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Abstract

The evolution of round submerged jets under combined axial and
orbital excitation has beén studied using flow visualization and laser-
doppler anemometry In water flow at a diameter Reynolds number of 4300.
Some surprising results were obtained when the ratio (R) of the axial
frequency to the orbital frequency was in the range of l-4. When R =
2, the jet separated into two branches (a bifurcating jet). When R
was non~integer, the jet separated into a cone-shaped shower of rings
(blooming jet). The domain where these effects occur has been observed
to lie in a closed region. These unusual jets spread out at a much
larger angle than do normal jets and consequently are of considerable

practical ilmportance.

Bifurcating and blooming jets are examples of the response of jets
to differing 1initial excitation conditiouns. It has generally been
believed that the far-field state of a jet depends only upon its initial
momentum flux, but these strange jets show clearly that this is not
true. In these unusual jets, the far field depends on the character of

the initial conditions.

The bifurcating jet possesses a double~peak velocity profile. The
peak velocity of the bifurcating jet was measured to decay inversely
with distance downstream, as in a normal jet. This suggests that the
two branches of a bifurcating jet behave independently as individual
jets with a persistent double~peak profile in the far field, contrary to
the single-peak profile found in a natural jet.

The present experiments suggest that bifurcating and blooming jets
are kinematically controlled by the imposed excitations through vortex
dynamics. The axjial exciltation controls the spacing between the vortex
rings; the orbital excitation controls the azimuthal direction and dis-
placement of the vortei rings. The vortex rings roll up and mutually
induce each other to tilt as they evolve. When the vortex rings are
spaced too far apart, the mutual interaction is weak. When the vortex
rings are spaced too close to each other, they tilt and collide with
each other, resulting in breakdown to turbulence. The patterns of
vortex rings found in the new jets can be predicted based on simple
kinematics of the flow as a function of the.ratio of axial to orbital

frequency and the phase between the excitations.
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The structure and molecular mixing characteristics of bifurcating
and blooming jets have been measured using three flow-visualization
techniques. The vortex—ring structures remained coherent for long dis-
tances as they evolved into the far field. The fluid originally in the
jet was stretched back and forth between the rings across the flows,
increasing the interface between the jet and ambient fluid. This in-

crease enhances the molecular mixing in the flow.
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Nomenclature

Axial excitation amplitude. u'/Uave on the centerline axis at
x/D = 0.15. .

Orbital excitation amplitude. Peak-to-peak displacement of the
nozzle lip/nozzle diameter.

Diameter of the nozzle.
Axial excitation frequency.
Orbital excitation frequency.

Function of the variation of the mean centerline velocity of a
round jet with streamwise distance in the far field.

Function of the shape of the mean axial velocity profile at a far-
field streamwise location.

The average momentum flux crossing an infinite disk coaxial with
the jet.

Ratio of ambient to jet fluid concentration by volume where fluor-
escence is turned on or off.

Ratio of ambient to jet fluid concentration by volume where the
mixture transits between full and partial fluorescence.

Ratio of ambient to jet fluid concentration by volume where the
mixture transits between complete extinction and the first visible
fluorescence.

Approximation ratio of ambient-to-jet fluid, where the mixture
usually transits between extinction and fluorescence.

Ratio of axial to orbital excitation frequency, fa/fo.

Reynolds number based on the average jet velocity Uave and jet

diameter, UaveD/v

Radial axis away from the jet centerline in a cylindrical coordi-
nate system.

Axial Strouhal number based on diameter and average jet velocity,
faD/Uave'

Orbital Strouhal number based on diameter and average jet veloc-

ity, foD/Uave'

Mean axial velocity.
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ave

Greek

Average jet velocity based on jet diameter and the volume dis-
charge rate from the nozzle.

Mean centerline velocity of the natural jet measured at 0.15 diam-
eters away from the nozzle.

Root—-mean-square value of the difference between the time-
dependent and the mean velocity.

Streamwise direction along the centerline of the jet in a cylin-
drical coordinate system.

Letters

Rotational angle of the coordinate system in a bifurcating‘jet
from the centerline of the system to the centerline of one of the
branches.

Azimuthal angle defining a diametric plane in cylindrical coordi~-
nates.

Kinematic viscosity.
Density.

Azimuthal angle between the radial trajectories of two successive
vortex rings rolling up one after another.
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Glossary of Special Terms

Axisymmetric Mode: axlsymmetric instabilities of the shear layer in a
round jet.

Azimuthal Mode: nonaxisymmetric instabilities of the shear layer in a
round jet.

Bifurcating Jet: a jet splitting up into two branches as a response to
the imposed combination of axial and orbital excitations. The
ratio of axial to orbital excitation frequency is between 1.85-
2.15,

Bifurcating Plane: a plane containing the centerline axis and the two
branches of a bifurcating jet.

Bifurcation Angle: angle sustained between the two branches of a bi-
furcating jet in the bifurcating plane.

Bisecting Plane: a plane that lies perpendicular to the bifurcating
plane, bisecting the branches of a bifurcating jet.

Blooming Jet: a jet with vortex rings spreading out along the side of a
cone as a response to the imposed combination of axilal and orbital
excitations. The ratio of axial-to-orbital excitation frequency
takes on non—~integer values between 1.6 - 3.2. The vortex rings
remain coherent more than two diameters radially away from the cen—
terline.

Blooming Region: a closed region in the parameter plot of axial excita-
tion frequency versus orbital excitation frequency containing bi-
furcating, trifurcating, and blooming jets.

Branching Location: location at about x/D = 4 on the centerline where
vortex rings move away from each other.

Dispersion Angle: angle marked by the boundaries within which dye is
seen when the flow is visualized using dye injection.

Dye Injection: flow visualization technique which marks the shear layer
by circumferentially injecting food coloring into the boundary
layer upstream of the nozzle.

Flame Experiment: an optical technique which visualizes only jet fluid
that has been diluted up to a predefined conceantration level. The
jet fluid is selectively made visible by fluorescein dye undergoing
an acid-base reaction. The technique is called a "flame" experi-
ment because the jet visually resembles a flame.

Flame Length: the length of the visible part of the jet during a flame
experiment.

xiii



Fluctuating Velocity: root-mean-square value of the difference between
the time-dependent and the mean velocity. This value includes con-
tributions of the background turbulence and the passage of the vor-
tex rings.

Laser-Induced-Fluorescence: flow~visualization technique in which the
jet fluid is marked by a fluorescing dye. The jet is then illumi-
nated by passing a thin sheet of laser light across the flow.

Natural Jet: a round, turbulent jet obtained without imposing any con-
trolled excitation.

Nonblooming Region: unbounded region in the parameter plot of axial
versus orbital excitation frequency surrounding the blooming
region.

Product Experiment: an optical technique visualizing jet fluid that has
been diluted more than a predefined concentration.

Propagating Speed of Vortex Rings: the translating speed of the core of
vortex rings relative to the fixed apparatus.

Reduced Frequency: frequency nondimensionalized by the jet diameter
(D) and average jet exit velocity (Uave)'

Strouhal number: same as reduced frequency.

Trifurcating Jet: a jet splitting up into three branches in an equilat~
eral array as a response to the imposed combination of axial and
orbital excitations. The ratio of axial-to-orbital excitation fre-
quency 1is 3.

Vortical-Fluid Visualization: a special technique of flow visualization
based on laser-induced fluorescence. Fluorescein dye 1is injected
into the boundary layer upstream of the nozzle, thereby marking the
vortical fluid.

Vortex-Ring Train: the trajectory of the vortex rings relative to the
fixed apparatus.
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Chapter 1

INTRODUCTION

1.1 Background

The control of round jets has been the subject of numerous inves-
tigations ever since Leconte (1858) observed the behavior of a pulsating
flame under the influence of acoustic fields. The experiments of Tyn-
dall (1867) showed that the phenomenon exists in a jet without a flame,
and that any jet on the verge of turning turbulent would react to acous-—
tic excitation. The explanation of the phenomenon 1s due to Rayleigh
(1896), who showed that the vorticity sheet surrounding a jet is un-—
stable. Small disturbances would trigger instability waves on the jet
column, resulting in the roll-up of the boundary between jet and amblent
fluid 1into symmetric vortices, which then break down into turbulence.
Besides the axisymmetric roll-up of the vortical structures, a round jet
under external excitation can split up into two branches of vortical
puffs with the fork at a" distance downstream. The phenomenon was not~-
"iced by Brown (1935), who observed that the jet was sensitive to a set
of well-defined, pure tone frequencies at Reynolds numbers less than

600, based on diameter and exit velocity.

Since these experiments were done at rather low Reynolds numbers,
it would be interesting to investigate the phenomenon at higher Reynolds
numbers, where there wmight be important practicél applications. As
pointed out by Becker and Massaro (1968), the nozzle-lip boundary layer
is quite thick at very low Reynolds numbers, and in some cases the exit
velocity profile resembles that of pipe flow. In this case the only
characteristic length scale is the jet diameter. At high Reynolds num—
bers, a thin boundary layer develops on the side of the nozzle, and this

thickness provides a smaller second length scale.

In the thin-boundary-layer limit at high Reynolds number, Michalke
(1965) used linearized stability theory to predict the most unstable
mode of a spatlally developing, axisymmetric shear layer. Good agree-
ment was obtained between the theory and the experiments of Freymuth
(1966) for low frequencies. In addition, smoke visualization was

employed to document the activity of the vortical structures which grow

1



along the thin shear—layer'edge of the jet. The vortices were observed
to roll around one another in a “"dance"” leading to coalescence. The
sensitivity of jets at high Reynolds number was established when Frey-
muth (1966) noticed that the evolution of the vortices was affected by
pure-tone, acoustic excitation in the upstream chamber. The relation-
ship between the structure and flow development was not well understood

at that time.

In an investigation of 1large, orderly structures in round jets,
Crow and Champagne (1971) found a preferred frequency independent of the
Reynolds onumber for the most amplified velocity fluctuation at four
diameters downstream along the centerline. The velocity fluctuations
corresponded to vortex puffs passing by at the reduced frequency of 0.3
based on jet diameter and exit velocity. Interest in coherent struc-—
tures in two-dimensional, free shear flows was further inspired by Brown
and Roshko (1974), who studied large, well-defined, vortical rollérs in
a plane mixing layer.

The near field of a round, turbulent jet was classified by Browand
and Laufer (1975) into three regions in terms of the structure. The
first region corresponds to the shear-layer—instability zone, where
small ripples form at a specific roll-up frequency. The roll-up fre-
quency scales with the boundary-layer thickness and increases with Rey-
nolds number. 1In the second region, the ripples grow and coalesce with
one another. The third region is characterized by the breakdown of the

large vortex rings and puffs into small-scale turbulence.

The effects of upstream axial excitation on the evolution of vorti-
cal structures in turbulence were studied by Hussain and Zaman (1980),
Zaman and Hussain (1980), and Bouchard and Reynolds (1981). In particu-
lar, the researchers found that the coalescence or pairing of the vortex
rings can be enhanced or suppressed, depending both on the frequency and
amplitude of the excitation. In the case of a mixing layer, Ho and
Huang (1982) found ﬁhat several vortices can be forced to merge through
"collective interaction”. Therefore, the sequential pairing of the
vortices is not the only possible result of the instabilifie#.

In addition to the effect of upstream disturbances, downstream

effects can also influence the formation of vortical rings. Ho and



Nossier (1981) studied a round jet impinging on a flat plate. They
found that the disintegration of vortex rings on the plate causes a
pressure wave to propagate upstream, altering the formation frequency.
This feedback mechanism causes the coherent vortex rings forming at the

nozzle lip to be phase-locked with the upstream propagating wave.

In addition to the axisymmetric mode of'instability, the azimuthal
mode can also play a part in the evolution of the jet. The difference
between these two modes of instability is illustrated in Fig. 1.1.
Michalke and Fuchs (1975) found in a theoretical study that the lower-—
order azlmuthal modes are important in noise generation. Drubka (1981)
measured the acoustic spectrum radiated by the jet and found evidence of
nonlinear interaction between the axisymmetric and azimuthal modes.
Dimotakis (1983), using flow visualization, showed that the far-field
region of round, turbulent jets is dominated by large helical and axi-
symmetric structures most of the time. This finding suggests that any
model of round, turbulent jets has to account for the effects of both
types of structures. 'Betzig (1981) excited the azimuthal mode in a
round air jet by using a novel magnetic-deformation system in an attempt

to obtain quantitative measurements, with some success.

Attempts have been made in the past to enhance the mixing and en-
trainment of turbulent jets through periodic excitation. Sarchia and
Bernal (1981) attempted to improve mixing by pulsing the mean flow of a
round, turbulent jet. Bremhorst and Watson (1981) looked at the effects
of pulsed core flow in a coflowing stream. Both investigatiouns achieved
some improvement in entrainment and mixing. Viets (1975) advocated the
use of oscillating jets to enhance mixling and developed a fluidic actu-
ator with some success. Bouchard (1982) studied the effects of vortex—
ring behavior on entrainment in the first five diameters of the jet and
showed that the growth of the mixing layer is affecéed both by the roll-
up of the vorticity sheet and by vortex merging. These results suggest
that jet flows can be controlled through appropriate periodic excita-

tions.

The present study was especially inspired by Binder and Favre-

Marinet (1981), who studied a two-dimensional flapping jet. Perry and
Lim (1978) obtained long, coherent, vortical structures while exciting a



coflowing jet with lateral oscillations at a Reynolds number of about
800. These studies inspired the idea of controlling a round jet through

orbital excitatiouns.

1.2 Motivation and Objective

The present work 1is aimed at improving our understanding of the
effects of controlled upstream excitation on jeﬁ evolution. The flow
configuration 1s important because of the wide range of technological
devices, such as combustors and ejectors, which rely on jets for molec~

ular mixing and momentum transfer.

This study began in 1981 with some preliminary explorations of jet
control by orbital excitations. The 1dea was to excite the azimuthal
modes, rather than the axisymmetric mode. The exploratory work included
combinations of axial and orbital excitation, for which striking flow
visualizations were obtained. These early observations, first reported
in 1982 (Lee and Reynolds, 1982) set the stage for this study. Past
research related to the present study include splitting-vortex-ring
experiments (Fohl and Turner, 1975, Oshima and Kuwahara, 1984) and
bifurcating flames (Andrade, 1941, Schneider, 1969).

The objectives of the present study are

® to study the effects of combined axial and orbital excitations on
flow structure, mixing and momentum of round turbulent jets, and

© to identify the controlling mechanism(s) governing the flow.

1.3 Overview of Approach

Ihe first goal of the study was to set up experiments in a facility
with controlled axial and orbital excitations. This goal was achieved
by modifying an existing water—jet apparatus which had been previously
used to study axial excitation effects. An orbital excitation mechanism
which allowed independent frequency control was designed and implemented

in the setup.

In order to document the various effects of excitation, both flow-
visualization and quantitative velocity measurements were made. Flow

visualization was useful in identifying global features in an otherwise



unknown flow field. Pointwise velocity measurements were made to verify
any mechanisms and conjectures made from interpreting the flow visual-

izations.

Three techniques of flow visualization were used to study the
structure and mixing characteristics of the flow. The first technique
involved circumferential dye injection into the boundary layer upstream
of the nozzle. This method marked the shear layer as it evolved down-

stream. Any vortex-ring type structure was easily identified.

The second method was used to study the internal structure of the
flow by passing a thin sheet of laser light through the jet to induce
fluorescence in an organic dye marking the jet fluid. This method
indicates where jet fluid is transported. Entrainment can be observed
by following the interface between bright jet fluid and dark ambient
fluid.

The third technique took advantage of the fluorescent dependence of
fluorescein dye on the pH value of the medium to study molecular mix-
ing in the flow. By introducing a base or acid into the jet fluid with
the dye, fluorescence can be turned on or off, respectively, at a par-
ticular concentration of jet fluid in ambient fluid. The extent of
molecular mixing can be compared among various flows with the same
chemistry by observing the length of the jet under a simulated flame

experiment or by causing the "product" of the "flame" to fluoresce.

The momentum development of the flow was documented by making
streamwise velocity measurements with a single-component laser—doppler

anemometry system. Surveys were made in the near field up to x/D = 45.

1.4 A Summary of Important Results

Results obtained using the experimental techniques described above
reveal some interesting developments. The dye-injection method showed
that the vortex rings of excited jets can evolve into several distinct
patteruns. Iﬁ addition to the standard passing sequence, some vortex—
ring patterns resembled a flower blooming, while others split up into

two or three individual branches.



The laser-induced-fluorescence technique revealed that some of the
jet fluid followed the trajectories of the vortex rings, while some of
the jet fluid was found in between the vortex rings. Jet fluid was

observed to be unevenly distributed across the flows.

The reacting-laser—induced fluorescence technique showed that the
“flame" length of the excited jets is shorter than that of the unexcited .
jets during the flame-simulation experiment. Some of the excited jets

have shorter flame lengths than others.

Streamwise velocity profiles measured using laser-doppler anemom-
etry revealed a double-peak profile in the excited jets. In the excited
jet where the vortex rings split up into two branches, the peak velocity

decays inversely with downstream distance.



Chapter 2

EXPERIMENTAL SETUP AND PROCEDURE

2.1 Overview of Experimental Setup

The facility used in the present experiments 1is a modification of
that originally built by Bouchard (1982) to study the structure and
growth of the mixing-layer region of round jets. The facility was de-
signed to provide a low—turbulence water jet on which controlled vel-

ocity perturbations could be imposed.

The device consists of a large piston—and-cylinder arrangement to
provide the mean flow, as shown in Fig. 2.1. The jet is formed by
pushing water vertically upward out of a nozzle which exits 1nto the
bottom of a square plexiglas tank, which provided full optical access.
The piston 1is activated after the water 1s at rest and free of any
vortical motion. The vorticity is confined to a thin layer along the
¢ylinder and nozzle wall, while the core remains turbulence-free. Time-
dependent perturbations can easily be imposed on the flow through motion
of a flexible diaphragm situated on top of the piston. The diaphragm is
set into motion by a hydraulic system with variable frequency, ampli-
tude, and waveform through a motor driving a set of compound levers and

cams .

Modifications of the original apparatus consisted of the incorpo-
ration of an orbital excitation system and a new 1/2-inch-diameter
nozzle (see Figs. 2.2 and 2.3). The system produces controlled orbital
motion of the tip of the nozzle without any rotation in the core flow.

Details of these modifications will be given in Sec. 2.5.

The frequency of the excitation is controlled by the speed of the
driving motor, and the amplitude is controlled mechanically. A custom-
designed motor controller is used to operate the two stepping motors
that drive the axlal and orbital excitation systems. The motor con-—
troller provides two modes of operation. In the first mode, the two
motors can be driven independently. 1In the second mode, one motor can
be driven to follow at exactly half or full speed of the other. By

systematically varying the startup position of one excitation system,



the relative phase of the two excitations can be adjusted. More details

of the drive mechanism are given below.

2.2 Drive Mechanism and Piston/Cylinder Assembly

The drive mechanism that produces a steady mean flow consists of a
6.5~ft.~long, mild-steel lead screw with one end clamped to the bottom
of the piston through an elastomeric cushion (Bouchard, 1982). The
other end of the lead screw 1s attached to an arm with two cam followers
that run on tracks to prevent rotation. The lead screw is passed
through a drive nut which, in turn, is threaded into the top of a hollow
spindle. The spindle is held in place by a journal bearing formed be~
tween the spindle and supporting drive baseplate. Attached to the bot-
tom of the spindle is a 20-tooth, 20 D.P. worm gear which is driven by a
worm mounted on the underside of the baseplate. The worm is set into
motion by a 1/4 hp, variable-speed Bodine motor through a tooth belt
with a two-to~one reduction. The piston and lead screw are thus driven
up and down the cylinder depending on the direction of rotation of the

drive nut and worm gear assembly.

The 6-inch~diameter piston runs through a 5-foot-long plexiglas
tube which forms the cylinder. The top of the cylinder is attached to
the nozzle assembly, which exits into the bottom of the viewing tank.
The baseplate of the drive mechanism 1s spring-loaded against the bottom
end of the cylinder. The cylinder is thus kept under compression to
compensate for the difference in thermal expansion between the plexiglas

wall and the supporting steel structure.

The sealing between the piston and cylinder is provided by a "U"
type piston seal (Parker Molythane, Poly Pak 25005500-526B). In addition
to the piston seal, a 5.75~inch-diameter O-ring 1s placed between the
top of the piston seal and the piston groove. This arrangement is nec-
essary, because over time the dimension of the groove changed due to

water absorption by the plexiglas piston.



2.3 Viewing Tank and Nozzle Assembly

The square viewing tank 1s made out of 1/2-inch~thick plexiglas
sheet, 91 cm on a side. The nozzle assembly attached to the bottom of
the tank is designed with two stages of contraction. The first nozzle
undergoes a 9:1 area contraction followed by a 2-inch straight section.
The second removable nozzle used by Bouchard (1982) was designed with a
4:1 area contraction over 1 inch. For the present study, the second
nozzle contracted from 2 inches to 1/2 inch in diameter. The 1/2-inch-
diameter nozzle was 2.5 inches long, and the shape of the nozzle was ma-—
chined according to a fifth-order polynomial profile. The new nozzle
was spring-loaded on a l-inch-thick plexiglas mounting block machined to
fit over the position left vacant by the downstream nozzle, as shown in
Figure 2.2. The four equally spaced, stainless~steel springs provided a
constant compressive force on the O-ring seal located between the nozzle
and the mounting block. The axis of the nozzle was tilted 0.2° relative
to the system axis by the orbiting top plate. The dye-injection slot
originally formed between the bottom surface of the downtream nozzle and
the upper surface of the upstream nozzle assembly was preserved. The
dye-injection slots were fed by an annular reservoir in the upstream

nozzle assembly.

2.4 Axial Excitation

Axial excitation was achieved by pulsing a flexible diaphragm
stretched across the top of the piston. The diaphragm was backed by a
small aluminum plate driven by a hydraulic slave cylinder mounted inside
the piston. A rigid hydraulic line connected the slave to the master
hydraulic cylinder located at the pulser baseplate attached to the end
of the lead screw. An adjustable set of compound levers and a removable
cam determined the frequency, amplitude, and waveform of the excitation.
The original D.C. motor driving the excitation mechanism was replaced by
a Slo-Syn model M091-FDO9 stepping motor through a gear belt with a 1:1
gear ratio. The axial amplitude (A)) was fixed at 0.17 throughout
this study.



2.5 Orbital Excitation

The orbital-excitation system consisted of a 6~inch-diameter orbit-
ing top plate with a 0.625~inch-diameter hole in the center to fit
around the nozzle tip, as shown in Fig. 2.2. Four equally spaced push-
rods moved the top plate orbitally in a plane perpendicular to the jet
axis. The 1/4-inch-diameter, stainless-steel pushrods were formed in
two sections joined together with 1/4-28 thread turnbuckles to facili-
tate nozzle installation and position adjustment. The pushrods were
attached to the orbiting plate through stainless~steel inserts. The
other end of the pushrods passed through rod seals on the walls of the
viewing tank before being pinned to aluminum cam housings. Since provi-
sions had to be made for small axial and radial motion of the pushrod, a

bellows type of rod seal was designed and implemented.

The rod seals were made of 1/4~inch-diameter Tygon tubing pulled
inside out to form mushroom-shaped bellows. The outside shell of each
bellows wrapped around the outer surface of a 1/2-inch-diameter,
stainless-steel collar and was sealed with a layer of RTV. Each set of
collar and bellows was mounted in a 3/4-inch-diameter hole with a layer
of RTV between the flange of the collar and the side wall, to prevent
leakage. The rod seal became a flexible membrane in the wall, while the
pushrod passed through the bellows with a c¢lamp around the stem to

complete the seal.

The eccentric cams that drove the pushrods were made from 1/2-inch-
diameter, stainless-steel rods with 1/4-inch—diameter holes drilled
0.010 inch off center. The 1/2-inch-long cams wre press—fitted down the
middle of slightly tapered l/4-inch~diameter drive shafts. The cams and
drive shafts were seated inside extra-thin-section ball bearings (Minia-
ture Precision Bearings S610MC5). The bearings were fitted inside alum-
inum cam housings in which the assembly was pinned to the end of the

pushrods.

The 37.475-inch-long drive shafts were supported by two ball bear-
ings (MPB S814RHHS5P28L02) on either side of the cams and two bearings
(MPB SR3RHH5P28L02) at both ends. The bearings were supported by alumi-
num pillow blocks bolted on a 1-1/2-inch-wide rail surrounding the

bottom of the viewing tank. Four sets of miter gears were used to link
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the drive shafts together. The eccentric cams were geared together so
that each one was 90° out of phase with its neighbor. The whole assem-
bly was initially driven by a Bodine D.C. motor, which was replaced by a
Slo-Syn M062~FD09 stepping motor through a gear belt with a 1:1 gear
ratio. The switching of the motors allowed phase locking of the excita-

tion to be as described in the following section.

With the orbital excitation mechanism.assembled, the nozzle axis
was tilted 0.2° relative to the system axis. The nozzle axis precessed
around the system axis when excited, as shown in Fig. 2.3. The peak-to-
peak displacement of the nozzle tip was measured by a dial indicator to
be 0.018 inch during excitation, producing an orbital excitation ampli-
tude (Ao) fixed at 0.04.

2.6 Excitation Control

The motor controller used to drive the excitation systems was fab—-
ricated from two Slo—-Syn Translator modules type STM-103. The trans-
lator modules were printed circuit boards which provided the necessary
sequencing and switching logic to drive the stepping motors. The mod-
ules were rated up to 3000 steps per second in the full-step mode (1.8°
increments) and 6000 steps per second in the half-step mode (0.9° incre-
ments). The speed of the motor could be controlled manually by an in-
ternal oscillator which provided the triggering electrical pulses. A
feature of the module was an external trigger port which allowed another
logical device to move the motor ome full or half step per pulse.
Through appropriate wiring, the internally or externally generated sig—-
nal triggering one module could be connected to the external 1nput port
of the second. Therefore, both motors could be driven by a common sig-
nal to maintain a constant phase at all times. By setting both modules
at the same or different step modes, one motor could be driven either at
exactly the same or half the speed of the other. Power to the boards

was provided by a Lambda 24-volt, 15-amp, D. C. power supply.
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2.7 Water Treatment

Tap water was filtered down to 5 microuns to remove large particles
in the flow. To remove dissolved gases, the water was heated to 135° F
and then cooled down to room temperature through a regenerative heat ex—
changer before operating the facility. The water—treatment facility and
procedure have been described in detail by Bouchard (1982). For laser-
doppler anemometry work, three to five milligrams of titanium oxide were

added as seed in addition to the particles already in the water.
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Chapter 3

EXPERIMENTAL METHODS

3.1 Flow Visualization

The purpose of flow visualization is twofold. First, it is used to
observe and understand the global behavior of an otherwise unknown flow
field. Flow visualization of the internal structure of the flow helps
to identify areas of interest for further study. Second, flow visuali-
zation can provide qualitative entrainment and mixing characteristics of

the flow without elaborate measurement techniques.

Three flow-visualization techniques were used in the present study.
A conventional dye-injection method was used to mark the vorticity-
bearing shear layer. The second method involved laser—-induced fluor-
escence of an organic dye marking all the jet fluid; entrainment was
shown by the interface between ambient and jet fluid. The third method
utilized the pH-dependence of fluorescein dye to study molecular mixing
between the ambient and jet fluid. The details of these three tech-

niques are given below.

3.1.1 Dye Injection

Diluted food coloring at a concentration of 15:1 by volume was in-
jected from an annular dye slot into the boundary layer upstream of the
nozzle. The councentration was found to produce a high contrast without
any noticeable surface-tension effects. The uniform, cylindrical dye
sheet marked the shear layer as it evolved downstream. Details of the

dye~injection method are documented by Bouchard (1982).

The observations were recorded on Kodak Ektachrome Video News Film
7250 with a Bolex movie camera operated at 44 frames/sec. A Nikon FE
camera was used to take single pictures of the flow. Lighting was
provided by four photoflood lamps located on the side and top of the
viewing tank. The bottom and back wall of the tank were covered with a

thin sheet of white plastic to provide a backdrop for f1lming.
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3.1.2 Laser~Induced Fiuorescence

Many organic and inorganic molecules are raised to a higher energy
state when excited by a photon. Fluorescence occurs when the excited
molecule returns to the ground state by emitting light radiation. When
a fluorescent dye is introduced into the jet fluid alone, complex flow
structures can be studied through two-dimensional visualization using a
thin sheet of light in the plane of interest. Uranine, a fluorescein
sodium salt, was chosen for the present investigation because it is
readily soluble in water and fluoresces efficiently when excited by the
514.5 nm line from an argon/ion laser. Secondary fluorescence is mini-
mal, because the absorption and emission spectra of fluorescein have a
small intersecting region. Therefore, the resolution of the image de-
pends on the thickness of the incident light sheet. The chemical and
spectral properties of fluorescein are well documented by Pringsheim
(1949), Lindqvist (1960) and Berlman (1971). This technique has been
successfully used to study the structure of round jets by Dimotakis et
al. (1983). ’

In the present study, the light source was provided by a Lexel
model 95-4 argon/ion laser, as shown in Fig. 3.1. The laser and power
supply were located on the ground floor and supported by a table. The
laser light was reflected off a beam—-steering instrument (NRC model
BSD-1) and traveled up along the side wall through a hole in the plat-

form surrounding the viewing tank.

After passing through the platform, the light was guided by optical
components mounted on two NRC optical rails anchored on the side walls.
The pencil of light was expanded in one direction through a positive,
25.4-mm~focal-length, plano-cylindrical lens before being collimated by
a spherical convex lens (2000 mm f.l.). Four-inch and six-inch, round,
front-surfaced wirrors positioned by NRC 630A-4 and 630A-6 mirror
mounts, respectively, gulided the 1light sheet along the wall to the
center of the tank. The light sheet was reflected into the tamk by a
7.5~in.~square fromnt-surfaced mirror mounted on a movable mirror stand.
The square mirror was secured on the mirror stand by two PH-1 plate-
glass holders bolted on a 1/2-inch-thick plate. Two C-shaped clamps on

the plate allowed the mirror to be rotated about a 2~inch-diameter
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aluminum tube. Two L-shaped legs made of aluminum channel and clamps
supported the structure. The square mirror holder could be placed on
the side or top of the viewing taqk, depending on the illumination de-
sired. Flat, black, plastic sheets lined the inside walls and floor of
the viewing tank to minimize reflection and provide a dark background
for the bright jet fluid. The laser sheet was 230 mm wide and 1.5 mm
thick at the jet, with the laser output at 1 watt. The high~intensity
incident 1light was required for a short exposure time for visual data

recording on 16 mm motion film and 35 mm still negatives.

To prevent dye contamination of the ambient fluid, 60 mg of uranine
were predissolved in distilled water in a flask. The fluorescein solu-
tion was then injected into the jet nozzle through a tube, while the
piston drew ambient fluid into the cylinder. The turbulence caused by
the separation bubble in the contraction stages of the nozzle helped to
mix the incoming ambient fluid with the dye. Residual traces of fluor-
escein solution could be removed from the tank by a small siphon set up
in a 1/4-inch polyflo tubing. The concentration of fluorescein in the
cylinder was kept low at 3.5 mg/liter to maintain uniform illumination
across the field of view. The water in the facility was allowed to set-—

tle from 30 to 45 minutes before the piston was activated.

A counterpart to the dye-injection method was used to study the
motion of the vortex rings in a plane. This method is called vortical-
fluid visualization and involves injecting fluorescein dye solution into
the dye slots to mark the vortical fluid 1n the boundary layer. The
laser sheet brings out the motion of the vortex core in a plane, allow-
ing correlation of information between dye injection and laser—induced
fluorescence. Assuming that viscous diffusion effects can be neglected
(a good assumption for water flows), the fluorescein dye would mark the
vorticity-bearing fluid. Both snapshots and long~-time-exposure photo-

graphs of the flow have been taken using this technique.

3.1.3 Reacting-Laser—Induced Fluorescence

Besides being an efficient fluorescing dye, fluorescein exhibits
fluorescent dependence on the pH value of the medium (Lingvist 1960).
The decrease in fluorescence of fluorescein: in an acidic medium is

assoclated with the dissociation of the di~anion state.
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Two types of experiments were performed based on an acid-base
reaction. When acid and dye were introduced into the jet fluid and a
base into the ambient fluid, fluorescence was turned off until the jet
fluid was molecularly mixed with the ambient fluid to a predefined
concentration. Since only the product of the chemical reaction was
optically visible, the technique is called a “product” experiment. 1In
the second experiment, the locations of acid and base were reversed such
that only unmixed jet fluid was observable. This technique, called a
“flame” experiment, visualizes only unmixed reactants up to the speci-
fied concentration and produces a “"flame"” length which is used to mea-

sure the degree of molecular mixing.

v

The transition of fluorescence was made to occur over a small range
of mixture ratio, depending on the strength of acid and base concentra-
tions before mixing. If the difference in pH of the ambient and jet
fluid is large, the chemical reaction rate is fast (Pringsheim, 1949,
Lindqvist, 1960) compared to the turbulent time scales. Thus, molecular
mixing could be studied under fast chemistry conditions. This tech-
nique, as demonstrated by Dahm, Dimotakis and Broadwell (1984), was
chosen for the present study over other techniques (Long et al., 1981,
Leipertz and Fiebig, 1979, Owens, 1976), because direct comparisoun of
the effects of various excitations oun molecular mixing can be made with-
out detailed knowledge of time and length scales of the flow. The com-
parison is wvalid only if identical chemistry is'maintained among the
different flow fields. This has been achieved by imposing the different
excitations on the jet during a single push of the piston under the same
chemical conditions for comparison. Due to difficulties in repeating
precisely the chemistry of the experiment between different piston
strokes, the chemistries between the flame and product experiments were

not the same.

Preparation for the reacting laser—induced—-fluorescence visualiza-
tion is similar to that without the reaction. For a product experiment,
the reservolr fluid in the tank was premixed with the appopriate amount
of sodium hydroxide to increase the pH value of the ambient £fluid.
Hydrochloric acid was added to the fluorescein solution before it was

mixed with the cylinder fluid. 1In a flame experiment, the addition of
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acid and base was reversed. A siphon was used to collect samples at
different locations in the cylinder to ensure uniform concentration
throughout the cylinder. The variation of relative fluorescence inten—
sity was easily checked by adding.a sample of jet fluid in a graduated
cylinder. The solution was then titrated with ambient solution in the
path of the laser sheet while the fluorescence was observed by the naked

eye.

The reaction equivalence ratio, Q, is defined as the volume ratio
of ambient to jet fluid. Q is defined as the equivalence ratio where
the mixture changes from full fluorescence to partial fluorescence. Qs
is defined as the equivalence ratio where the mixture changes from com—
plete extinction to the first visible fluorescence. In the ideal situa-
tion, the two values Q and Qy are identical when the fluorescence
intensity undergoes a step change with concentration. In reality, the
transition takes place over a finite range of concentration. The sensi-
tivity of the fluorescence to change in equivalence ratio 1is controlled
by the absolute concentrations of acid and base, while the equivalence
ratio depends on the relative concentration. In order to minimize the
ambiguity of the concentration where fluorescence is turned on or off,
the values of Q; and Q) were kept as close as possible by increasing
the concentration of acid and base. The solution in the facility was
kept within pH 4 and 10 as a compromise, to avold excessive corrosion of
the piston and rod seals. Qy> defined as the approximate ratio of
ambient to jet fluid at the edge of the fluoresceﬁce, characterizes the

transition process.

A valid comparison among different flows was made by recording the
visual results of different flows during the same stroke of the piston,
while chemical conditions were held constant. Both 16 mm cine Ffilm and

35 mm negatives were recorded during the experiments.

3.2 Velocity Measurements

The purpose of velocity measurements is to document the initial
condition and subsequent growth of the jet. A single-component, laser—~
doppler anemometry system in the forward-scatter wmode was employed to
measure the streamwise component of velocity. Laser-doppler anemometry

was chosen over hot-film probes because of its nonintrusive nature.
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Laser light was coupled to the transmitting optics through a polar-
ization-preserving, single-mode optical fiber, as shown in Figure 3.2.
The optical fiber allowed flexibility in alignment and traversing the
transmitting optics. The fiber also allowed removal of the high-power
laser away from the platform and viewing tank. Although many compli-
cated systems have been designed and proposed based on optical fibers
(Knuhtsen et al., 1982, Durst and Krebs, 1984, and Jones et al., 1984),
the present configuration followed that of Meakin et al. (1984) for sim-
plicity. The details of the system are described below.

3.2.1 Laser-Doppler—Anemometry System

The laser—-doppler anemometry system was made up of optical com-
ponents manufactured by TSI Inc. for green color with frequency shift-
ing. The 1light was coupled to the transmitting optics via a high-
birefringence, single-mode optical fiber made by Newport Research Corpo—
ration. The anemometry section of the system is described here, while

the associated fiber optics are discussed in Section 3.2.2.

The transmitting optics of the laser—-doppler anemometer consisted
of a model 9102-12 polarization rotator followed by a model 9115-1 beam
splitter, both manufactured by TSI. The pair of light beams entered a
model 9182-12 Bragg Cell for frequency shifting. A 500~mm lens (model
9167-500) focused the beams down to a measuring size of 0.3 mm. The
transmitting optics and the fiber optics couplers were mounted on a 10-
inch-long optics rail which was secured to ‘a 1/2-inch~thick aluminum
base plate. The whole assembly was conveniently mounted on one arm of

the traverse mechanism with two degrees of freedom.

The traversing mechanism consisted of a large "C" frame made of
square aluminum tubing surrounding the viewing tank. The frame (guided
by 1linear-ball bearings) rode on two horizontal rails. The lateral
position was indicated by .a 6-inch travel dial indicator. The rails
were supported in four corners by jack assemblies. The jacks contained
linear-ball bearings and vee-thread lead screws. The four screws were
rotated simultaneously by roller chains and sprockets for wvertical
adjustment. The vertical position was indicated by a reference rule
positioned from the top of the viewing tank. The traverse mechanism has

been documented in detail by Bouchard (1982).
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The transmitting optics assembly was either mounted on top or
underneath the traverse arm, depending on where data were being taken.
When veloclty data were taken close to the nozzle, the unit was hung
from a U-shaped bracket made out of two sections of 2-inch aluminum
angle. The bracket allowed for tilt adjustments and was attached to the
transmitting assembly through a model-430 translation stage made by
Newport Research Corporation. The translation stage allowed for accu~-
rate positioning of the measuring volume in the third axis. When mea-
surements were being taken beyond 18 diameters, the U-shaped bracket was
removed and the assembly was inverted to mount on top of the traversing

arm directly.

The receiving optics consisted of a 600-mm focusing lens (model
9119) and a model-9140 receiving assembly, to which a model 9160 photo-
multiplier system was attached. The receiving optics were bolted to the
bottom of the traverse mechanism through a double-slotted attachment
plate. The receiving optics could be easily mounted right-side up by
securing the attachment plate on top of the slide for the linear-ball

bearings.

The laser-doppler anemometry system was assembled according to the
guidelines laid down by TSI. The alignment of the optics was assisted
by focusing the measuring volume on the tip of a pin mounted on an
alignment post. The 7-~inch-long, aluminum alignment post was machined
to a snug fit when placed in the mnozzle. An adjustable 1/4-inch-thick
aluminum collar marked the streamwise location of the pin when secured

at different locations along the post marked at l-diameter intervals.

The signal from the receiving optics passed through a downmixer
(model 9186A) set at 200 kHz and fed through a Kron~Hite model-3202
bandpass filter set between 180 and 300 kHz. A Keithley Instruments
model-102BR-L, decade—isolation amplifier Qas used before the signal
passed through a TSI model-1090-14, tracker-type signal processor. The
separate bandpass filter and amplifier were necessary to minimize elec-
tronic noise being picked up by the signal processor and amplifier cir-
cuitry of the TSI tracker., The amplified output noise level of the
tracker with minimum gain and a shorted input was 10 mV peak to peak.

The signal from the tracker was sampled at 200 Hz for two minutes per
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data point through the analog-digital converter omn a VAX 11/750 compu-~
ter. The mean and fluctuating velocity components were evaluated
through the data—-acquisition program. The processed data were stored

and plotted on an HP model 9872 plotter.

3.2.2 Optical-Fiber Coupling

Optical fibers are not widely used as a coupling medium between the
laser output and transmitting optics in laser—doppler anemometry. This
section discusses the detailed construction of such a system, and should

be useful to others using this approach.

An optical fiber 1is a thin, dielectric waveguide counsisting of a
central core and a concentric cladding of lower refractive index. Light
is propagated along the waveguide by a series of total internal re-
flections between the core-cladding interface. The fiber is usually
protected from the environment by one or two jackets, giving the fiber
mechanical strength. Fiber optics are widely used in the communication
industry because of its low losses over a wide range of wavelengths,

small size, and flexibility.

Light energy propagating down an optical waveguide in general sup-
ports many modes, as described by electromagnetic theory. The number
of modes a fiber supports can be reduced by decreasing the core size and
the change in refractive index between the core and cladding. Fibers
which are made to support only the fundamental mode are called single-
mode fibers. In general, the size of the core is approximately 5 to 10
microns in diameter. The output of a single-mode fiber wusually is
nonlinearly polarized, regardless of the polarization state of the input
light source, due to small imperfections and asymmetric stresses in the
fiber which affect transmission. By inducing a strong, iatrinsic,
anisotropic stress along the fiber, the polarization of the input light
can be maintained. Reviews of the research activity in polarization-
preserving fibers can be found in the literature (Rashleigh and Stolen,
1983, and Payne et al., 1982).

A 10-meter-long, polarization—preserving, single-mode fiber (NRC
model F-SPV-10) formed the link between the laser located on the ground
floor and the transmitting optics at the viewing tank. The fiber was
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chosen because it preserves the linear polarization of the input laser
light required in laser-doppler anemometry. Another feature of the
fiber is the short beat-length (a measure of the ability of the fiber to
preserve linear polarization), on the order of 5 to 6 mm, which makes
the fiber unsusceptible té stresses and bends. An additional advantage
of the fiber is its availability off-the~shelf in lengths shorter than
one kilometer. Although the fiber was desigﬁed for a wavelength of 633
nm, no adverse effects have been noticed for the transmission of green

light at 514.5 nm,.

Coupling light into and out of the fiber requires a stable fiber
holder and a focusing lens to reduce the spot size of the light beam.
The fiber was mounted at the two ends by fiber-optics positioners (NRC
model FP-2) with X-Y-Z translations and two tilt adjustments. 20X and
40X microscope objective were chosen as the input and output focusing
lenses, respectively, for the best coupling efficiency. At the input
end, the microscope objective and fiber optics positioner were mounted
on an L-shaped bracket made out of 2-1/2-inch aluminum angle. The
bracket was mounted on a two—axes tilt platform (NRC model 36) for fine
adjustment. At the output end, the fiber holder and microscope objective
were mounted on a 1/4-inch-thick aluminum plate which was attached to
another tilt platform. The output unit was aligned and mounted with the
transmitting optics onto the 10-inch-long TSI optical rail, as described
in Sec. 3.2.1.

For efficient light transmission, the optical fiber requires proper
stripping, cleaving, and mode removal from the cladding. Ideally, the
end of a fiber is dipped into an appropriate chemical solution to dis-
solve away the protective jacket and expose the bare fiber, while avoid-
ing undue stresses. A much cleaner and more efficient way of stripping
the present fiber was to scribe the fiber with a sharp edge and gently
pull on the free end bétween two fingers. This method is preferred over
mechanical jacket strippers because the experimenter has a better con-—

trol of the applied force while pulling on the fiber.

To produce a clean and flat end surface, the bare fiber was scribed
with a carbide or diamond-point cutting tool and then gently pulled

apart or bent to produce the break. The cleave was easily checked for
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surface quality by looking for speckles and nonuniformity at the output
of the fiber termination when projected onto a flat surface. After a
reasonably clean spot was observed at one end, the positions of the
fiber terminations were reversed and the cleaning process repeated.
This procedure was repeated until the output light beam for both ends

was speckle—free.

For cladding mode removal, a short strip of protective jacket was
removed about a meter away from the input end. The exposed fiber was
then jmmersed in epoxy and glued to a piece of clear plexiglas. The
epoxy matched the refractive index of the cladding and trapped the light
being propagated to prevent interference with the light in the core.
Besides being a base for the epoxy to glue on, the clear plexiglas also
served as an alignment indicator. When the fiber was coupled to the
laser at its optimum position, most of the light energy traveled in the
core, causing the fiber to glow along its entire length. When the fiber
was misaligned, the amount of 1light propagating along the cladding in-
creased, causing the plexiglas to trap more light and glow at a brighter
intensity. Input alignment was easily performed without a power reading
by simply comparing the 1light intensity of the fiber to that of the
plexiglas.,

To hold the fiber with minimal amount of stress, a small bead of
epoxy was laid around the fiber where it protuded from the face of the
slotted holder. The holder was placed in the fiber—optics positioner
for optimum alignment. Besides the adjustments provided by the posi-
tioner, the fiber was rotated to experimentally match the polarization
vector of the laser light to the principal axis of the fiber. This was
necessary, because the fiber possesses an elliptic core (5-8 micron) and

is constructed to have an anisotropic stress pattern.

3.2.3 Laser-Doppler Anemometer Calibration

The calibration of any laser-doppler anemometry system requires
knowledge of the wavelength of the crossed beams and the aﬁgle between
them. In a system fitted with a Bragg cell, the downmix frequency is

also required to convert the doppler signal into velocity.
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For the present system, the laser wavelength was 514.5 nm. The
beam angle was determined by measuring the beam separatlon at the sides
of the viewing tank over a known distance. This method was chosen over
the analytical solution based on geometric optics because of the non—

ideal conditions posed by the air-plexiglas-water interface at the side

of the tank.

The quality of the fringe pattern at the intersection of the two
beams was checked by visual inspection of the projected measuring volume
onto a spot two feet away through a 20X microscope objective. Well-
defined parallel fringes were observed. To further define the charac-
teristics of the fringes, the burst signals obtained from light scat-
tered by particles in the water were observed with an oscilloscope. The
peak-to-peak signal-to-noise ratio varied from 4 to 9. An example of
the output signal from the downmixer is shown in Fig. 3.3, where the
downmixed frequency was 200 kHz, with bandpass frequencies between 180-
300 kHz and the laser output at 50 mW. The signal shown in Fig. 3.3 was
obtained while a stationary, transparent target was placed inside the

measuring volume.

Since the signal-to-noise ratio of LDA systems increases with
laser-light intensity, all the data were taken with the laser input
power increased to 100 mW with the fiber throughput efficiency of 55%
when measured witn an NRC model 815 1light meter. Although an even
higher signal-to-noise ratio could be obtained by further increasing the
incident laser light, the fiber was periodically drifting in position,
due to the high heat load. The power setting of 100 mW was a compromise

between the two factors.

To check the calibration of the system, a moving, transparent tar-
get of known velocity was placed at the measuring volume inside the
viewing tank with the water removed. The removal of water from the
setup does not affect the calibration of the system, because the change
in beam angle is compensated by an equivalent change in wavelength. The
moving target was provided by a rotating l-foot-diameter plexiglas disk
attached to a variable-speed D.C. motor. The rotational speed of the
disk was measured by a phototachometer, and the deduced speed of the

target was accurate to within * 5 mm/sec. The calibration and linearity
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of the laser-doppler anemometer were determined to be accurate within
the uncertainty of the rotational speed of the disk. The calibration

curve is shown in Fig. 3.4.

In order to determine the resolution of the measuring technique, an
estimate of the width of the measuring volume is required. The method
used assumes a properly aligned system producing equally spaced fringes
in an ellipsoidal measuring volume. The width is approximately equal to
the fringe spacing multiplied by the maximum number of visible cycles
for a large number of bursts at zero shift frequency. Based on a maxi-
mum fringe count of 55, the effective measuring volume width was approx-
imately 0.3 mm. The length of the measuring volume was about 2 mm. A
similar system with a different fiber, laser, and optical components has

been demonstrated by Meakin, Koseff, and Street (1984).

3.3 Turbulence Intensity Correction

A technique used to bring out the various sources of bias is to
measure the velocity of the tip of a pin located on top of the alignment
post placed inside the nozzle. Since the pin is fixed relative to the
structure, an ideal system would give zero values for both U and u’.
For the present LDA system, the technique produces a mean velocity of
0.001 w/s indicating no appreciable error in the mean velocity. How-
ever, the indicated u' was 0.009 m/s, or 3% of the average jet veloc-
ity. Thus, there clearly 1s a substantial error in the turbulence
measurement at low levels of intensity. This error is believed to be
due to a combination of electrical noise picked up by the instruments

and vibration of the probe volume.

To further evaluate the turbulence errors, the LDA signal at x/D =
0.15 and r/D = 0.0 was iow—pass filtered with a cut-off frequency of
40 Hz, fed through a separate TSI system 1980A counter, and processed
digitally using a different computer. The 40-Hz level was chosen as
being a frequency at which ﬁhe correction was essentially independent of
cut-off frequency. This yielded u'/U, = 0.0l11 compared with the mea-
surement of 0.04]1 measured with low-pass filtering. This is signifi-
cantly higher than measurements made by Bouchard (1982) in the same
facility, but with a larger nozzle and using different instrumentation.

Bouchard's instrumentation was not available for a direct comparison.
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On the basis of these tests, we believe that the direct mean mea-
surements are not affected by noise or bias, but that the turbulence
measurements are high. In the figures, the measurements have been
corrected by‘Subtracting” (0.03 Uo)2 from the measured u'z, which
assumed a fixed uncorrected error of 3%. This correction is important
only for the lowest turbulence intensity data reported, and for that

reason, the measurements were not repeated with filtering.

3.4 Experimental Procedure

Before each run of the experiment, the piston was first drawn to
its bottom position. The water was then allowed to settle for fifteen
to twenty minutes to allow vortical motion to die down. The excitation
systems were turned on just before the piston began to push water out of
the nozzle. After the passage of the startup vortex, either the cameras
or the data-acquisition program was activated, depending on the experi-

ment.

25



26



Chapter 4

EXPERIMENTAL RESULTS

4.1 Overview of Experimental Results

The experimental results obtained in the present study can be divi-
ded into two types. The first type consists of photographs obtained by
dye 1injection, laser-induced fluorescence and reacting-laser—induced
fluorescence. Flow visualization provides qualitative information about
the behavior of the flow in terms of structure and molecular mixing. The
second type consists of time-averaged, streamwlse velocity data measured
with the laser-doppler-anemometer system. The velocity measurements

provide quantitative data for detailed study of the flow.

The first phase of the present study employed dye injection to
explore both excited and unexcited jet flows. The excited jets inves-
tigated using this techanlque 1included those under combined axial/ orbi-
tal excitation and those under orbital excitation alone. The axial and
orbital excitation amplitudes for the excited jets were fixed throughout
this investigation. No attempts were made to duplicate the results of
Bouchard (1982), who extensively studied the effects of axlal excitation

on round, turbulent jets in the same apparatus, with a different nozzle,

The second phase of the Investigation involved selecting two types
of excited jets for detailed study in terms of the internal structure,
transport of jet fluid, and molecular mixing. The laser—-induced fluor-
escence and reacting—-laser—induced fluorescence techniques were used for
these purposes. Bifurating and blooming jets, which will be defined in
subsequent sections, were selected as excited jets for detailed study
because of their dramatic response to imposed excitation. It was
believed that study of these flows would provide unew insights in tur—
bulent shear flows and possibly lead to better fluidic devices for

industrial applications.

The final phase of the investigation 1involved documenting the
nomentum development of the two exclited jets. The laser~doppler-
anemometer system with optical fiber coupling was developed to meet this

need. Mean and fluctuating velocity profiles were measured at different
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downstream locations. The peak and centerline velocity decay of the
natural, bifurcating, and blooming jets were measured up to 45 diam—

eters.

The presentation of both visual and quantitative results in the
following sections 1is divided into the types of jet to which they
belong. The results of the natural jet at a Reynolds number (Re)
based on diameter (D) of 4300 are discussed in the following section
as a baseline case in which the excited jets can be compared. Dye-
injection pictures obtained in the first phase of the investigation
involving orbitally excited jets will then be described. The Reynolds
number of the orbitally excited jets was 2800, and the results are in-
cluded here for completeness. The discussion 1s then followed by a
brief summary of the effects of axial excitation and the nature of the
axial excitation used for the present study. The effects of combined
axial and orbital excitation as a function of excitation frequency will
then be described in Sec. 4.5 in terms of both visual and quantitative
measurements. The excitation amplitudes are fixed at A = 0,17 and

a
A, = 0.04 through this study.

4.2 Natural Jet

At a Reynolds number of 4300, the observed near-field structure of
the natural jet without artificial excitation is consistent with other
experimental observations by Browand and Laufer (1974) and Bouchard
(1982). A snapshot of the natural jet using dye injection can be found
in Fig. 4.1. Close to the nozzle, a laminar shear layer separates from
the lip and rolls up into vortex rings. The formation of the rings is
irregular in time. 1In the present flow, the average roll-up rate was
26 Hz based on 16 mm movies of the flow. When the ring vortices undergo
interaction, the downstream ring grows and slows down, while the follow-
ing ring increases 1in speed and shrinks in size. The following ring
then passes through the center of the ring in front and the two rings
coalesce together to form a single ring. On the average, a given vortex
ring undergoes two vortex coalescences. At about five diameters, the
rings break down into three-dimensional puffs as the jet turns turbu~

lent.
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Velocity measurements of the natural jet taken at 0.15 diameters
downstream of the nozzle show that the mean velocity is flat within 1.5%
(Fig. 4.2). The velocity profile appears symmetric, while the shear
layer has a half-slope thickness of 0.07 diameters at 0.15 diameters
downstream. The effects of streamline curvature observed by Bouchard

(1982) have been eliminated with a longer nozzle.

Velocity profiles of the ;atural jet up to eight diameters down-
stream are shown in Fig. 4.3. Farther downstream, the mean centerline
velocity decays inversely with streamwise distance (Fig. 4.4), as pre-
dicted by classical similarity arguments. The profiles of the fluctuat-
ing velocity (u'), defined as the rms value of the deviation from the
mean velocity, are given in Figs. 4.5 and 4.6. The centerline velocity
fluctuations at 0.15 diameters, corrected as described in section 3.3,
are less than 1.1%Z of the average jet velocity and may actually be

significantly lower.

The momentum flow in a free jet should be constant and a check on
this was made to establish coufidence in the velocity data. The
momentum flow requires integration of the measured velocity profiles
(both U2 and u'2 ), a dedicated task that 1is done most accurately
near the nozzle exit. The integrationlscheme follows that of Bouchard
(1982) and is described in Appendix B. Careful integrations at 0.15D
yielded a momentum flow only 3% higher than that calculated from the
average jet flow rate (deduced from the piston displacement rate) and
nozzle exit area. This 1is consistent with the presence of a thin bound-
ary layer on the nozzle walls. However, further downstream (at x/D =
8) the deduced momentum flow rises to 1.22 times the input momentum
flow (see Fig. 4.7). This deviation is due to the large uncertainty in
the integrated momentum flow, and to the basic uncertainties in the very
low velocity measurements at large radius, which coutribute signifi-
cantly in the integrations. In view of the difficulty of executing
momentum Iintegration with the confined nature of the jet, this apparent

non~consistency in the momentum flow was felt acceptable.
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4.3 Effects of Orbital Excitation

The response of the jet to different orbital excitation frequencles
(fo) at a fixed amplitude (Ab> has been observed using dye injection
at a Reynolds number of 2800. The peak-to—-peak displacement of the
orbital motion of the nozzle tip was 0.018 in., or 4% of the dilameter.
The nozzle precessed around the system with an angle of 0.2° between the
nozzle and system axis. Based on the behavior of the vortex structure,
five regimes could be distinguished as a function of Strouhal number.

These regimes are summarized in Fig. 4.8.

In the first regime, the flow field resembles that of a natural

jet. The excitation Strouhal number (Sto), defined as foD/U is

ave?
less than 0.1, and the motion of the nozzle lip is slow compared with
the jet exit velocity. The shear layer rolls up into vortex rings and
coalesces irregularly. The vortex rings exhibit a tilt of 5-10° before

breaking down at the end of the potential core.

In the second regime, the flows are characterized by a gradual
increase in the spreading angle of the jet with excitation frequency.
The orbital Strouhal numbers for this regime are between 0.l and 0.3.
The increase in the spreading of the jet is suggested by the larger dis-
persion angle of the dye. The shear layer rolls up into vortex rings
with a tilt angle of about 5° close to the jet exit. After the roll-up,
part of the ring moves forward, colliding into the ring in front at two
to three diameters downstream, resulting in a rapid breakdown. No
vortex-ring coalescence can be observed because of the asymmetric col-
lision. The full dispersion angle of the dye reaches a maximum of 50°

at a Strouhal number of 0.3.

In the third regime, the dispersion angle decreases with excitation
frequency, reversing the previous trend. The Strouhal number in this
regime ranges from 0.3 to 0.6. The vortex rings remain coherent for
longer distances than in the previous regime, up to four dlameters,
together with a decrease in the tilt angle. Even though the vortex
rings are still colliding with one another, the breakdown process

appears to be less dramatic.
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The fourth regime is characterized by the reappearance of coherent
vortex rings. This regime lies between St, of 0.6 and 0.9. At Sty =
0.72, one distinct vortex coalescence can be seen, as shown in Fig.
4.8. Within this regime, the dispersion angle of the dye is ébout the

same as that of a natural jet.

In the fifth regime, where St > 0.9, the vortex rings break up
before any coalescence 1s observed. The formation of the rings becomes
unstable, and the dye marking the vortex core turns into a turbulent

puff usually no more than one to two diameters downstream.

The study of orbitally excited jets was not pursued beyond the
first phase of the investigation. Excited jets under combined axial and
orbital excitation were chosen for the second and final phase of the
study, because exploratory dye injection of these jets revealed a lar-
ger, more dramatic increase in the spreading angle. The new phenomenon
to be described in the the following sections is believed to be con-
trolled by the excitations and potentially can lead to a better under-
standing of turbulent shear flows and enhanced performance in fluidic

devices for industrial applications.

4.4 Effects of Axial Excitation

The effects of axial excitation on the behavior of coherent struc-
tures In the near field of a round jet have been documented by previous
studies. According to Bouchard (1982), the shedding and interaction of
vortices respond to upstream axial disturbances only within a specific
range of frequencies. This range is from a Strouhal number of 0.10
based on the half-slope thickness of the boundary layer, down to a
Strouhal number of 0.2 based on jet diameter. The upper bound corres—
ponds to the rolling-up of vortices by the shear-layer mode of instabil-
ity and the lower boﬁnd by the jet—column mode (Hussain and Zaman,
1980). The behavior of the vortex rings depends on the spectrum and
amplitude of the imposed disturbance. In the preseunt and subsequent
sections, the Reynolds number of all the excited jets is 4300. An
axial excitation amplitude (Aa = 0.17) at an axial Strouhal number
of St_ = 0.46 based on jet diameter is imposed on the flow. The jet

a
responds to the imposed excitation by forming vortex rings at the
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excltation frequency (fa) of 12 Hz. All vortex—-ring coalescence is
suppressed, and the equally spaced traln of rings breaks down at about

six diameters, as shown in Fig. 4.9.

4.5 Effects of Combined Axial and Orbital Excitation

4.5.1 Overview of the Jet Response Using Dye Injection

When the axial and orbital excitations were imposed on the jet
simultaneously, dramatic changes were observed. Different responses of
the jet could be seen corresonding to different excitation Strouhal
numbers. The dimensionless number, R, defined as the ratio of axial
to orbital excitation frequency, becomes an important parameter charac-
terizing the flows. An interesting overview of the different types of
jets was obtained when the axial excitation frequency was fixed at St,
= (.46, while varying the orbital excitation frequency (fo). This is
equivalent to moving vertically upward along the dotted line on the

parameter plot shown in Fig. 4.10.

At small orbital frequencies (very large R), the global features
of the flow are similar to those of an axially excited jet. Vortex
rings roll up regularly at the axial excitation frequency. The trajec-
tories of the vortex rings exhibit a slightly helical behavior, as
illustrated in Fig. 4.11. When the orbital frequency is gradually in-
creased, the vortex rings begin to tilt and break up as the rings become
unstable. During this process, the dye which marks the vortical fluid
is observed to disperse at a much larger angle than that observed in a
natural jet. When R = 4, the observed dispersion angle of the dye 1is
about 40° (shown in Fig. 4.12), as compared to 16-18° for a natural
jet. When R is further decreased, vortex rings intermittently move
away from the end of the potential core at an angle from the jet axis.
Meanwhile, vortex rings are rolling up with a small tilt of about 5°

close to the nozzle.

At R = 1.7, more and more vortex rings can be seen flying away
from the centerline in all directions along the surface of a cone. A
picture of this phenomenon is shown in Fig. 4.13. The flow field resem-
bles that of a flower blooming when viewed from above (Fig. 4.14), and

hence the flow is called a "blooming” jet. This phenomenon persists for
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a range of R from 3.2 to 1.6. Within this range, a few specific flow

patterns can be identified.

When the value of R approaches 3, the jet splits up into three
branches with a slight precession. The precession can be observed from
approximately R = 2.9 to 3.1. The precession disappears when R is
exactly 3, with the jet forming an equilateial array. Because of this
flow pattern, the flow 1s called a "trifurcating” jet. Figure 4.15
shows an end view of this phenomenon. A similar phenomenon can be ob-
served when R 1is about 2 (Fig. 4.16). 1In this case, the jet bifur-
cates into a Y-shaped pattern. Figure 4.17 shows an on—axis view of the
“bifurcating” jet issuing out of the plane where R is 1.9. The preces-
sion of the Y-shaped bifurcating jet can be identified by two spiraling
trails of dye deposited as the vortex rings break up. The precession
can be observed from approximately R = 1.85 to 2.15. Occasionally, a
secondary forking of one of the branches can be seen. This type of jet
is called a "bifurcating™ jet because of the forking behavior of the
vortex rings. When R = 2, the location of the bifurcation plane (see
Fig. 4.21) containing the two branches of the jet is controlled by the
phase between the two excitations. By varying the phase, the plane
containing the two branches can be located in any desired diametric
plane. The bifurcation angle, defined as the angle between the axes of
the two branches of vortex rings, has been observed to be as large as
80°.

When the orbital excitation frequency is further increased such
that R falls below 1.6, the dispersion angle of the dye drastically
decreases. The vortex rings roll up and quickly turn into turbulent
puffs within the first diameter of the jet. Figure 4.18 shows a sche-
matic of the flow. At R < 1.3, the vortex rings do not even form

coherently before the flow turns turbulent.

4,5.2 Classification of Flow Fields

In an attempt to map out the different types of jets, dye injection
was used to visualize different flows at Reynolds numbers of 2800, 4000,
5500, 8300, and 10,000 at excitation amplitudes A, = 0.17, A, = 0.04.,

Some excited jets are marked on the parameter plot shown in Fig. 4.19.
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The open symbols represent excited jets in which vortex rings have been
observed to break up before being able to propagate away from the
centerline. The closed symbols represent excited jets in which vortex
rings remain coherent more than two dlameters away from the centerline.
Within the closed regioun bounded by the open symbols, bifurcating, tri-
furcating and blooming jets can be found. For simplicity, the area is

called the "blooming"” region.

The "blooming” region is indicated by the shaded area, as shown
in Fig. '4.20. The region is a finite closed domain and is roughly
bounded by the four limits R = 1.6, 3.2, St, = 0.35-0.75, and St, =
0.15-0.35. When R = 2, the jet bifurcates into a Y-shaped pattern,
and when R = 3, the jet splits up 1into three branches. 1If the value
of R 1s about 2 or 3, the jet precesses with the corresponding flow
patterns. When R takes on non-integer values within the region, the

jet “"blooms” to fill a come of 80° included angle.

4,5.3 Laser-Induced-Fluorescence Visualization

The first phase of the present study was completed by the dye-
injection experiments. The second phase of the work began by selecting
two types of flows based on the dye—injection experiments. A bifurcat-
ing jet (R = 2) and a blooming jet (R = 2.4), both at St, = 0.46
and Re = 4300, with excitation amplitudes A.a = 0.17, Ab = 0.04, were
chosen. The questions to be addressed in this section are: "Where 1is
the jet £fluid?” and "What is the internal structure of the flows?" To
answer these questions, the laser-induced-fluorescence technique was
employed. In addition, the question concerning the effects of axial
excitation frequency on similar flows with the same R was also
addressed. This effect was studied by marking the vortical fluid of

bifurcating jets, with different axial excitation frequencies.

Since the 1laser—induced-fluorescence technique produces two-
dimensional, diametric cross—sections of the flow, a reference system
had to be defined. A cylindrical coordinate system was chosen for this
purpose. In the cases of the natural jet and blooming jet (R = 2.4),
the flows are essentially axisymmetric. Therefore, all diametric planes

contalining the centerline axis are fundamentally similar to each other.
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For a bifurcating jet, two planes of symmetry can be observed. As shown
in Fig. 4.21, the first diametric plane of symmetry lies in the plane
containing the two branches of the jet and is defined as the bifurcating
plane (8 = 0°). The second plane of symmetry is the bisecting plane
at 8 = 90°.

An example of the type of visualization obtained using the laser-
induced-fluorescence technique in a natural -jet is shown in Fig. 4.22.
A photograph of a bifurcating jet in the bifurcation plane where St, =
0.46 1is shown in Fig. 4.23, while Fig. 4.24 shows a view in the bisect-
ing plane. At the same axial excitation frequency, a blooming jet (R =
2.4) appears as shown in Fig. 4.25. Based on these flow visualizations
and 16 mm motion pictures of the flows, the following observations can
be made:

e Jet fluid can be seen dispersed across the full spreading
angle in both bifurcating and blooming jets.

® Large arms of ambient fluid are occasionally entrained across
the centerline of the flow.

] Energetic vortex rings can be identified along the edge of
the jets. The cores of the vortex rings which do not break
down for 20 diameters or more downstream.
These observations show that the structure of the bifurcating and bloom-

ing jets 1s dominated by evolution of the vortex rings which disperse

jet fluid throughout the flow field.

To further study the effects of excitation on the structure of the
flows, a sequence of snapshots of the bifurcating jet (R = 2) excited
at various axial frequencies 1s shown in Figs. 4.26a-4.26g. The jet was
made visible by the vortical-fluid visualization technique. The axial
Strouhal number of the jets ranged from 0.35 to 0.63.

To determine the average trajectory of the vortex rings, l6-second
exposures of the bifurcating jet at St of 0.39 and 0.53 were taken.
These pictures are shown in Figs. 4.27a and 4.27b, respectively. The
motion of the vortex cores can be seen following one another along well-
defined paths, as indicated by the bright streaks marked by the repeated
passage of the vortex—ring cores. Deviations away from the end of the

trajectories correspond to the breakup of the vortex rings.
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The spreading angles of the two branches were measured by visually
defining two lines which passed through the axes of the two trains of
vortex rings. The results are plotted as a function of axial Strouhal
number in Fig. 4.28. The angle between the two branches of the bifur-

cating jet can be seen to increase with axial excitation frequency.

These results of the vortical-fluid visualization technique show
that the phenomenon under investigation 1s influenced by the axial
excitation frequeuncy. The development of the flow patterns suggests

that vortex dynamics is an important mechanism in these flows.

4.5.4 Reacting—Laser-Induced-Fluorescence Visualization

The second objective of phase two of this investigation was to
study molecular mixing. The question is whether molecular mixing is
enhanced or Suppressed by excitation. A convenient indication of the
degree of molecular mixing is the length of the "flame" in a "flame"
experiment (see section 3.1.3) carried out at a specific fluorescence
chemistry. This measure was used in natural, bifurcating and blooming

Jets.

Figure 4.29a shows a laser—-sheet snapshot of a natural jet
visualized during a "flame"” experiment. A laser—sheet picture of a
blooming jet 1is shown in Fig. 4.29b; and a laser—sheet picture of a
bifurcating jet (bifurcating plane) is shown in Fig. 4.29c. These three
pictures were taken on the séme stroke of the piston, hence, with
exactly the same chemistry. The transition of fluorescence was
between Q of 1.1 and 1.4, with the edge of the fluorescence region at

Q, = 1.25 1.25 (Fig. 4.30).

Since the flame length of a jet varies in time, an average value is
required for comparison among different flows. Pictures were taken with
16-second exposures of the natural jet, blooming jet and bifurcating jet
(6 = 0°), as shown in Figs. 4.3la to 4.31lc, respectively. The associ-
ated chemistry for all three flows 1s shown in Fig. 32, where fluores-
cence transition is between Q@ of 1.8 to 2.2, with the edge of the
fluorescence region at Qv = 2,0. The 1long time exposure provided

information after averaging over the passage of many vortex rings.
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In the case of a "product”™ experiment, snapshots (1/125 sec. expo-
sure) of the natural, blooming, and bifurcating (8 = 0°) jets are
shown in Figs. 4.33a to 4.33c, respectively. The fluorescence transi-
tion was between Q = 1.5 to 3.5 with the edge of the fluorescence
region at Q, = 2.5, as indicated in Fig. 4.34.

Based on these experimental results, the following observations can

be made:

e The "flame"” length of bifurcating and blooming jets is
shorter than that of the natural jet by three to four

diameters.

® The core of the vortex rings remains unmixed for 17 diameters
or more.

° The interface between mixed and unmixed fluid is marked by
small-scale structures.

The above observations suggest that molecular mixing is signifi-

cantly enhanced by excitation.

4.5.5 Veloclty Measurements

In the third and final phase of the project, the question concern-
ing how the momentum develops in bifurcating and blooming jets is ad-

dressed.

To answer this question, the mean and fluctuating streamwise
components of velocity have been measured at different downstream sta-
tions of 0.15, 1.5, 3.0, 4.0, 5.0, 6.5, 8.0, 18.0 and 35 diameters. The
velocity data for the natural jet (Figs. 4.2-4.6) have been previously
described in Sec. 4.2. The mean velocity profiles of the bifurcating
jet in the bifurcating and bisecting plane are shown in Figs. 4.35 and
4.36, respectively. Mean-velocity profiles for the blooming jet are
shown in Figs. 4.37.  The fluctuating velocity distributions for the
above jets are shown in Figs. 4.38-4.40. The downstream decay of the
peak and centerline velocity of the three jets showing the global
behavior can be seen in Fig. 4.41. Based on the results mentioned

above, the followlng trends can be noted.
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Mean Velocity Profiles:

o Mean velocity profiles are not drastically changed in the
first three diameters of the bifurcating and blooming jets.
The bell~shaped profiles are maintained throughout this
region.

° A double-peak velocity profile develops swiftly at four diam-
eters downstream in the excited jets. A sharp decrease in
velocity along the centerline of the excited jets corresponds
with the vortex rings moving away from the centerline.

° The double-peak profile is observed to persist downstream in
a bifurcating jet but collapsed in the blooming jet at 18
diameters.

-] The peak velocity of a bifurcating jet decays inversely with
streamwise distance, like that of a natural jet.

] The peak velocity of the bifurcating jet 1is approximately 2
times, and that of the blooming jet about 2.4 times, smaller
than that of the natural jet at the same x/D.

® Double dips in each of the peaks of the bifurcating jet fol-

low the evolution of the two branches. In the case where R
= 2.4, no dips in the double-peak profiles are found.

Fluctuating Velocity Distribution:

] The velocity fluctuation level at the exit 1s higher in the
blooming jet than in the natural jet, but decreases quickly
back to a lower level as the flow evolves.

° Evolution of the velocity fluctuation follows the mean vel-

ocity distribution, with a large decrease along the center-

line producing a valley between two peaks in both the bifur-

cating and the blooming jets.

From the velocity measurements described above, the imposed conm-
bination of axial and orbital excitation produces large changes in the
momentum evolution. A significant change can be seen in the development
of the double-peak velocity profiles. The peak velocity decaying as
1/x 1in a bifurcating jet suggests that the two branches are behaving
independent. The effect of this behavior on the field asymptotic state

is discussed in section 5.2.
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Based on the data presented in Fig. 4.39, the velocity decay on the
centerline of bifurcating and blooming jets 1s not clear. It appears
that the centerline velocities tend towards 1/x, then decay more rap-
idly. However, this latter behavior suggested by the lowest velocity
data are highly uncertain. Indeed, the continued 1/x behavior falls
within the estimated uncertainty of these data. To gain some insight
lnto the flow, let us analyze the centerline velocity decay of a bifur—

cating jet.

A bifurcating jet can be modeled as two independent round jets
developing from a common source at an angle with each other, as illus~
trated in Fig. 4.42. In the far-field region, where self-similarity has
been established, the velocity field of each individual branch is given
by:

Ux/Uo = Gl(l/x) Gz(r'/x') (5.1)

where U, 1s the initial velocity of each branch while G; and G,
are functions which describe the peak velocity decay and shape of the

profiles respectively. The transformation from the jet axes (x - r)

to the branch axes (x' - r') is given by:
X' = x cos a+ r sin a (5.2)
r' = -x sina+ r cos a (5.3)

where a 1s the angle of rotation between the coordinate system, as
shown in Fig. 5.7. Substituting Eqs. (5.2) and (5.3) into (5.1) and
setting r = 0 yilelds:

Ux/Uo = Gl[(l/x) cos al Gy(-tan a) (5.4)

The above equation 1indicates that the centerline velocity should also
decay as 1/x. We suspect that this is the correct interpretation; in
view of the data, the question as to the centerline decay really remains

open.

In the new field, the cause of the dips in the velocity profiles
along the two branches of a bifurcating jet (Fig. 4.35b) is not known.
In the case of the blooming jet (Fig. 4.37b), the double peaks develop

at about the same location, but without the dips.
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In an attempt to find the origin of these dips, velocity-time
traces for 1 second at x/D = 6.5 were recorded on an oscilloscope at
locations inside the dip (r/D = 1.2) and at the peak (r/D = 1.4).
Figure 4.43 shows a comparison between the two traces.where £, = 12 Hz.
Both traces reveal a regular fluctuation of 6 Hz which corresponds to
the vortex-—passing freduency. Both traces show the same peak velocity,
but the trace taken inside the dip exhibits lower valleys. The trajec-
tories of vortex rings, based on movies, is shown in Fig. 4.44. We have
been unable to construct any satisfying explanation of the dips, and

hence their origin remains an open question.
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Chapter 5

DISCUSSION

5.1 The Dominating Mechanism

Bifurcating, trifurcating, and blooming jets exist in a closed
region and are kinematically controlled by the imposed axial and orbital
excitations. The dominating mechanism 1s vortex interaction, which pro-
duces different flow patterns depending on the initial condition. We
shall now present a model showing how the rings evolve in the excited

jets.

The axial excitation causes the vortex rings to roll up phase-
locked with the axlal excitation. When the orbital excitation is also
activated, the vortex riungs roll up in a plane which remains perpendic-—-
ular to the centerline axis. The effect of orbital excitation is to
laterally displace the rings so that they are no lounger concentric.
When eccentric rings propagate, they induce each other to turn away from
the original axis. The turning direction of the rings depends on the
direction In which the vortex rings are displaced. When the vortex
rings are spaced far apart, the interaction between them 1s small. When
the spacing 1s smaller, the interaction is stronger. When the rings are
spaced closer and closer, a critical value 1is reached where the rings

turn and run into each other without ever escaping.

Data which support the above mechanism can be found in the flow
visualizations. The effect of axial excitation is clearly 1ndicated by
the regular spacing of the vortex rings of an axially excited jet, as
shown in Fig. 4.9. When we compare the rings close to the nozzle of a
blooming jet (Fig. 4.13) with those of an axially excited jet (Fig.
4,9), we find that they are both perpendicular to the centerline axis.
To further look at the effects of orbital excitation on the rings, we

shall turn our attention to the bifurcating jet.

In a bifurcating jet, the orbital excitation produces a small but
significant lateral displacement of the rings in the bifurcation plane
and no displacement in the bisecting plane. If we examine a picture

taken in the bisecting plane, as shown in Fig. 4.22, we find that the
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rings are regularly spaced without any evidence of sideward displace-

ment.

To show that vortex-~ring interaction is the dominating mechanism, a
sequence of vortical fluid visualizations were obtained in the bifurca-
tion plane at different axial excitation frequency, as shown in Figs.
4.26a-g. By increasing the axial excitation frequency, the spacing
between the rings can be seen to decrease. Accbrding to the model, the
closer spacing produces a stronger interaction between the rings. As a
result, the bifurcation angle between the two branches 1s increased.
The increase in the bifurcation angle can be clearly seen by comparing
Fig. 4.26c with Fig. 4.26e. Another consequence of the stronger inter-
action 1s a more abrupt change in trajectory of the vortex rings. This
is brought out by the long time—exposure photographs shown in Figs.
4.27a and 4.27b. When the rings are spaced too close to each other,

they get tangled up, as shown in Fig. 4.26g.

The governing parameter, R determines the trajectories of the
vortex rings. The azmuthal angle (¢) 1is defined as the angle between
the positions of two successive vortex rings (see Fig. 5.1). 0 is
determined only by the parameter R in the relation ¢ = 27/R. When R
= 2, the rings are released at nozzle positions 180° apart (bifurcating
jet) and whemn R = 3, the rings are 120° apart (trifurcating jet).
When R 1s non-integer, the rings are released at many different azi-
muthal directions, producing a conical surface of vortex rings (blooming

jet).

The precise ordering of the vortex rings in each branch of the bi-
furcating and trifurcating jet is determined by R. For example, if the
rings are released in the order of 1, 2, 3, 4, etc., then the rings in
one branch of the bifurcating jet are 1, 3, 5, etc. and 2, 4, 6, etc. in
the other. The vortex rings alternate between the two branches of the
jet, stretching the jet'fluid back and forth, as d1llustrated in Fig.
5.2. Some evidence of the back—and—-forth stretching can be seen in the
physical flow, as shown in Figs. 4.23 and 4.29c. Therefore, the rings
in each branch of a trifurcating jet (R = 3) have rings in the order
of multiples of 3 (1, 4, 7, 10, etc.).
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To demonstrate the validity of the relation between ¢ and R,
the vortex-ring pattern of a blooming jet for R = 2.4 will be predic-
ted. Besides the relationship ¢ = 27/R, some knowledge of the speed
and trajectory of the vortex rings is required. To simplify the analy-
sis, each vortex ring 1s assumed to propagate independently of one

another beyond the branching location.

The propagating speed of the vortex rings i1s approximately constant
over a short distance. Maxworthy (1972, 1974) showed that single vortex
rings move with a speed that decays exéonentially. The data reported
show that the speed does not change appreclably over three to four diam-
eters. As a first-order approximation, the propagating speed of the
vortex rings in the present analysis will be assumed constant. Approxi-
mate value for the ring speed was obtained by analyses of movies of the

jet.

Independent vortex rings propagate in a straight trajectory by the
conservation of momentum. A single vortex ring cannot change the direc-
tion of motion on its own. If we assume that the vortex rings in the
excited jets are more or less independent of each other after moving

away from the centerline, thelr trajectories will remain straight.

With the above assumptions, the particular vortex-ring pattern for
a jet excited at R = 2.4 1s shown in Fig. 5.3. The vortex rings are
released at the rate of one per time step. The rings are assumed to
propagate in a stralght line away from the centerline after release at
the speed of 0.4 dia. per time step (suggested by the motion—-picture
visualization). The azimuthal angle ¢ 1In this case is 150°. A decay
in the speed of the rings produces a tighter ring pattern as new rings
catch up with older rings. The similarity between the five precessing
spiral branches in this crude analysis and the observed physical flow
(Figure 5.4) provide strong support for the model. It is interesting to
note that the order of the rings in each branch falls in the order
(e.g., 1, 6, 11 etc.), 1lncrementing by the first integer multiple of
R that 1s nearly an integer (here 5).

The mechanism described above was further confirmed by Leonard
(1985) in a numerical simulation of a bifurcating jet. The details of

the simulation are described by Leonard et al. (1985).
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5.2 PFar-Field Asymptotic State

In a free turbulent jet, the total momentum which passes through
any infinite plane perpendicular to the centerline axis is conserved.
In a natural jet, the initial momentum of the jet determines the far-
field asymptotic state. However, in the excited jets the additional
parameter R 1is required to determine the state of the flow in the far
field.

In a bifurcating jet, the momentum of the jet is redistributed into
two independent branches. In the near field, the split in the momentum
distribution is indicated by the double-peak profiles of Fig. 4.35b.
Farther downstream, the peak velocity along the branches decays in—
versely with x 1like the natural jet, as shown in Fig. 4.41. This
suggests that the two branches are independently behaving like a natural
jet, each carrying half of the original momentum. If this is true, then
the double—peak velocity profile would be maintained in the far field,

producing a new asymptotic state.

In the bifurcating jet, the peak velocity along the branches is
about half of that in the natural jet (Fig. 4.41). In the blooming jet,
the peak velocity also exhibits a 1/x decay, with the curve displaced
by a factor of R (here 2.4). Therefore, each branch of a trifurcating
jet probably carries about a third of the initial momentum flow with the
peak velocity at about 1/3 of the natural jet.

Since these new asymptotic states clearly exist in an axisymmetric
round jet, it would be very interesting to see if new asymptotic states
can be found in other free—-shear flows. In a two—dimensional mixing
layer, the existence of a universal asymptotic state has been questioned
by Ho and Huerre (1984) because of the disagreement among different ex-
periments on the spreading rate. Earlier, Cantwell (1981) had already
raised the question about how coherent gtructures would affect the

asymptotic state of free shear flows.
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5.3 Molecular Mixing

A convenient indication of the degree of molecular mixing i1is the
“flame" length during a flame experiment. Figures 4.3la-c show that the
“flame” length of bifurcating and blooming jets is about three diameters
shorter than for a natural jet having the same chemistry. A shorter
flame length was also observed by Andrade (1941) and Schneider (1969),
who studied bifurcating flames, suggesting that molecular mixing is

enhanced. We shall next look at how molecular mixing is enhanced.

The interface between the jet and the ambilent fluid is tremendously
increased in bifurcating and blooming jets. Figures 4.22; 4.23, and
4.25 show that the spreading angle of the excited jets 1is about 80°
compared with about 16° for the natural jet. Within the large spreading
angle, we find jet fluid being dispersed throughout the flow. Within the
flow, a large range of small-scale structures can be seen. These small-
scale structures can be interpreted as the secondary vortices embedded
in the vortex sheet which 1s stretched across the flow, as illustrated
in Fig. 5.2. These secondary vortices are similar in nature to those in
the braids of a two—-dimensional mixing layer, as described by Konrad
(1976) and Bernal (1981). The secondary vortices can be seen as
mushroom—shaped structures in the bisecting plane, as shown in Fig.
4,24, The back—and-forth stretching of the vorticity sheet decreases
the size of the secondary vorticies and further Increases the interface

between the jet and ambieunt fluid, leading to enhanced molecular mixing.

The conclusion that enhanced molecular mixing is enhanced applies
only to the near field. Figure 4.33b of a blooming jet during a product
experiment shows that the jet fluid in the core of the vortex rings does
not get mixed for up to 17 diameters. Maxworthy (1972, 1974) showed
that the core of the vortex ring entrains ambient fluid at a very slow
rate. The only mechanism for euntrainment is through molecular dif-
fusion, since turbulent fluctuations 1in the radial direction are
suppressed due to rotation. Therefore, molecular mixing may not be

enhanced in the far field.
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6.1

Chapter 6

CONCLUSTONS AND UNANSWERED QUESTIONS

Conclusions

Based on the experimental observations and velocity measurements

mentioned in previous sections, the following.conclusions can be drawn:

1))

2)

3)

4)

5)

6)

7)

6.2

Controlled axial and orbital excitation can produce a significant
change in the evolution of round turbulent jets,

Bifurcating and blooming jets are dominated by coherent vortex
rings, which evolve in well-defined patterns governed by the ratilo
of axial-to-orbital excitation frequencies.

Bifurcating, trifurcating, and blooming jets exist in a closed
region of excitation frequenciles. '

Molecular mixing 1s enhanced in bifurcating and blooming jets.

The two branches of the bifurcating jet develop independently in
the far field.

The far-field asymptotic state of turbulent round jets 1is not
unique.

Vortex interaction 1s an important mechanism governing the evolu-
tion of bifurcating and blooming jets.

Unanswered Questions

With the discovery of bifurcating and blooming jets, it has been

demonstrated that both the near- and far-field behavior of round turbu-

lent jets can be drastically altered by changing the initial conditions

alone. New, asymptotic, far—field states have been found. The follow-

ing questions are addressed toward understanding the behavior of the new

flow fields.

9]

2)

Although the effects of axial and orbital excitation frequencies
have been identified, the effect of orbital excitation amplitude
remains unknown. A new experimental apparatus with variable
amplitude is required to answer this question.

Although 1inviscid vortex interaction is an important mechanism
governing the flow, the effects of Reynolds number remain an open
question. Although blooming jets have been observed at a Reynolds
number of 10,000, it 1is not clear at the moment how the flow
behaves at higher Reynolds numbers.
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3)

4)

Because of the shortening of the flame length, a potential applica-
tion for the excited jet is in the area of chemical reactors and
combustors. It would be desirable to understand the effects of
Schmidt number and Damkohler number on these flows.

Another area of technological importance is noise reduction in com~
pressible jet flows. Since drastic changes in the structure of the
jets have been observed, the effects of excitation on jet noise
deserve further study.

Based on the questions raised above, two recommendations for immediate

future work are recommended:

1)

2)

A numerical simulation based on an inviscid vortex—filament method
can be performed to test the importance of mutual vortex interac-

tion as a mechanism governing the flow.

An experimental facility in air can be constructed to study the
effects of orbital excitation amplitude and Reynolds number.
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