark arc light source in conjunction with
150 mm concave mirror. The concave mirror is mounted on a stand. The light
source was collimated by the condenser lens and was then brought to the
concave mirror. The parallel beam from the mirror was made to pass through
the jet flow field and projected on the screen. The photographs of
shadowgraph images of shock-train on the screen were taken directly by using
a CCD camera. The surface finish of the mirror is A/6 and the focal length is

1.6 m. The arrangement of mirror and light source are shown in fig 4.4
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Fig:4.4 : Shadow graph System arrangement
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 GRID INDEPENDENCE STUDY

Three sets of grid cells, a coarse grid of about 24,000, a medium grid
of about 43,300, and a fine grid of 1,71,800, were used for the grid
independence study.

1.00 & —O— Experiment [1]_
I —8— Fine grid
J —a&— Medium grid
0.75 —@— Coarse grid -
&: !
a~ 0.50 .
0.25
0.00 el el Pl el
0 5 10 15 20

X/D,

Fig:5.1: Cut planes of the major axis, X/De=1, X/De=5 and X/De=9

31



Table 5.1 : Turbulence Model Comparison for Computational Analysis

K Epsilon Standard
RNG
Realizable
Standard
GEKO

K Omega BSL

SST
Transition K-KL Omega -
Transition SST -

Linear Pressure Strain

Reynolds Stress Stress - Omega
Stress - BSL

The SST model employs a k-¢ formulation in the inner region of the wall
boundary layers and switches to a transformed k- € formulation in the outer

region of the boundary layers and in the free shear layer/mixing regions.

It should be noted that the intention here is not so much as to make a
detailed evaluation of the different models and their different variants in
computing the present flow field. Rather, it is to select one that can represent

flow among these models.

The primary jet Potential Core Length (PCL) is defined as the axial
extension until the primary exit nozzle velocity prevails for subsonic jets
(Lovaraju et al., 2011). Mach 0.6, for the seven different turbulence models
and for the experiment conducted by lovaraju et al. It is evident that the k— €
standard model produces data that agrees well with the experimental data,
consistent with its advantage in predicting the flow field characteristics, and the
k— ¢ standard model decays slower than the experimental variation in the
characteristic decay region. Other turbulence models decay at a slower rate

when compared with the experimental decay.
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5.2  ANALYSIS OF DIAMETER RATIO=2 WITH TURBULENT MODEL - K
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Fig:5.2 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 2
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Fig:5.3 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 2
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Fig:5.4 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 2
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5.3  ANALYSIS OF DIAMETER RATIO= 3WITH TURBULENT MODEL - K
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Fig:5.5 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 3
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Fig:5.6 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 3
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Fig:5.7 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 3
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5.4  ANALYSIS OF DIAMETER RATIO=4WITH TURBULENT MODEL - K

EPSILON STD
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Fig:5.8 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 4
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Fig:5.9 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 4
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Fig:5.10 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 4
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5.5 ANALYSIS OF DIAMETER RATIO= 2 WITH TURBULENT MODEL -

K EPSILON RNG
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Fig:5.11 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 2
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Fig:5.12 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 2

Ansys
2023 R1
STUDENT

contour-1
Velocity Magnitude
201e+02

1.81e+02
1.61e+02
1.41e+02
1.21e+02
1.01e+02
8.04e+01
6.03e+01
4.02e+01
2.01e+01
0.00e+00

Fig:5.13 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 2



5.6 ANALYSIS OF DIAMETER RATIO= 3 WITH TURBULENT MODEL -
K EPSILON RNG
JAnsys
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Fig:5.14 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 3

contour-1

Velocity Magnitude
1.97e402
1.77e402
1.582402
1382402

1.1824+02
9852401 -
788401

591e+01
3.94e+01
1.97e+01
0.00e+00

Fig:5.15 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 3
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Fig:5.16 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 3
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5.7 ANALYSIS OF DIAMETER RATIO= 4 WITH TURBULENT MODEL -
K EPSILON RNG
JAnsys
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Fig:5.17 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 4
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Fig:5.18 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 4
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Fig:5.19 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 4
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5.8 ANALYSIS OF DIAMETER RATIO= 2 WITH TURBULENT MODEL

—K EPSILON REALIZABLE
Ansys
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Fig:5.20 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 2
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Fig:5.21 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 2
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Fig:5.22 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 2
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5.9 ANALYSIS OF DIAMETER RATIO= 4 WITH TURBULENT MODEL -

K OMEGA STD
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Fig:5.23 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 4
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Fig:5.24 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 4
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Fig:5.25 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 4
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5.10 ANALYSIS OF DIAMETER RATIO= 3 WITH TURBULENT MODEL -
K OMEGA STD
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Fig:5.26 : Velocity Contour of 10 mm length nozzle with Diameter Ratio of 3
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Fig:5.27 : Velocity Contour of 30 mm length nozzle with Diameter Ratio of 3

JAnsys
2023 R2
STUDENT

Velocity Magnitude

[mvs]
2.01e+02
1.81e+02
1.61e+02
1.41e+02
1.21e+02
1.01e+02

P =_—

8.04e+01
6.03e+01
4.02e+01
2.01e+01

0.00e+00
contour-1

Fig:5.28 : Velocity Contour of 50 mm length nozzle with Diameter Ratio of 3
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5.11 CENTRELINE VELOCITY DECAY

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]

Relatively shorter potential core in non-circular jets also indicates the
superior mixing capabilities of those jets over their circular counterparts.
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Table 5.2 : Potential Core Length for all models

Length _ . Turbulent Core Length
i Diameter Ratio| Mach No.
(in mm) Model (in mm)
2 6.233
10 3 0.6 K Epsilon 5.0
' Standard '
4 5.298
2 6.233
20 3 0.6 K Epsilon 6.233
' Standard '
4 5.99
2 5.75
30 3 0.6 K Epsilon 5.99
' Standard '
4 5.75
2 5.99
K Epsilon
40 3 0.6 6.48
Standard
4 5.99
2 5.99
K Epsilon
50 3 0.6 5.99
Standard
4 5.99
2 6.233
K Epsilon
60 3 0.6 6.481
Standard
4 6.5

The centerline velocity decays are plotted as a function of normalized

axial distances (X/De) for all nozzles in Fig 5.29. This figure is also important

to see how the different contraction profiles, the twist angles, and nozzle

lengths influence the centerline velocity decay.
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Fig:5.29: The centerline velocity decay in the jets for all turbulent models

As can be seen in Fig 5.29, the velocity decay rates in circular nozzles

are much faster in K-omega model than others. Also, From Fig 5.30, the

velocity decay rate is much faster for DR=3 nozzle than other two diameter

ratio for 10 mm length. Whereas for 20 mm length the DR=2 performs better

than

other two DR’s (from Fig 5.31)

FOR 10 MM LENGTH

Fig:5.30 : The centerline velocity decay for 10mm length nozzle
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FOR 20MM NOZZLE LENGTH
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Fig:5.31: The centerline velocity decay for 20mm length nozzle

Also, From Fig 5.32, the velocity decay rate is much faster for DR=4
nozzle than other two diameter ratio for 30 mm length. Whereas for 40 mm
length the DR=4 performs better than other two DR’s (from Fig 5.33)
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Fig:5.32 : The centerline velocity decay for 30 mm length nozzle
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FOR 40MM NOZZLE LENGTH
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Fig:5.33: The centerline velocity decay for 40 mm length nozzle

Also, From Fig 5.34, the velocity decay rate is much faster for DR=4

nozzle than other two diameter ratio for 50 mm length. Whereas for 60 mm

length the DR=4 performs better than other two DR’s (from Fig 5.35)
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Fig:5.34 : The centerline velocity decay for 50 mm length nozzle
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FOR 60MM NOZZLE LENGTH
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Fig:5.35: The centerline velocity decay for 60 mm length nozzle

The fastest velocity decays occur in nozzles whose diameter ratio 4.
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 fromthe centerline velocity decay rates due to unique formation (the
double-jet) for the second contraction profile nozzles. For the effects of nozzle
lengths on the centerline velocity decay, demonstrates that as nozzle length
becomes shorter, the centerline velocity decays faster. Nozzle of length 20mm
that has the shortest nozzle length decays faster compared to nozzles of other
lengths. 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.

The effect of nozzle geometry on the velocity decay was also
investigated by Lovaraju [14]. The findings of Lovaraju et al. experiment are

shown in Fig 5.36 to compare with the results of this project.
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Comparision of Turbulent Models for Lovaraju Nozzle
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Fig:5.36 : The centerline velocity decay in the different turbulent models

5.12 EXPERIMENTAL RESULTS AND DISCUSSION

The experiments of a convergent subsonic jet were conducted at the
Apollo Engineering College Chennai, India ‘Compressed air was provided to
the primary settling chamber from a storage tank via a control valve to achieve
the desired Mach number. The isentropic relations were used to set the back
pressure for the primary nozzle, while the settling chamber pressure (P0) was
regulated to attain the desired Mach number of 0.6. The experiment was
conducted on the nozzle of dimension 10 mm length and diameter ratio 3.
Firstly, the compressor was switched on and the air was sent into the pressure
tank and was stored in it. Then the nozzle was fixed to the high-speed jet
facility by using an adapter. WIKA sensor was used to measure the variation
of Pitot pressure in the axial directions of the jet at different locations. The
sensor has a range of 0—10 bar and an accuracy of £0.15% full scale after re-

zero calibration.
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The measurement of total pressure was done using a Pitot tube with
inner and outer diameters of 0.4 and 0.6mm respectively.

The probe was mounted on a traverse mechanism with a linear
translation resolution of 0.1 mm. Then the experiment was started by releasing

the air into the settling chamber by rotating the control valve.

The pressure values coming out of the jet were calculated by the WIKA
sensor using the pitot tube which was mounted on the traverse mechanism.
The pressure values are calculated for every quarter position up to the length
of 30 cm by rotating the traverse mechanism in the axial direction of the jet.

The experiment was carried out for a while of 16 min and the data that
was obtained from the sensor was used for the post-processing work to get

accurate results of the total pressure.

The mixing characteristic are associated with experimental values of
jet based on the far field decay, potential core length and characteristics
decay. Due to the presence of compression waves and expansion waves of
different strength, the static pressure is assumed to be constant throughout
the study. Furthermore, when mixing of jet is fast, the potential core length will
be small and it leads to rapid decrease in characteristic decay. The pressure

oscillation in jet gives the shock wave structure.
The nozzles are analyzed based on the below parameters like

e Center line decay characteristics

e X/D vs Ptotal/Pstatic
5.12.1 Center line pressure decay

Centerline pressure decay is used to measure the efficiency of jet
mixing and it also shows the length of jet core. Jet cone can be defined as the
axial distance up to which the supersonic region presents. This jet cone is

constant for all type of profile like circular and non-circular jet. More ever, it

also independent of the jet spread and axis switching. The ratio of pitot
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pressure Pt and Chamber pressure Po is plotted against the axial distance
X/D.
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Fig:5.37 : The centerline velocity decay of Length=10mm nozzle (DR= 3)
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Fig:5.38 : The centerline velocity decay of Length=20mm nozzle (DR= 3)
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Fig:5.39 : The centerline velocity decay of Length=30mm nozzle (DR= 3)
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Fig:5.40 : Decay of various length at NPR 1.1- Experimental Results

e For 10mm Length Nozzle

The velocity ratio starts at a relatively high value at X/D and decreases
gradually as X/D increases. The potential core length in this case would be
the region where the velocity ratio remains relatively high and doesn't
decrease significantly. This region seems to be concentrated near the nozzle
exit (X/D = 0.4).
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e 20mm Length Nozzle

The velocity ratio starts at a relatively low value at X/D = 0 and
increases gradually as X/D increases. The potential core length in this case
would be the region where the velocity ratio remains relatively low and doesn't
increase significantly. This region seems to be concentrated near the nozzle
exit (X/D = 40).

e 30mm Length Nozzle

The velocity ratio starts at a relatively high value at X/D = 0 and
decreases gradually as X/D increases. Similar to the 1:0mm length nozzle, the
potential core length in this case would be the region where the velocity ratio
remains relatively high and doesn't decrease significantly. This region also

seems to be concentrated near the nozzle exit (X/D = 40).

Overall, the potential core length appears to be more concentrated near
the nozzle exit for all three nozzle lengths. This observation suggests that the
flow undergoes significant changes near the nozzle exit, which is typical in

fluid dynamics, as the flow adjusts to the ambient conditions.

Table 5.3 : Comparison of potential core length

Experimental values of potential
Nozzles
core length
DR=3 L=10mm 4.1
DR=3 L=20mm 3.8
DR=3 L=30mm 3.7
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Comparing the experimental values of potential core length for different
nozzle (DR=3, lengths of 10mm, 20mm, and 30mm) with the qualitative

analysis from the provided data, we can observe the following:
1. DR=3, L=10mm Nozzle
. Experimental Potential Core Length: 4.1

. Qualitative Analysis: The potential core length was observed
to be concentrated near the nozzle exit, which aligns with the
experimental value. The qualitative analysis indicated that the
potential core length would be near the nozzle exit, which

corresponds to the experimental result.
2. DR=3, L=20mm Nozzle
. Experimental Potential Core Length: 3.8

. Qualitative Analysis: Similarly, the potential core length was
observed to be near the nozzle exit for the 20mm length
nozzle. The qualitative analysis indicated that the potential
core length would be concentrated near the nozzle exit, which

aligns well with the experimental result.
3. DR=3, L=30mm Nozzle
. Experimental Potential Core Length: 3.7

. Qualitative Analysis: Again, the potential core length was
observed to be concentrated near the nozzle exit for the 30mm
length nozzle. The qualitative analysis suggested a similar
trend, where the potential core length would be near the nozzle

exit, supporting the experimental result.

Overall, the qualitative analysis based on the provided data aligns with
the experimental values of potential core length for all three nozzle

configurations. This consistency indicates that the qualitative analysis is in
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good agreement with the experimental findings, confirming the behaviour of
the potential core length near the nozzle exit for different lengths of the nozzle
with a Diameter Ratio (DR) of 3.

5.12.2 Shadow graph Images

For 10mm diameter ratio 3 shadow graph images were taken It is well
known that under expanded jet forms expansion fans and compression waves
in the jet by periodic reflection of waves from the jet boundary. The length of
the shock cell is significant and the numbers of shock cells are more for the
plain jet, as shown in the Fig 5.41 below. vortices pass through different Mach
number zones and become weak and lose their identity. The pressure
differential upstream and downstream gets strengthened as there is a
favourable pressure gradient “pressure valley” at the rear side of the tab in the

under expanded jet flow.

NPR 2

NPR 3

NPR 4

Fig:5.41 : NPR of shadow graph images



CHAPTER 6
CONCLUSION

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

o Nozzle lengths.
. Diameter Ratio

A detailed analysis of the modified nozzle geometries was performed.
The results were compared to circular nozzle as well as reference. This thesis
addressed the flow properties of geometrically modified circular nozzles
utilizing ANSYS Fluent tools. The general conclusions drawn from studying

the results based on implemented CFD model were as follow:

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

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

of other length. These results are also consistent with the previous

experimental study [20].

2. Mass entrainment ratios are much higher in all circular nozzles in high

diameter ratio than low valued diameter ratio.

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

faster in low Diameter ratio and less length circular nozzles.

4, Among all turbulent models K-epsilon model results proper mixing than

other models.

5. In conclusion for this study, nozzle with DR=3 and Length 10mm s the

best nozzle geometry for mixing.
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ABSTRACT

This thesis presents a computational analysis for determining the
flow properties of novel circular nozzles. In last few decades, circular
nozzles have been investigated intensively due to their remarkably
superior capabilities in enhancing mass entrainment over non circular
nozzles. In this thesis, to increase the amount of ambient fluid entrained
in the jet flow, three different geometrical modifications are applied to
circular nozzles. In this study, the mixing characteristics of a circular free
jet were investigated computationally for different turbulence models.
Found that K-epsilon turbulent model deemed to be fit for M=0.6 The study
found that the variation in length of the nozzle leading to improved mixing
characteristics. The flow properties of air emanating from geometrically
modified circular nozzles are studied by using computational fluid
dynamics (CFD). This computational analysis shows that suitably
modified circular nozzles are very effective passive flow conditioning
devices and can modify the flow field. Particularly, nozzle with length
variation entrains the ambient fluid at a higher rate than the diameter ratio
modified nozzles.

Keywords: CFD, Circular Nozzle, K-epsilon turbulent model

1. 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. The search for alternative jet designs
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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.
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 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. The objective of this paper
is to study the flow properties of different circular nozzles to find the best
nozzle design for better mixing and higher mass entrainment rates. In this
study, circular nozzles are modified geometrically and the effects of those
modifications on improving the flow properties are studied.

2. METHODOLOGY OF COMPUTATIONAL STUDIES

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

2.2 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 approach. The coupled flow solver is mainly used
in compressible flows, natural convection problems, and the flows with
large body forces.

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

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. In SIMPLE algorithm, initial pressure field is defined by
using boundary conditions. The gradients of velocity and pressure are
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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 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.
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-g turbulence
model is selected for this study.

2.3 Nozzle Geometry

Detailed information regarding nozzle properties is given in Table 2.1 for all nozzle

configurations. Table 2.1: Nozzle configurations.

Inlet Outlet Convergence
Diameter(mm) Diameter(mm) Length(mm) Angle(in deg)
20 10 10 26.56
NOZZLE
1 30 10 10 45.968
40 10 10 56.81
20 10 20 14.036
NOZZLE
5 30 10 20 26.565
40 10 20 36.87
20 10 30 9.462
NOZZLE
3 30 10 30 18.435
40 10 30 26.565
20 10 40 7125
NOZZLE
4 30 10 40 14.036
40 10 40 20.556
20 10 50 5711
NOZZLE
30 10 50 11.31
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5 40 10 50 16.699
20 10 60 4.754
NOZZLE 30 10 60 9.452
-6
40 10 60 14.036
3. ANALYSIS

3.1 Grid Independence Study:

Three sets of grid cells, a coarse grid of about 24,000, a medium grid of
about 43,300, and a fine grid of 1, 71,800, were used for the grid
independence study.

Table 3.1 Turbulence Model Comparison for Computational Analysis

Standard

RNG

K Epsilon

Realizable

Standard

GEKO

K Omega BSL

SST

Transition K-KL Omega (3egn) -

Transition SST (4 eqn) -

Linear Pressure Strain

Stress - Omega

Reynolds Stress( eqgn)

Stress - BSL

The SST model employs a k-€ formulation in the inner region of the
wall boundary layers and switches to a transformed k- € formulation in the
outer region of the boundary layers and in the free shear layer/mixing
regions.

It should be noted that the intention here is not so much as to make a
detailed evaluation of the different models and their different variants in
computing the present flow field. Rather, it is to select one that can represent
flow among these models.

The primary jet potential core length (PCL) is defined as the axial
extension until the primary exit nozzle velocity prevails for subsonic jets
(Lovaraju et al. 2011). Mach 0.6, for the seven different turbulence models
and for the experiment conducted by lovaraju et al. It is evident that the k- €
standard model produces data that agrees well with the experimental data,
consistent with its advantage in predicting the flow field characteristics, and
the k- € standard model decays slower than the experimental variation in the
characteristic decay region. Other turbulence models decay at a slower rate
when compared with the experimental decay.

3.1Analysis of Diameter Ratio= 2 with Turbulent Model - K EPSILON STD
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Figure 3.2: Velocity Contour of 10 mm length
nozzle with Diameter Ratio of 2
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3.2 Centerline Velocity Decay

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. Relatively
shorter potential core in non- circular jets also indicates the superior mixing
capabilities of those jets over their circular counterparts.
Table 3.2 Potential Core Length for all models
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Length Diameter Mach Turbulent
No Core
(in Ratio ) Model
Length
mm)
(in mm)
10 > 0.6 K Epsilon 6.233
Standard
3 5.0
4 5.298
20 2 0.6 K Epsilon 6.233
Standard
3 6.233
4 5.99
30 > 0.6 K Epsilon 575
Standard
3 5.99
4 5.75
40 2 0.6 K Epsilon 599
Standard
3 6.48
4 5.99
50 2 0.6 K Epsilon 599
Standard
3 5.99
4 5.99
60 > 0.6 K Epsilon 6.233
Standard
3 6.481
4 6.5

The centerline velocity decays are plotted as a function of normalized




axial distances (X/De) for all nozzles in Figure 3.2 This figure is also important to
see how the different contraction profiles, the twist angles, and nozzle lengths
influence the centerline velocity decay.

10 MM NOZZLE LENGTH - Diameter Ratio 2

12

@ KEPS RNG DR 2
@ K EPS Realizable
® KOMEGA STD
K OMEGA GEKO
© K OMEGA BSL
® K OMEGA SST
@ Transition K-KLOMEGA

@ Transition SST

88600ppo0000n0 00  Reynolds LPS
LX) 004, .
' .'. ii i TR B ® Reynolds BSL
s
L]
ouo“ooo..........o e0000 00000 @ Reynolds Stress Omega

0 ® KEPS STD
0 5 10 15 20 25 30 35 40 45

X/D

Figure 5.25: The centerline velocity decay in the jets for all

turbulent models

As can be seen in Figure 3.2 the velocity decay rates in circular
nozzles are much faster in K-omega model than others. Also, From
Figure3d.2, the velocity decay rate is much faster for DR=3 nozzle than other
two diameter ratio for 10 mm length. Whereas for 20 mm length the DR=2
performs better than other two DR’s (from Figure)

FOR 10 MM LENGTH

Figure 3.3: The centerline velocity decay for 10mm
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length nozzle

CONCLUSIONS

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 O Nozzle
lengths.

O Diameter Ratio

A detailed analysis of the modified nozzle geometries
was performed. The results were compared to circular
nozzle as well as reference. This thesis addressed the flow
properties of geometrically modified circular nozzles utilizing
ANSYS Fluent tools. The general conclusions drawn from
studying the results based on implemented CFD model were
as follow:

1. For nozzle length considerations, non-circular
nozzle with the smallest nozzle length (L=2De) has
higher mass entrainment ratios than nozzles of
other length. These results are also consistent with
the previous experimental study

2. Mass entrainment ratios are much higher in all
circular nozzles in high diameter ratio than low
valued diameter ratio.

3. Centerline velocity decay, which is an indicator of
a better mixing, is faster in low Diameter ratio and
less length circular nozzles.

4. Among all turbulent models K-epsilon model
results proper mixing than other models.

5. In conclusion for this study, nozzle with DR=2 and
Length 30mm is the best nozzle geometry for

mixing.
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