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ABSTRACT

A computing of a turbulent jet subjected to fluidic excitation and it’s effect on the
jet evolution was conducted. The jet was subjected to vortex generating jets placed at the
exit of the main jel nozzle exit to generate Swirl Jet. The main jet had a R.,, about 17000,
and the VGJ to main jet momentum ratio were 0.053, 0.095, 0.078 and 0.285. The velocity
ratio between the V(GJs and main jet (CR = C,g/C\x) was varied up to unity. The activation
of V(GJ was tangential (c=0), (=45 degree) and (@=90 degree).

In non-reacting Swirl Jets, the dynamics of the flow field structure were computed
using a three-dimensional Navier-Stokes code (CFDRC, 2000). The governing equations
are discretized on a structured grid using an upwind difference scheme. The macroscopic
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behaviour of the jer evolution is discussed wilh the turbulenl pressure and velocities. The
transport of jet fluid is compared with the unexcited jet.

The use of Vortex Generator Jets to enhance the mixing between a turbulent jet and
the surrounding fluid is shown to offer improvement and control over the jet evolution.
VG/J's enhance the jet spreading angle over unexcited jet. The Swirl Jet with injection angle
(=45} and the higher momenium injection gives maximum higher Turbulent Kinemaiics
Energy than the Baseline Jei by 18.5, 29.4, 38.7 or 122.6% for momentum ralios equal
0.055, 0.078, 0.095 and 0.2B5 respectively. With Swirl Jet excitation the high stress region
located at a cylinder fayer of diameter 0.8 of nozzle diameter and moving horizontally in a
section fron 2 to 3 /D from upstream according 10 momentum ratio. These computational
data are compared with the experimental results obtained with a four-wire hot-wire velocity
probe by ihe author (Moslafa, 2000). The results show pgreat agreement with the
experimental results at diiferent conditions of Swirl Jet flow.
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NOMEWCLATURE

Cje. mean velocity of main jer (m/s).

Cyvg mean velocity of VGJ jel (m/s).

Cg ratio of the YGJ velocity to the main jel velocity (not including injeciion flow),
C..Ce.Cx constants

d,y diameter of the YGJ nozzle {mm).

d; diameter of main jet nozzle {mm).

K turbulence kinetic energy (m’/s%) )
mir momentun ratio of the flow of the YGJs 1o the main jet Now momentum.
r,t local polar, radial and tangential coordinates, respectively.

to L main polar, redial and tangential, coordinales, respectively.

R.n Reynold number.

U axial velocity, (m/s).

>

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

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

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

v, Llurbufent viscosity

W the horizontal velocity component in the direclion of t,-axis, {m/s}).
w’ wrbulence fluctuation component of W velocity, (m/s).

z  Axial coordinate,

GREEK LETTERS

a angle of VGJ injeclor axis relalive 1o tangent of nozzle cross section in degrees.
[ angle between YGJ axis and main jet axis in degrees.

p  deusity, (Kg/m').

8  jet lotal spreading angle in degrees.

Oy J; conslants

y  dynamic viscosity (pa.s)

€ trbulence dissipation rate (J/Kg.s)

SUFFIXES
Jjet main jet
vgj  vorlex generalor jel
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ABBREYIATIONS

PSJ)  Pulsed Swirl Jel generated from the interaction between pulsed injection of V(GJs
with a free jet.

S) Swirl Jet generated from the interaction between continuous injection of VGJs wilh
a free jet.

V(&I Vortex Generator Jel.

1- INTRODUCTION

Flow in free shear {lows like jets and mixing layers are characterized by vortex
formation. In these regions, the turbulence intensity is very high. These structures play in
controlling the mixing between two fluid streams. Turbulence scales results from strong
pressure fluctuations on the mixing layer or the jet exit.

Over the past two decades studies were conducted on the effect of vortex dynamics
on jel flow evelution. Controlling the jet evelution can be obtained by passive and active
methods. Passive methods are limited for certain performanee like using vortex ring which
were analyzed by Martin and Meiburg (1991). Also, Using small tabs at nozzle exit, Zaman
and et al., {1994}, or crown shaped nozzles, Longmire et al (1992), which was limited by
the number and length of the crown teeth. Corke and Kusek (1993) discussed active
control of fundamental two-and three dimensional amplified modes in an axisymmetric jet
by inroducing localized acoustic disturbances produced by an azimuthal array of miniature
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
8lso 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 installation, loss of effectiveness in noisy environments like combustors and
possible reliability problems. Altemative aclive 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 Glezee (1993).
Vandsburger and Ding (1995) examined a trianguler nozzle fitted with mechanically
amplified piezoceramic actuators on all three sides. For the purposc 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 (e.g. m = 0.75) and wave combinations
{e.g. m =+ 0.5} 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 powcr
consumpiion and no moving parts, while producing an excitation that is controllable in
frequency, amplitude and phase. The possibility exisis for employing fluid jet actuators.
The viability and performance of an unsteady fuid-dynamic excitation system was
examined by Raman and Comelius {1995) for thc control of turbulent jets. They
demonstrated that a jet flow could be forced by two miniature fluidic exciter jets. This
technigue produced very large velocity perturbations in the main jet. The applicalion of
fluid based actuators 1o subsonic jets has been examined in recent years by the group of
(iezer at Georgia Tech using "synthetic jets" (Parekh et al t996). Thesc 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 experimentally discussed by the authors
previously, Mostafa and et al. (1995}, Activation of the ¥(GJs resulted in enhanced mixing
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of the jel fluid and the ambient fluid. Th: activation of langential (¢=0) VGlJs in a pulsed
manner enhanced the main jer spreading over continuous VGls in non-reacling and
reacting PSJ, which were experimentally discussed by Mostafa et al. (1996) and Mostafa
and Vandsburger (1998), respectively. The mean (low is defined by a simple average over
1008 samples each measuring point using a four-wire hot-wire velociry probe. Mean
velocity components (U, ¥, W) for the baseline je1 and a jet subjected to VGlJs at {o =0°,
mr= 0.055), (o =45°, mr= 0.055), (0=0°, mr= 0.078) and {o =45°, mr= 0.078), are
compared by Mostafa et al (1999). All V(s exited cases show a better dispersion ol the
main jet fluid momentum as evidenced by smaller gradients of the isoiniensity contours
for equivalent cross sections. The higher VGJs momentum case mr=0.078 exhibits higher
dispersion than the mr=0.055 case. The effect of the V(s on the level and distribution of
the normal Reynolds stress is discussed by Mostafa (2000).

The objective of this paper is 10 compute the flowfield strucure, turbulence
generation and evolution in a swirl jet, “a free jet subjected to VGIs excilation”. The
present paper reports the modification 10 a turbulent jet due to the application of vortex
generalor jels {(VGls) in a cominuous manner. The main parameters of the study is the
angle of the VGJs with respect 1o the main jet, and the momentum ratio between the VGls
and the main jet. All fluids are assumed to be cold air.

2- THEORY BACKGROUND

The basic approach is to use standard viscous flow (Navier- Stokes) equauons with
provisions for variable density and a conventional turbulence model, such as K-g model. A
numerical mode! previously developed by CFDRC to solve (Navier- Stokes) equations
(Sighal 1999}.

The issue of wrbulence modeling arises from the need to represent turbulem or Reynolds
stresses, which are additional unknowns are introduced by averaging the Navier- Stokes
equations. One common approach is the Eddy Viscosity Modeling (EVM) approach in
which the Reynolds stress tensor is assumed to be proportional to the rate of mean strain,
by analogy with the laminar stress- strain relationship. The proportionality parameter is
called the iurbulent or eddy viscosity. Unlike its laminar counter- part, the turbulent
viscosity is nol a property of the fluid but rather a characteristie of the flow. Several
versions of the k- & model are in use in the literature. They all invelve solutions of iransport
equations for turbulent kinetic energy (k) and its rate of dissipation (g). In the model, the
turbulent viscosity is expressed as,

C il

v, ==~ (1

e -
The uansport equations lor k and € are,

Bk
£ Ey= of - L 2)
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3- RESULTS AND DISCUSSION

The Swirl Jer flow analysis is computed for different momentum ratio of the VGJ flow to
main jet flow. There are four sets of results that are computed for unexcired jet (baseline
jen) and Swirl Jet at different injection angles (a=0, 45, 90 degrees).

The Swirl Jel structure is shown in figure la. The structure grids are divided into four
reetangular faces revolved 360°. This uses the multiblock system. Three of them at the
nozzle each have 5x5x40 grid points and one downstream 60x50x40 grid points. The grids
are clustered near the VG to solve the fluid interaction. The length of the grid in physical
domain is about 2 [dj. length and 10d,, diameter as shown in figures 1band lc.

3.1- MEAN FLOW ANALYSIS

Mean velocity components (U, ¥, W) for the baseline jer and a jet subjected to V(iJs at
momentum ratio (0,055, 0.078, 0.095 and 0.285), each of them injected at angles {x=0, 45
and 90). A comparison of the jet axial velocity component distribution across the main jet
for the above thineen conditions is shown in Figure 2. Due to the symmetry of the jet view,
it is represented half the jer around Z-axis. All VGJs exited cases show a better dispersion
of the main jer fluid, especially at a=45, as evidenced by smaller gradients of the iso-
intensity contours for equivalent cross sections. The higher VGls momentum case
mr=0.285 exhibits higher dispersion than mr=0.095, mr=0.078 and mr=0.055 cases. The
momentum ratio 0.285 is equivalent to CR equal unity. Figure 3 represents the iso-contour
horizontal velocity component in r-axis for baseline jet and Swirl Jet across, a=45°,
diametric plane. The higher YGJs momentum case mr=0.285 exhibits higher horizontal
velocity component than baseline jet and Swirl Jet with lower momentum ratio cases. lso-
contours of the horizontal velocity component in the direction of t-axis in a horizental plane at

2/D=0 for the above three jets conditions are shown in Figure 4. The maximum magritude of this

componenl s, also, associated with maximum injection momenlum ratio.

3.2: TURBULENCE STRESSES

A primary objective of this paper is to study the turbulence production mechanisms
in the Swirl Jet. The turbulence characteristics of the baseline and excited jets were
obtained as turbulenl kinetic energy (%) and its rate of dissipation (g).

Isovalue contour plots of turbulent rate of dissipation (£) in a vertical diametric
plane are shown in figure 5, for the baseline jet and a jet subjected 1o VGls at momentum
ratio {0.055, 0.078, 0.095 and 0.285), each of them injected at angles (a=0, 45 and 90}.
The maximum value of (€) in the above thirteen conditions are 7320, {7132, 8675, 8879),
{7328, 9470, BB79), (7324, 10150, 9297), (11301, 16299, and 20518} }/Kg.s, respectively
as shown in figure 2. The increase of maximum turbulent dissipation rate in the Swirl Jel
relative 1o a baseline jet (s, - €)/ &, is found to be (0.16, 18.5, 21.2), (0.1, 294, 21.3), (.05,
38.7,27), (544, 122.6, 180.3} %.

The Swirl Jet Turbulent Kinemalics Energy, (k), map are presented into (wo
dimensional iso-value contour. Axial conlour map of the Turbulent Kinematics Encrgy for
the baseline jet and a jet subjected to VGIJ at {@=0°, mr=0.035), {x=45°, mr=0.05%),
(2=90°, mr=0.055), (u=0°, mr=0.078), (x=45°, mr=0.078), and {a=90° mr=0.078), are
shown in figures 6.a, b, c, d, e, [, and g, respectively. All VGJs excited cases show higher
Turbulent Kinematics Energy than the Baseline Jet. The higher ¥(GJs momentum case
mr=0.078 exhibits higher Turbulent Kinematics Energy than the case mr=0.035. With
excitation the high siress region located at a cylinder layer of diameter 0.8 of nozzle
diameter parallel 1o nozzle wall and at horizontal section of 2-3 2/D from upstream,

As a comparison with experimental data using hot wire probe, Mostafa (2000}, the
Swirl Jet Total Turbulent Kinematics Energy, TTKE (U’ V* +W’2), map are presented
into two dimensional iso-value contour. Axial contour map of the TTKE for the baseline
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jet and a jet subjected 1o VG at (a=0°, inr=0.055), (@=45°, mr=0.035), (a=0°, mr=0.078)
and (2=45° imnr=0.078), are shown in figures 7.8, b, ¢, d, € respectively. All YGJs excited
cases show higher Turbulem Kinematics Energy than the Baseline Jet. The higher VGlis
momerntum case mr=0.078 exhibits higher Turhulent Kinematies Energy than the case
mr=0.055. With Swirl Jet excitation the high stress region located at a cylinder layer of
diameter 0.8 of nozzle diameter and at horizontal section of 2.2 /D from upstream which is
completely matched with the theoretical results, Tangential YGls injection des not similar
1o experimental resuits since the experimenial results does not allow ideal 1angentional
injection {Non-radial eomponent} because it have + 8 degrees deviation due to the diameter
of VGI.

The Swirl let Turbulemt Kinematics Energy, (k). map are presented inio two
dimensional ise-value contour. Axial contour map of the Turbulent Kinematies Energy for
Swirl Jet subjected to ¥YGJ at {o=0°, mr=0.095), (a=45", mr=0.095), (&=90°, mr=0.095),
(a=0°, mr=0.285), (a=45°, mr=0.285), and {=90°, mr=0.285), are shown in figures 8.a,
b, ¢, d, ¢, and [ respectively. All VGJs excited cases show higher Turbulent Kinematics
Energy than the Baseline Jel. The higher ¥GJs momentum case mr=0.285 exhibits higher
Turbulent Kinematics Energy than the cases of mr=0.078 and 0.095. The mementum ratic
0.285 is equivalent to CR equal unity. With excitation the high stress region localed at a
cylinder layer of diameter 0.8 of nozzle diameter and moving horizonally in a section
from 2 to 3 2/D from upsieeam according 1o mamenturn ratio.

4- CONCLUSIONS
The use of Yorex Generator Jets 1o enhance the mixing between a turbulent jet and
the surrounding fluid was shown 1o offer improvement and centrol over the jet evolution.

+ The Swirl has higher Turbulent Kinematics Energy thaa the baseline jet. The YGls
increased and spreaded the turbulent kinetic energy in the main (swirl) jet.

s The Swirl Jer with injection {(a¢=45) and the higher momentum injection gives
maximum higher Turbulent Kinematics Energy than the Baseline Jet by 18.5, 29.4,
38.7 or 122.6% for mr equals 0.055, 0.078, 0.095 or 0.285 respectively.

» Tangential VGls injection does not similar to experimenial results since the
experimenal results does not aliow ideal tangentional injection (Non-radial
component) because jl have + 8 degrees deviation due to the diameter of VG,

¢ Further downstream, a wide range of rbulence structures assotiated with the VGls
injection affect the velocity fluctuations and enhance mixing between turbulent jet and
surrounding fluid.

s With Swirl Jet excitation the high stress region locaicd at a ¢cylinder layer of diameter
0.8 of nozzle diameter and moving horizontally in a section frem 2 10 3 2/D from
upstream according o memenium ratio.
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