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Abstract

An experinental analysis and numerical computation of a turbulent jel subjected to Vortex
Generating Jets, V(GJ, placed at the exit of the main jet nozzle to generate swirl jet were conducted.
The main jet had a Ri, about 11300, and the VGJI to main jet momentum ratio were 0.055 or G 078.
The activation of VGJ was tangential («c=0%), (a=45") and {@=907).

In Swirl Jets, the dynamics of the flow field structure were computed using a three-
dimensional Navier-Stokes code. The governing equations are discretized on 3D structured grid using
an upwind difference scheme. The grid was build as 3D geometry and similar to swir! jet real nozzle.
The use of the multiblock structured grid system and the arbitrary interfaces between the VGls
hexahedral grids and main jet hexahedral grids facilitate building a real 3D swirl jet grid geometry
with changing injection angle. The macroscopic behavior of the jet evolution is discussed with the
turbulence kinetic energy and its dissipation rate The experimental velocity vectors and Total
Turbulent Kinetic Energy, TTKE, contours obtained with a four-wire hot-wire velocity probe The
wavelet energy density is used to measure the intermittency and associaled energy content
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- The theoretical and experimental results show that the injection deviates the boundary layer
flow inside the nozzle into a number of sections equal to the number of VGIJs. Each section
characterized by its own vortex. The vortices, which are generated from VGIs inside the nozzle tube,
are growing outside the nozzle at the free zone. ¥V (GJs enhance the jet-spreading angle over unexcited
jet. The swirl jet has higher TTKE, than the baseline jet. The VGIs increased and spreaded the
turbulent kinetic energy in the main (swirl} jet. The swirl jet with tangential injection and higher
momentum injection ratio (ct = 0, mr = 0.078) gives the highest TTKE. For swirl jet the higher TTKE
region is located at a cylinder layer of diameter 0.8 of nozzle diameter and moving horizontally in a
section from Z/D=2 to Z/D=3 according to momentum ratio. Wavelete analysis presents that
tangential swirl jet have a stronger effect on increasing the turbulent kinetic energy at the jet border,
while, swirl jet at o=45° has higher power level at axial location. Further downstream, the total
wavenumber energy is distributed to a wide range of frequencies and wavenumbers. This indicates
that a wide range of turbulence structures associated with the VGIs injection affects the velocity
fluctuations and enhances mixing between turbulent jet and surrounding fluid. There is a good
matching between the experimental and computational results.

Keywords
Swirl Jet, Vortex Generating Jets, CFD, Turbulent, and Wavelet analysis.

NOMENCLATURE

Cj« mean velocity of main jet (m/s).

C.g mean velocity of VGJ jet (mvs}.

C.C:Cx constants.

dvg; diameter of the VGJ nozzle {(mm).

D or dia diameter of main jet nozzle (mmj).

f  frequency.

mr momentum ratio of the flow of the VGIJs to the main jet flow momentum.
r, t local polar, radial and tangential coordinates, respectively.

., 1, main polar, radial and tangential, coordinates, respectively.

R., Reynolds' number.

U axial velocity, (m/s).

#  turbulence fluctuation component of axial velocity, (m/s).

V  horizontal velocity component in r-axis, (m/s).

v turbulence fluctuation component of V velocity, {m/s).

VR ratio of the VGI velocity to the main jet velocity.

W the horizontal velocity component in the direction of 1,-axis, (m/s).
Wn wave number, (rad/cm),

w  turbulence fluctuation component of W velocity, (nvs).

z axial coordinate.

GREEK LETTERS
oo angle of VG injector axis relative to tangent of nozzle cross section in degrees.

B angle between VGJ axis and main jet axis in degrees.
e turbulence dissipation rate, (}/kg s).
x  turbulence kinetic energy, {m%/s?).

v, turbulent viscosity, {(m%/s).

6 jet total spreading angle in degrees.
p density, (kg/m’).



Mansoura Engineering Journal, (MEJ), Vol. 27, No. 4, December 2002. M.3

O, O constants.

p  dynamic viscosity, (pa.s).
Ax distance

SUFFIXES

jet main jet.

vgi  vortex generating jet.

ABBREVIATIONS
PS]  Pulsed Swirl Jet generated from the interaction between pulsed injections of VGJs with a free
jet.

SJ Swirl Jet generated from the mteractnon between continuous injections of VGJs with a free Jet
TTKE Total Turbulent Kinetic Energy, (u w0 w )f2
VG Vortex Generating Jet.

1- INTRODUCTION

Many fossil fuel burning power plants and industrial combustors are subject to ever
increasingly stringent regulation of allowed emissions levels. Thus it is highly desirable to control the
emissions levels through direct control of the combustion process. Swirl Jet is an example of
applications where attempting use of fully premixed reactants. In these cases it is still desirable to
reduce the levels of pollutants generation from the levels of a diffusion flame. This should be
achievable by enhancing the mixing between the entrant fuel charge and the air stream with
controlling jet evolution.

Controlling the jet evolution can be obtained by passive and active methods. Passive methods
are limited for certain performance like using vortex ring, which was analyzed, by Martin and
Meiburg (1991). Also, using small tabs at nozzle exit, Zaman et al., (1994), or crown shaped nozzles,
which was limited by the number and length of the crown teeth, Longmire et al (1992). Corke and
Kusek (1993) discussed active control of fundamental two-and three dimensional amplified modes in
an axisymmetric jet by introducing localized acoustic disturbances produced by an azimuthal array of
minature speakers placed close to the jet lip on the exit face. Husain and Hussain (1993) discussed
the dynamics of the preferred mode coherent structure in the near field of elliptic jets. They also
addressed the effect of initial conditions and excitation frequency and amplitude on the elliptic jet
instability and its evolution,

Although convenient and easy to use, acoustic drivers are mostly not suitable for controlling
flows of practical interest. Among the many reasons, which can be cited, are lack of space for
ingtallation, loss of effectiveness in noisy environments like combustors and possible reliability
problems. Alternative active methods have been also examined, these included mainly mechanically
vibrating elements at the jet exit. Piezoelectric actuators were used to excite free shear flows for
square jet by Wiltse and Glezer (1993). Vandsburger and Ding (1995) examined a trangular nozzle
fited with mechanically amplified piezoceramic actuators on all three sides. For the purpose of
achieving control over the jet evolution into the far field (L/D = 30) various azimulthal (spatial) modes
were excited. It was found that fractional spatial modes and wave combinations offered the best jet
mixing control.

In spite of the wealth of data available, industry shies away from using moving parts as flow
actuators. Therefore, a practical excitation device should have minimum power consumption and no
moving parts, while producing an excitation that is controllable in frequency, amplitude and phase.
The possibility exists for employing fluid jet actuators. The viability and performance of an unsteady
fluid-dynamic excitation system was examuned by Raman and Cornelius {1995) for the control of
turbulent jets. They demonstrated that a jet flow could be forced by two miniature fluidic exciter jets.
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This technique produced very large velocity perturbations in the main jet. The application of fluid
based actuators to subsonic jets has been examined in recent years by the group of Glezer at Georgia
Tech using "synthetic jets" (Parekh et al 1996). These actuators add no mass, but do add momentum
for actuation to the excited jet.

The evolution of a free round jet using vortex generating jets placed around the main jet nozzle
exit (named Swirl Jet) was presented by the author previously, Mostafa et al. (1995). Activation of the
VGIs resulted in enhanced mixing of the jet fluid and the ambient fluid. The activation of tangential
(=0) VGJs tn a pulsed manner enhanced the main jet spreading over continuous VGIJs, Mostafa et al.
(1996).

Flow in free shear flows like jets and mixing layers are characterized by voriex formation. In
these regions, the turbulence intenstiy is very high. These structures play cruciral rule in controlling
the muxing between two fluid streams. Turbulence scales results from strong pressure fluctuations on
the mixing layer or the jet exit. Time domain analysis such as condiiional sampling has been used to
charactenze significant velocity or pressure fluctuation and related that to fluid flow phenomena.
Frequency domain analysis has been used to characterize the energy distribution among the frequency
components. Correlation functions in frequency and time domains have also been used to statistically
descnibe wall pressure fluctuations Beall et al (1982). The interest in timefspace and spatial
characterization of pressure fluctuations stems from the interest in problems where flow-induced
vibrations and or sound generation are important. Such characteristics, represented in terms of a
wavenumber-frequency spectrum. would serve as an input to determine the response of structures or
noise generation levels,

The objective of this paper is to study the flowfield turbulence energy and evolution in a swirl
jet, “a free jet subjected to excitation of VGJs” experimentally and numerically. Specifically the
turbulent kinetic energy is determined from measurements of #, v, and w with examining the energy
contents of the vortices by wavelet analysis technique. The dynamics of the flow field structure of
switl jets are computed using a three-dimensional Navier-Stokes code with upwind difference
scheme. The grd is build as real 3D swirl jet geometry. The macroscopic behavior of the jet
evolution is discussed with the turbulence kinetic energy and its dissipation rate. The main
parameters of the study are the angle of the ViGJs with respect to the main jet, and the momentum
ratio between the VGJs and the main jet. The transport of swirl jet fluid 1s compared with the
unexcited jet.

2- THEORY BACKGROUND

The basic approach is to use standard viscous flow (Navier- Stokes) equations with provisions
for variable density and a conventional turbulence model, such as x-& model. A numerical model
previously developed by CFDRC to solve (Navier- Stokes) equations (Sighal 1999). The issue of
turbulence modeling arises from the need to represent turbulent or Reynolds stresses, which are
additional unknowns introduced by time averaging the Navier- Stokes equations. One common
approach is the Eddy Viscosity Modeling (EVM)} in which the Reynolds stress tensor is assumed to be
proportional to the rate of mean strain, by analogy with the laminar stress- strain refationship. The
proportionality parameter is called the turbulent or eddy viscosity. Unlike its laminar counter- part, the
turbulent viscosity is not a property of the fluid but rather a characteristic of the flow. Several
versions of the x-& model are in use in the literature. They all involve solutions of transpert equations
for turbulent kinetic energy (x) and its rate of dissipation (&). In the model, the turbulent viscosity is
expressed as,

C, .k
&
The transport equations for & and ¢ are,

(N

V.'
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3- GRID STRUCTURE AND BOUNDARY CONDITIONS

The swirl jet flow analysis is computed for different momentum ratio of the VGJ flow te main
jet flow. There are four sets of results that are computed for unexcited jet (baseline jet) and swirl jet at
different injection angles (o=0", 45, 90%). The swirl jet grids structure 1s shown in Fig. 2a. This uses
the multiblock system. The structure grids are divided into five blocks in the nozzle each have at least
21x16x15, nine blocks downstream 21x11x21 grid points and four blocks for the VGI's 5x3x10 as
ghown in Figs. 2b and 2d. The grids are clustered near the VGJ to solve the fluid interaction. There
are arbitrary interfaces between the VGI's hexahedral grids and main jet hexahedral grids. The length of
the grid in physical domain is about 56 d;« length and 47 d;. dlameter as shown in F1g5 2b and 2c.

The upstream boundary COﬂdltiOﬂS are 10 m/s axiat velocity, 174 N/m® gauge pressure,
turbulence kinetic energy {(«=0.01 m Yt ) and turbulence dissipation rate (=100 JYkgs). The
downstream boundary conditions are atmospheric pressure, turbulence kinetic energy {x=0.0 mzfsz)
and turbulence dissipation rate {¢=0.0 J/kg.s). The momentum ratio of the flow of the VGJs 1o the
main jet flow momentum is (C.055 and 0.078). Fluids in all hlocks are completely air and the
temperature is constant at 300 K.

4, EXPERIMENTAL FACILITY, METHODS AND PARAMETERS

The experiments were carried out in a small jet facility at the Reacting Flows Laboratery of
the Mechanical Engineering Department at Virginia Tech. The flow rate of the main jet and the VGJs
were kept constant. Alr, at room temperature, issued from a 17 mm round nozzle at a Reynolds
number of 11,300. The velocity ratio between the VGJs and main jet (VR=Cj/Cm) was set to unity
and 1.41 resulting in a VGJ to main jet momentum ratio of 0.055 and 0.078. A schematic of the jel
construction 15 shown in Fig 1. Note that the jet actually 1ssued out of a tube with a wall thickness of
0 9 mm thus no back step was present. The four VGJs had a 2 mm inside diameter. The injection
angle (@) of the VGJs with respect to a tangent to the main nozzle, was set to «=0" and 45°.

The jet flowfield was investigated at axial locations from z/D = 0 to /D = 20 (0.01 mm to 340
mm) Within that region, four different measuring grids spacing were used. The first grid region had 7
circular horizontal levels, starting from Z/D= 0 006 to Z/D=3 in 0.5 diameter steps. Each consecutive
level's diameter increased by 0.12 jet diameters. Grid points were spaced every r/D= 006 (1 mm).
The second grid region spanned from Z/D= 3 to Z/D =7 The third region spanned from Z/D=7 to
Z/D=14, and the last region spanned from Z/D=14 to Z/D=20 In the tast three regions the horizonta!
measuring planes were spaced every one diameter downstream. Also, regions grid spacing was set at
1. 2 and 4 nm in the second, third and fourth regions respectively. Thus, the entire sampling region
contained 18187 nodes where three velocity components and their rate of change were measured

A four-wire hot-wire anomemeter probe (AVOP-4-100) manufactured by Auspex
Corporation, USA. was used 1o measure the local three velocity components. The sensors are arranged
to form two orthogonal "x" wire arrays. The wire sensors are 5 pm diameter tungsten of 1.1 mm
length, oriented nominally 45° to the probe axis. At each probe location, 1008 samples of hot-wire
voltages were collected. Samples were collected simultaneously on four channels (one for each wire)
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using a DT 2838 A/D board at approximately 8 kHz per channel. Each anemometer channel was
equipped with an anti-aliasing low-pass filter set at 3.8kHz. Three-component velocity formation
was calculated from the raw voltage data using the method of Wittmer et al. (1998). For wavelet
analysis each location was acquired thirly times of data consecutively.
5- METHODS OF EXPEREMENTAL DATA ANALYSIS

The wavenumber frequency spectrum is estimated using the technique introduced by Beall et
al. (1982). The technique uses measurements of a fluctuation field such as pressure or velocity at two
locations separated by a distance Ax. The measurememnts are divided into time segments each
consisting of N samples. From either of the two records, the auto-power spectrum is computed which
provides an estimate of the power associated with a frequency interval f and f+Af,. Using the two
records, the cross-power spectrum is computed. From the phase of the cross-power spectrum &¢f,), the
local wavenumber Wn(f) = 6¢f)/ Ax is determined. This wavenumber is called local because it is
estimated over the separation Av and is different from wavenumbers obtained by applying a spatial
Fourier transform to measurement from many spatial locations, The local wavenumber gives a better
estimate of spatial characteristics in a spatially varying field. Having the frequency /, and an associated
local wavenumber, Wn,, the amount of power, S(f)), is recorded at the co-ordinate point (f, #n,) in the
wavenumber frequency, f~-Wn plane. Because, there is a stochastic relationship between wavenumber
and frequency, every segment may yield different estimates of the power S¢f) and wavenumber Wn,(f,)
for the frequency interval £, and f+Af . The new level of power is entered at a new co-ordinate point
consisting of the new value of Hr,. This process is repeated for all data intervals to obtain the average
power, S; (Wn;, f;). associated with every frequency and every wavenumber in the wavenumber
frequency plane. This power is an estimate of the local wavenumber frequency spectrum. The limits of
the measured wavenumbers and the resolution are determined by the separation distance between the
pressure taps, Ar and the number of grid elements in the wavenumber-frequency domain. The
wavenumber that can be obtained are bounded by -n/ Ax and n/Ax. The wavenumber resolution can be
adjusted by setting the number of cells, which in all of our analysis was set at 256.
From the local wavenumber frequency spectrum §; (Wn, f), the frequency spectrum §,(f) can be
estimated by integrating the spectrum over all wavenumbers, i.e.
Sif)= 2o S (Wi, f) (5
and the local wavenumber spectrum §(Wn) can be estimated by integrating the spectrum over all
frequencies, i.e.
SiWn)= 55 (Wn, ) (6)
The results presented here were obtained from 30 data segments; each segment containing 128 data
points and sampled at 125 Hz. This yielded a Nyquist frequency of 62.5 Hz with a frequency
resolutton of 0.98 Hz. Depending on the measuring location, the separation Ax was set at | mm.

6. RESULTS AND DISCUSSION

The main jet structure and evolution, baseline and excited swirl jet, was studied experimentally
and numerically via three component velocity and turbulence intensity maps. The data are presented
as vectors and iso-value contours. The Swirl Jet flow analysis is computed for different momentum
ratio of the VGI flow to main jet flow. There are four sets of results that are computed for unexcited

jet (baseline jet) and Swirl Jet at different injection angles (a=0°, 45°, 90°).

6.1- Mean Flow Analysis

Mean velocity components (U, V, W) for the baseline jet and a jet subjected to VGIs at
momentum ratio (0.055 and 0.078) and injection angles 0°, 45° and 907 were studied
A comparison of the theorefical velocity vector projection at the honzontal injection plane (ie the
resultant of radial and normal velocities} for the above seven conditions is shown in Fig. 3 The
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injection deviated the boundary layer flow inside the nozzle into four sections especially at injection
angles 0° and 45°. The effect of ninety degree injection is only concentrated at the front of the VGIs.
Each section characterized by its own vortex. The higher VGJs momentum case mr=0.078 exhibits
higher horizontal velocity component than baseline jet and swirl jet with lower momentum ratio cases
mr=0 055,

A comparison between the theoretical and experimental velocity vector projection on
horizontal plane at the jet exit (Z/D=0) for the baseline jet and a jet subjected to VGJs at momentum
ratio (0.055 and 0.078) and injection angles 0° and 45° are shown in Figs. 4 and 5 respectively. The
mean flow is defined experimentally by a simple average over 1008 samples at each measuring point.
The plots of Figs. 4 and 5 clearly show the formaticn of four of vortices at the jet exit as a result of the
VGJs activation. The four vortices, which generated from VGIJs inside the nozzle tube (demonstrated
in Fig. 3) are grown outside the nozzle. The higher VGJs momentum case m=0.078 exhibits higher
horizontal velocity component than baseline jet and swirl jet with lower momentum ratio cases
mr=0.055. From the shown results it is clear that experimental results matched with the theoretical
results.

6.2: Turbulent Kinetic Energy

A primary objective of this paper is to study the turbulence preduction mechanisms in the
swir, jet. The turbulence characteristics of the baseline and excited jets were obtained from the hot
wire data and are presented in the form of the total turbulent kinetic energy [(u" +v +w )/2]. The

turbulence characteristics are also computed numerically as turbulent kinetic energy (& and its rate of
dissipation {¢). The data are presented in the form of iso-contours at different horizontal planes and a
vertical diametric plane.

Isovalue contour plots of numerical turbulent dissipation rate (g) in a horizontal plane at jet
exit (Z/D=0) are shown in Fig. 6, for the baseline jet and a jet subjected to VGJs at momentum ratio
0.055 and 0.078 and injection angles of 0°, 45° and 90°. The maximum value of () in the above
seven conditions are at the tangential injection of V(GJs. The swirl jet with 45° is also higher than
baseline jet. The increases of maximum turbulent dissipation rate contours in the swirl jet are
concentrated near the injection ports of VGJs.

The swirl jet numerical turbulent kinetic energy, {«), map are presented into two dimensional
iso-valye contour. Horizontal contour map at (Z/D=0) of the turbulent kinetic energy for the baseline
jet and a jet subjected to VGI at (ax=0°, mr=0.055), (¢=45°, mr=0.055), (¢=0°, mr=0078), and
{(=45°, mr=0.078) are shown in Figs. 7.Al to 7.A5, respectively. All VGJs excited cases show
higher turbulent kinetic energy than the baseline jet. The higher VGIs momenium case, mr=0.07§,
exhibits higher turbulent kinetic energy than the case of mr=0.055 The tangentiai VGJs momentum
exhibits higher turbulent kinematics energy than the case of a=45". With the excitation the high
stress region located near the injection ports of VGJs.  As a comparison with experimental TTKE
dara, using hot wire probe, at horizontal section, Z/D = 0, are shown in Fig 8 The maximum TTKE
in the above five conditions are 127, 3.6, 1.9, 5.1 and 2.6 m%/s” respectively The percentage increase
of total turbulence kinetic energy in the swirl jet relative to the baseline jet was calculated lo be
183.4, 49.6, 300.1, and 104.7% respectively for the above swirl jet four conditions. The data indicates
that the highest turbulent kinetic energy is generated with tangential injection (= 0) of the VGJs.
Of course as the momentum ratio inereases so does the turbulent kinetic energy. Matching between
the experimental and theoretical results can be noticed.

To follow-up the variation of the turbulence kinetic energy at downstream in the same five
previous conditions, the numerical and experimental results at horizontal section, Z/D=3, are plotted
in Figs. 9 and 10 respectively. These figures show that the TTKE is increased and spreaded inside
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the swirl jet structure in the direction of downstream flow. The view of four vortexes still formed at
that level. There is complete matching between the experimental and theoretical results. At the level
of Z/D=3, the maximum TTKE for all five cases discussed are 1.872, 3.09, 3.08, 3.155 and 3.117
m¥/s? respectively as shown in Fig. 10. All VGIs excited cases show higher turbulent kinetic energy
than the baseline jet. The higher V(GIs momentum case mr=0.078 exhibits higher turbulent kinetic
energy than the case m=0.055 The swirl jet with tangent injection has higher TTKE than mnjection
with 45°

The swirl jet turbulent kinetics energy, (x), map are presented into two dimensional iso-value
contour. Axial contour map of the turbulent kinetic energy for the baseline jet and a jet subjected to
VGlJs at (@=0°, mr=0.055), (a=45°, mr=0.055}, (c=0°, mr=0.078), and (@=45°, mr=0.078) are shown
in Fig.11. All VGIs excited cases show higher turbulent kinetic energy than the baseline jet. The
higher V(GIs momentum case mr=0.078 exhibits higher turbulent kinetic energy than the case
mr=0.055. With excitation the high stress region located at a cylinder layer of diameter 0.8 of nozzle
diameter and moving horizontally in a section from 2 to 3 z/D from upstream accocding to
momentum ratio.

As a comparison with experimental data using hot wire probe, the swirl jet total turbulent
kinetic energy map are presented into two dimensional iso-value contour. Axial contour map of the
TTKE for the above five conditions are shown in Fig. 12.  All VGIs excited cases show higher
turbulent kinetic energy than the baseline jet as the numerical results. The higher VGJs momentum
case mr=0.078 exhibits higher turbulent kinetic energy than the case of mr=0.055. Also, as indicated
numerically, with swirl jet excitation the high stress region tocated at a cylinder layer of diameter 0.8
of nozzle diameter and at horizontal section of 2.2 /D from upstream. Tangential VGJs injection
exhibits higher TTKE than others, which is completely matched with the theoretical results.

8-3 Space/time spectrum characteristics of velocity fluctuations

The characteristics of velocity fluctuations in baseline jet and swirl jet have been described in
both time and frequency domains. For instance, conditional sampling has been used to identify
significant velocity events at each point and to relate such events to velocity characteristics in
turbulent boundary layers. Frequency domain analysis has been used to characterize the energy
distribution among the frequency components. Correlation functions in frequency and time domains
have also been used to describe velocity fluctuations statistically. Such characteristics, represented in
terms of a wave number—frequency spectrum, would serve as an input to determine time/space and
spatial characterization of velocity fluctuations.

The downstreamn variation of the frequency power spectrum of the axial jet velocity
fluctuations for the baseline jet and a jet subjected to VGIs at (@=0°, mr=0.055) and (ot =45°
mr=0.055) at two positions of axial diametric coordinate, (Z/D= 0, ro/D=0, t,/D=0) and (Z/D=3,
ro/D=0, t,/D=0) are shown in Figs. 13.a and 13.b respectively. There are also other two positions at.the
jet border, (Z/D= 0, r/D=04, 1/D=0) and (Z/D=3, r/D=0.4, 1,/D=0). Their frequency power spectrum
are shown in Figs 13.¢c and 13.d respectively. Based on the sampling rate of the velocity fluciuations,
the highest analyzed frequency component s 62.5 Hz. The lowest component, as determined from the
record length, is 0.98 Hz. The frequency spectra shows that, at axial diametric coordinate, the level of
energy in all frequency components are varying along the spectrum. The power amplitude of the swir!
jet has a higher amplitude than the baseline jet. The level ditference of energy between baseline jet and
these cases of swirl jet are slightly small at Z/D=0, but this deference is larger than five times at
Z/D=3 as shown in Figs 13.a and 13.b. The frequency domain analysis, for the above conditions,
indicates that the power of the swirl jet at @ =45° at that axial diametric location, has higher level at 5-
20 Hz and 40-55 Hz. But, at the jet border (1/D=0.4) the highest power amplitude i1s generated from



Mansoura Engineering Journal, (MEN. Vel. 27, No. 4. December 2002. M. 9

the swirl jet with tangential injection and has higher value at the plane level of Z/D=3. These are
around frequency spectrum of 20-30 Hz and 50-60 Hz as shown in Figs. 13.c and 13.d.

The range of wavenumbers Wn,(f) associated with the frequency f; components shown in Fig.
13 for the above condition is given in the estimates of the power, § (k, £) at the above four positions
shown in Figs. 14, 15, 16 and 17 respectively. Each of them represents baseline jet and swirl jet with
injection at (c=0 and 45°). Figures 14 and 15 show that, in all the above cases, the level of energy has
different peaks in most frequency components. This means that the energy is divided into small
vortices along the frequency spectrum. Further downstream, at z/D=3, the spectral energy of velocity
fluctuations is greater than at previous location z/D=0 as shown in Fig. 14. The power level of the
swirl jet at @=45° at that axial location, is higher than the others. Figures 16 and 17 show that, in all
the above cases, the level of energy has different peaks in most frequency components at the jet
border. This means that the energy is divided into small vortices along the frequency spectrum.
Further downstream, at Z/D=3, the spectral energy of velocity fluctuations is greater than at previous
location /D=0 as shown in Fig {6, The power level of the swirl jet with tangential injection (e=0"). at
the jet border (1/D=0.4), is higher than the others.

Wave number power spectrum, SiWn), of the velocity fluctuations for the above conditions
obtained by integrating the wavenumber frequency spectrum, 5; (#n, f), are shown in Figs. 18.a, b, ¢
and d. Figure 18 shows that, in all the above cases, the level of energy has different peaks with
wavenumber. The power amplitude of swirl jet has higher amplitude than the baseline jet. The level
difference of energy between baseline jet and these cases of swirl jet is slightly small at Z/D=0, but
this deference is larger than five times at Z/D=3 as shown in Figs. 18.b and 18 d. At the jet border
{r/D=0.4) the highest power amphtude is generated from the swirl jet with iangential injection and has
higher value at the plane level of /D=3 as shown in Figs. 18¢ and 18.d

7- CONCLUSIONS
The use of vortex generating jets to enhance the mixing between a turbulent jet and the
surrounding fluid was shown to offer improvement and control over the jet evolution.

e The injection deviates the boundary layer flow inside the nozzle into a number of sections equals
to the number of VGJs. Each section characterized by its own vortex.

e The vortices, which generated from V(Gls inside the nozzle lube, are grown outside the nozzle at
the free zone.

e The swirl jet has higher total turbulent kinetic energy than the baseline jet. The VGJs increase and
spread the turbulent kinetic energy in the main (swirl) jet.

» The swirl jet with tangential injection and higher momentum injection (¢t = 0, mr = 0 078) gives
TTKE higher than the baseline Jet. The percentage increase of total turbuience kinetic energy at
exit of the swirl jet relative to the baseline jet, is 183 4, 49.6, 300.1, 104.7 % for swirl jet
subjected to VGJs at (¢=0". mr=0.055), (c«=45°, mr=0.055), («=0°, mr=0.078), and (a=45",
mr=0.078) respectively.

e For swirl jet the higher TTKE region is located at a cylinder layer of diameter 0.8 of nozzle
diameter and moving horizontally in a section from Z/D=2 to Z/D=3 from upstream according to
momentum ratio.

» Tangential V(GJs injection have a stronger effect on increasing the turbulent kinetic energy, while,
swirl jet at =45 has higher power level at axial location.

s Further downstream, the total wavenumber energy is distributed to a wide range of frequencies
and wavenumbers. This suggests that a wide range of turbulence structures associated with the
V{iJs injection affects the velocity fluctuations and enhances mixing between turbulent jet and
surrounding fluid.
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e The using of a three-dimensional Navier-Stokes code with upwind difference scheme and 3D
swirl jet grd geometry are completely simulate the macroscopic behavior of the jet evolution with
the turbulence kinetic energy and its dissipation rate in the intersection region and the free jet
flow.

= The use of the multiblock structured grid system and the arbitrary interfaces between the
hexahedral grids of VGI’s and main jet facilitate building a real 3D swirl jet grid geometry with
changing injection angle.

¢ Examining the energy contents of the vortices by wavelet analysis technique compared with the
turbulent kinetic energy explain the swirl jet evolution.

¢ There is good matching between the experimental and theoretical results.
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