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Abstract

The objective of this work is to study the basic mechanism of the active control of
free shear flows and look for new concepts in actuation methodologies.

The possibility of controlling the evolution of a triangular jet is discussed in
Chapter 2. The piezoceramic actuators were mounted on the flat sides of the nozzle. The
flow was fully sheared near the nozzle. Single mode excitation with frequency as the
varying parameter was found to be ineffective for controlling the far field evolution. In
contrast, excitation of the jet with non-integer and counter propagating azimuthal modes
yielded marked changes in the jet evolution.

A new method employing dynamic spatial modes to control the far field of a
circular jet is examined in Chapter 3. The basic mechanism that governs the far field
control was found to be the non-linear interaction of the instabilities of the standing-
waves. This observation agrees with conclusions of former investigators but with a new
understanding that the non-linear interaction mechanism and the jet expansion are not to
become effective until the potential core ends, after which the jet demonstrates large,
directional expansion. It was shown in the experiment that this expansion could be easily
predicted and controlled. These results point out a better control mechanism -- the

dynamic mode control method. Three schemes were proposed: 1) the phase modulation,



2) the switching modulation, and 3) the spatial mode modulation, where the first two

were implemented with great success in controlling the evolution of the jet flow.

Finally, a triangular jet with a top hat initial velocity profile is examined in
Chapter 4. The results of excited and unexcited jets were compared with those studies
where the initial flow conditions were different. It was found that the initial flow
condition affected the flow field in two ways: the axis switching and the jet expansion.
The combination of an initial top-hat velocity profile and a non-symmetric nozzle
geometry was proved to be the necessary condition to create axis switching. Proper
combination of initial velocity profile, nozzle geometry and spatial mode could greatly

enhance the jet expansion.
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Nomenclature

The important symbols used in this thesis are identified here in alphabetical order. Latin

and Greek alphabet symbols are listed separately:

D Nozzle Diameter

fe Excitation frequency

o The most amplified frequency

F(m, n) Fourier Transform of the phase mean velocity, where m stands for the

spatial mode and » stands for frequency harmonics

Q The integrated volume flux, O = ROJ}U (x,y)dy
Ry,

Qo The integrated volume flux at z/D = 0.5
(Q-Qu)/ Qo Flow entrainment ratio
R(¢) Radial intercepts of the flow distortion of an excited jet
R, Radial intercepts at R = 0.5
R Velocity ratio of a mixing layer, R=(U, -U,)/ (U, +U,)
Ry, Velocity ratio truncated at R = 0.1
Ryo Velocity ratio truncated at R = 0.9
Rep Reynolds number based on nozzle diameter
Reg Reynolds number based on initial momentum thickness
U;, Uy Low speed side, high speed side velocities
u' Random turbulent fluctuation
u" Organized turbulent fluctuation
u, Standing wave fluctuation

. : . 1 e
U e Normalized phase mean fluctuation amplitude, u ;- ) I u'(f)dr

i Ry,

U Local time mean velocity
Uj Jet center time mean velocity



Up Time mean velocity at the jet exit

uy Turbulence fluctuation amplitude at the forcing frequency
Up Phase Speed

Y05 Lateral coordinates truncated at R = 0.5

Z,XY,t Streamwise, lateral, time coordinates

z/D Non dimensionalized streamwise coordinates
Geek Symbols

n Non dimensionalized coordinate 1 = ( y- y0.5)/ 0
0 Momentum thickness

) Phase shift of the forcing frequency

) Angular frequency

A Wave length of the forcing frequency

Amplification rate

2
=)
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Chapter 1 Introduction

1.1 Review - Instabilities and Orderly Structures in Free Shear Flows

It has been over 100 years since the phenomenon of flow instabilities was first
documented. In 1858, Leconte described in his paper “On the influence of musical
sounds on the flame of a jet of coal-gas” the flickering of the flame of a gas lamp in
response to music. Twenty one years later, Lord Rayleigh (1879) established a
theoretical explanation of flow instability using an adaptation of the Normal Mode
method. This model was later improved by Helmholtz (1890) and Kelvin (1880, 1887).
In this method, the Euler equations were perturbed and linearized by neglecting products
of the perturbation terms. It was further assumed that the perturbation of each quantity
could be resolved into independent components, or modes, varying with time to a set of
constants which are in general complex. The values for the modes were calculated from
the linearized equations. If the real part was found to be positive for any mode, the
system was deemed unstable because a small perturbation of the system would grow
exponentially in time until it was no longer small.

Experimentally, the classic work by Osborne Reynolds (1883) of flow in a pipe
best described the behavior of flow instabilities. Further progress in this area was
delayed for more than a half century owing to the lack of dynamic data acquisition
instrumentation. In 1941 Schubauer and Skramstad measured the laminar to turbulent
transition over a flat plate using a hot wire, a dynamic sensor. They discovered the
selective amplifications of the random fluctuations during the transition.

Before the Sixties flow instability was treated only as a wave property. The roll-
up of traveling instability waves into a periodic array of vortices was first predicted by
Michalke (1965) and demonstrated experimentally by Freymuth (1966). Although there
had been many other observations and evidences of orderly structures in the flow

(Bradshaw (1964), Reynolds (1967), among many), it was not until 1971 that Crow and



Champane confirmed both their existence and relationship to the local instability and the
global feedback mechanism. They found that the coherent structures can be strengthened
and stabilized by periodic stimulation. This discovery of the flow structure pointed to an
instability mechanism involved in their creation and provided a tool for their detailed
analysis and handling. The efforts in this direction reached new heights in the mid
1970°s and early 1980’s. The term “active control” was proposed, Ho, C. M. (1981).
This term has been used to refer to any small perturbation method employing relatively
small energy to achieve global effects in the flow.

In mixing layer studies, Ho and Huang (1982) and Ho and Huerre (1984)
demonstrated the basic mechanisms of the instabilities of the vortex sheet leaving a
trailing edge. These include the amplification of instabilities, the roll up and the
formation of vortices, and vortex merging. The active control of the vortex merging
using external perturbations was also demonstrated. It was found that there exists a most
amplified frequency in the flow which scales with the local momentum thickness, 6. The
measured amplification rate of the most amplified frequency agreed with their theoretical
results. Subharmonic forcing of the most amplified frequency was able to make several
vortices merge simultaneously and increased the spreading rate of the shear layer
dramatically. A resonant effect or “collective interaction” where multiple vortex merging
took place was also reported. In this case, the process of sequential vortex merging is
shortened through the coalescence of a large number of vortices.

The most amplified frequency is a very important concept in both planar mixing
layer and jet shear layer control. Both of the shear layers have a thin mixing layer in the
near flow field. However, unless the flow can be assumed parallel the most amplified
frequency is not unique along the streamwise direction. Moreover, the assumption of a
non-divergent shear layer is rather restrictive because it implies that at some distance
downstream only the most amplified wave will dominate the flow. In practice, the width
of the shear layer increases in the streamwise direction, resulting in a continuous shift of

the most amplified instability waves towards lower frequencies. This effect was realized



by Mattingly & Chang (1974), and later by workers such as Crighton & Gaster (1976)
and Gaster, Kit & Wygnanski (1985), who tried to adapt the quasi-parallel stability
calculations or expansion methods to simulate the flow divergence.

Additional difficulties arise when attempting to determine the most amplified
frequencies in a turbulent mixing layer. First, there is no steady mean velocity field in
existence upon which small perturbations may be superimposed. Hence, the linear
stability analysis is questionable. Second, there is strong background noise over a wide
band of frequencies from which it is difficult to experimentally detect the most amplified
frequency, Wygnanski (1987). The determination of the most amplified frequencies in
such instances is rather complex.

In jet studies, the most amplified frequency has been considered as the local
instability mode. The jet column instability, termed as the preferred mode, was observed
to scale approximately with the jet diameter and velocity and characterized as a single
scale that dominates the turbulent region, Crow and Champagne (1971). The frequency
associated with the preferred mode was usually based on spectral measurements made
near the end of the potential core. There have been ambiguities in defining the preferred
mode over the past twenty years that resulted in scattering of reported values, see
Gutmark and Huang, (1983). Crow and Champagne (1971) introduced St,,, = 0.85 as the
preferred mode, since the total centerline turbulence level u) became the highest at this
St,.. The concept of the preferred mode was redefined by Zaman & Hussain (1977,
1980) as that which produced maximum amplification of the fundamental amplitude u/,
rather than the total turbulence level. The fundamental amplitude was determined using
artificial forcing at a single frequency at a time so that the background noise was well
suppressed. The location of measurement also requires agreement. Zaman & Hussain
(1980) defined it on the center line of the jets. Using this definition the measured
preferred mode was St,,, = 0.4, which is independent of the nozzle geometry as long as
the “momentum flux equivalent diameter” is used. Recently, Peterson (1988) argued

against the existence of a single preferred mode. The most amplified shear-layer



instability depends on the streamwise location and on the streamwise distribution of
shear-layer thickness. Therefore, the preferred mode defined by Crow and Champagne
(1971) was nothing but the most amplified shear layer mode at x/D=4.

Despite the above mentioned controversies, this author would like to argue that in
active shear flow control one may still use the preferred mode as the characteristic scale
in the jet flow. It is the author’s opinion, based on the personal experiences in jet study,

that the definition of Zaman & Hussain's (1980) best defines the preferred mode.

There are similarities in behavior between mixing layer and jets. The momentum
thickness used in mixing layer as the length scale is also the appropriate length scale for
the near-field jet dynamics (note: further downstream, greater than three or four diameters
of the jet exit, the jet diameter generally governs the evolution, Corke (1993)). However,
there are differences in control methods between mixing layers and jets. In planar mixing
layers frequency is the only control parameter while in jet flow there is additional
parameter -- the spatial mode. This flexibility is attributed to the additional dimension --
the jet diameter, which makes azimuthal perturbations possible. The spatial-mode can be
employed in jets to control the excitation amplitude along the azimuthal direction, thus,
achieving the desired resonant interactions between different azimuthal modes. This
method, termed as the spatial mode control method, has been proven much more effective
than the methods that employ only frequency control. Next, a review of the spatial mode

and its control will be addressed.

In the near field of a top hat jet, the thin axisymmetric shear layer is unstable to a
large number of discrete azimuthal modes, Plaschko, (1979). At some distance beyond
the termination of the potential core, however, the fully developed jet was reported to be
unstable to the first helical mode only, Bachelor & Gill (1961). This conclusion has been
accepted and repeatedly proven by subsequent researchers. However, in 1989 Tso &

Hussain reported seeing the axisymmetric, helical, and double helical modes in the far-



field of a turbulent air jet from conditionally sampled multi-point velocity measurements.
Recently, Yoda (1992) proposed the existence of helical modes in the far field of the jet.
Depending on the projections one may infer the existence of axisymmetric or helical

shapes. Her results suggest that helical modes are unstable in the far field.

In 1983, Strange systematically studied an axisymmetric high-Reynolds-number
jet excited at three modes ( m =0, 1, 2) and showed that the growth rates of modes m = 0
and 1 were comparable. His work was later extended by Cohen and Wygnanski (1987)
Peterson (1990) and Corke (1993). They were able to prove theoretically and
experimentally that in the near field of circular jets, where the shear layer surrounding the
nozzle is usually thin, many azimuthal modes are equally unstable. The distortion or
control of the mean velocity field can be realized by excitation of multiple modes
expressed as frequencies, wave-numbers or azimuthal modes. The condition for those
modes to interact with each other is that their phase velocity be the same and that there
should be sufficient time for them to interact. It was shown in the paper by Cohen and
Wygnanski (1987) that many modes are not dispersive over a broad range of frequencies
at /D <3 which permits resonant interactions to occur. It was found in their paper that
single mode excitation maintains the axisymmetric structure of the jets, thus has little
effect over the jet. However, by standing wave excitation, which consists of two counter
rotating waves with the same azimuthal mode value, the directional jet expansion,
depicted by the shape of the iso-velocity contours of the jet, can be exactly predicted and
controlled (For example, the iso-velocity contours for m = + 1 excitation are elliptic; m =
+ 1.5, triangular and m = * 2, square).

There has been renewed interest in non-circular jets in the late 1980's. These
geometries appear to be capable of entraining surrounding fluid more efficiently than the
corresponding circular jets. One of the interesting phenomena associated with these jets
is a switch-over between axes of the mean flow occurring downstream of the nozzle.

Several investigations of unforced non-circular jets, in cold flows, have been reported



including the following: elliptical jets by Ho & Gurmark (1987) and Hussain & Husain
(1989); rectangular with various aspect ratios by Sforza, Steiger & Trentacoste (1966)
and Trentacoste & Sforza (1967); Square by DuPlessis, Wang & Kahawita (1974), Quinn
& Militzer (1988) and Wiltse & Glezer (1993); triangular by Gutmark el. al. (1985).
While non-circular nozzles have shown advantages with respect to the flow field
evolution, their implementation is not very practical. It would seem desirable to achieve
similar results with round jets, necessarily excited. This argument is supported by the
fact that one can generate a quasi-elliptic jet by exciting a circular jet at modes %1,
Cohen and Wygnanski (1987). External excitation of jets may therefore be combined
with non-circular nozzle designs in augmenting the mixing produced by nozzle shapes.

In summary of this section, it is known that shear flows, including mixing layers
and jets, are unstable to small perturbations. The disturbances are known to amplify non-
linearly if they are fed at the most amplified frequency or its sub-harmonics. In jets,
besides the most amplified frequency or the preferred mode (the most amplified
frequency at the end of potential core) the flow is also unstable to spatial instability
modes. It has been found that the spatial-mode excitation is the most effective way to
control the jet to enhance jet expansion and mixing. Studies of the basic mechanisms of
free shear flows have improved our understanding of their intrinsic nature. Next,

approaches for their control are explored.

1.2 Active Shear Flow Control Methods

Active control has been considered as the second generation of flow control
methods (as compared with the passive control methods, termed as the first generation)
which may open a new era to aerodynamics, Wu (1985). It is the author’s view that the
proper design of actuators is the key for the success of this revolution.

An active control system is composed of hardware: sensors and actuators, and

software: control methodology and algorithm.



Actuators used to date can be divided into four groups: 1) mechanical devices:
oscillating flaps, vibrating ribbons, piezoelectric materials; 2) hydrodynamic techniques:
periodic suction or blowing; 3) thermal techniques: heating strips, electrical discharge,
and 4) acoustical excitation.

An oscillating flap is usually driven by stepper motors that run at a frequency
under 30 Hz depending on the oscillation amplitude. The frequency range restricts its
usage to low Reynolds number flows. Therefore, it is only suitable for academic
purposes. Piezoceramic actuators can reach a much higher frequency, but their frequency
response diminishes outside a narrow band around the resonance frequency. This
shortcoming can be overcome by introducing the method of Amplitude Modulation
developed by Wiltse M. & Glezer (1993). In this method the actuators are resonantly
driven with a time-harmonic carrier wave train which is amplitude modulated with the
desired excitation waveform. However, the excitation waveform frequency usually is one
or two orders lower than the carrier, which again, results a low excitation frequency.

Furthermore, current piezoceramic material can only withstand temperatures below 400

°C. The temperature limitation hinders its applications in high temperature
environments. Almost all the mechanical devices have vibrating parts that are exposed to
the flow. Therefore, it may not suitable to use them in compressible flows.

Hydrodynamic techniques are, typically, employed in the areas of jet vectoring,
separation elimination and retarded boundary layer energization. At present the energy
required for this kind of control to operate effectively is about one third or one half of the
total energy in the flow. This is impractical for real flow applications.

Thermal devices also require relatively high power to actuate the flow. However,
because of their non intrusive nature and ease of placement in complex geometries they
have been widely used in basic flow studies, Glezer, Katz and Wygnanski (1989).

One may call the above types of actuators as “externally excited”, since they
require external energy input which, generally, is not insignificant when compared to the

total energy of the flow. On the other hand, the flow can be self excited by appropriate



configurations. For instance, the well-known sound-vortex resonance phenomenon was
applied in an experiment conducted by Parker (1966). A thin flat plate with blunt trailing
edge was located midway between the wind tunnel walls at zero incidence. As the
incoming flow velocity U, increased from zero, vortices would shed near the plate with a
natural frequency depending on U,, and induce a fluctuating pressure field which
behaved as a sound source. When U, increased to a certain value the vortex shedding
frequency suddenly increased and locked-on to the sound frequency. The resonance then
started and the sound became much louder, until a maximum sound pressure level was
reached. With further increase in U, the shedding frequency suddenly unlocked and
increased to its natural Strouhal value again, the resonant sound ceased. The resonant
effect was also observed when the co-flow density ratio was below 0.9 in reacting flows,
Yu and Monkewitx (1993). Other applications using self-excitation mechanism are the
whistling nozzle, Hasan and Hussain, (1982), the self excited music wire method,
Vandsburger and Ding (1992), the externally controlled flip-flop jet, Raman (1993), and
the suppression of the separation in the diffuser, Ding and Zhang (1989) (both of the later
two cases utilize the Coanda effects). Self excitation methods are attractive because they
offer a natural way of organizing the flow structure and the possibility of obtaining the
most enhanced vortical flow with the least energy input. This approach reminds one of
the old Chinese proverb: “With the right method, one may move a ton of weight by four
ounces’ force.” However, the shortcoming of current self-excitation devices is that they
are hard to adapt to real flow geometries.

As a design guide, the ideal actuator should have fast dynamic response, low
power consumption, easy adaptation to real flow geometries and durability in severe
working conditions. Unfortunately, there are few systems that can meet all these
demands. As a result, these requirements pose the major challenge to actuator design.

The other challenge comes from the active control methodology. Present
actuation methods are unable to control the far field since the actuation signal has only a

limited region of influence. Within that region, the coherent structures are phase locked



to the excitation signals and the flow structure is greatly altered. Beyond this region the
phase between the coherent structure and the excitation is no longer locked
(decorrelated), and the forcing loses its influence, Ho (1991). This phenomenon implies

that outside this zone active control is not effective at all.

1.3 Objectives and Approach of Present Study

The main objectives set for the work concluded in this dissertation have been:

1. Look for new concepts in actuation methodologies that can both extend the region of
influence the actuation may exert and increase the controllability of the far field of
jets.

2. Investigate the effects of initial flow conditions on the characteristic flow evolution,
e.g., the possible influence of the nozzle geometry and initial velocity profile on axis
switching and on the flow entrainment rate.

3. Develop a new type of actuator that is both effective in flow control and requires the
least energy.

These studies were motivated by the fact that the real control of the shear flow
(especially in the far field) could be realized only by overcoming the phase decorralation
limitations; that the amplification of the spatial modes was mostly influenced by the
initial flow conditions; and that any new actuator design had to be guided by the
principle of efficiency in energy consumption and effectiveness in flow control.

The study of the control of jet fields, in accomplishment of the first objective, had
been done in two stages. First, a triangular jet with a fully sheared initial velocity profile
was investigated and the possibility to control the far field considered, this work is
discussed in chapter 2. Second, a circular jet with initial top hat velocity profile was
studied. The controllability of the jet in both near and far field was investigated in a more
detailed manner and new actuation methods were sought for jet flows. This work is

discussed in Chapter 3.



In fulfillment of the second objective, the influence of the initial flow conditions
on the jet evolution were investigated and are discussed in Chapter 4. A triangular jet
with an initial top hat velocity profile was studied and the excited and unexcited results
were compared with those that presented in Chapter 2 and 3 where the initial flow
conditions were different.

The ‘music wire’ method was introduced in Appendix A as result of the third
objective. A planar mixing layer was employed in this study. The relatively simple
configuration of the mixing layer and its similarities in behavior to jets in the
axisymmetric mixing region made it an ideal starting point for active flow control

research.
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Chapter 2 Spatial Modulation of a Forced Triangular Jet with a Fully-
Sheared Exit Velocity Profile

2.1 Introduction

This chapter includes a description of a study that addresses one of the key issues
of jet control -- the control of the far field. Based on the extensive investigations
reviewed for this study, it was determined that frequency control alone was ineffective for
the flow conditions posed in this experiment, while spatial mode control was a better
choice. This reasoning showed that the spatial mode is more flexible and versatile to
control. As mentioned in Chapter 1, a number of studies have been conducted on the near
field of jets, employing the spatial mode control method. Examples were Cohen and
Wygnanski (1987), Peterson and Samet (1991), Corke and Kusek (1993), Wiltse and
Glezer (1994). However, very few of the above enumerated examples dealt with the far
field and none had a combination of a non-circular geometry and a initially fully-sheared
velocity profile. Driven by practical interests this chapter examines a highly turbulent jet
flow. It was decided to combine the virtues of non-circular nozzles with spatial mode
excitation in order to achieve the best control over the evolution of jets.

Several issues are addressed in this Chapter:

1. What is the response of a jet, with a fully sheared turbulent velocity profile at the
nozzle exit, to excitation?

2. What are the combined effects of flow excitation and non-circular nozzles?

Generally, excited jets are well organized in the near field. The forcing signal and the
response frequency have a well defined phase relationship. Further downstream, the
forcing looses its influence because of the decorrelation of the phase between the forcing
signal and the passing structures, see Ho er al. (1991). Therefore, a key question to be

addressed in this Chapter is:
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