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Abstract

High speed jet impinging on an obstacle generates distinct noise. If the jet flow exits
with supersonic speed, the noise becomes more profound and causes many detrimental
effects to the environment. STOVL exposed such tones experiences many adverse
effects such as lift loss, sonic fatigue on the aircraft structure and ground erosion.
Until now the impinging tone along with several adverse effects are thought to be
originated by the feedback mechanism due to the presence of wall near the nozzle
exit. As the acoustic waves reach the nozzle lip they excite the instability traveling
downstream in the jet shear layer. These instability waves rapidly develop into large-
scale coherent shear layer structures while traveling downstream. On impinging on
the ground plane, this structure generates high amplitude pressure fluctuation, which
generates acoustic wave, thus completing feedback loop. Hence, the noise reduction
trial should be conducted to disrupt the feedback loop.

Many researchers have tried to destroy the feedback loop using passive and active
way, but the reduction was confined only on specific operating conditions or so small
extent compared to no control case. Recently, an attempt [1] using microjet showed
a promising result. Because it is micro-scaled valve created by MEMS technology,
microjet can be placed on any location without any space limitation and optimal
flow control is possible by activating the supersonic microjet to desired command.
In addition, since the microjet just affects the target properties without interfering
other physical condition, it was accepted as the desired actuator. In this thesis, a
special control strategy based on POD mode showed better reduction throughout
several operating conditions. It is a kind of a parametric control strategy which
sets the microjet pressure proportional to the shape of the most energetic mode.
The reasoning for this control is based on the fact that the supersonic microjets
attached near the nozzle exit may disrupt the feedback loop partially intercepting
the upstream propagating acoustic disturbance or distort the coherent shear layer
instabilities consequently disrupting their interaction with the acoustic field.

So far, the analysis based on a model has not been tried in depth. The second con-
tribution of this thesis is the development of a reduced-order model. In this literature,
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an updated form of Tam’s [40] describing impinging jet on a wall, is suggested and its
validity is supported from several experimental data conducted in Florida State Uni-
versity. Furthermore, the mechanism of noise reduction and the effectiveness of the
POD based closed-loop control strategy is introduced. Finally, a closed-loop control
strategy expecting uniform reduction regardless of the ground effect over the entire
range and varying operating conditions is experimentally tested and implemented in
a STOVL facility at Mach 1.5.

Thesis Supervisor: Anuradha M. Annaswamy
Title: Senior Research Scientist
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Chapter 1

Introduction

High-speed jet issuing from the nozzle often generates the acoustic field dominated
by discrete, high-amplitude tones. For example, screech tones are present in non-
ideally expanded jet, edge tones are dominant in the presence of edge shaped body
and impingement tones are conspicuous when a supersonic jet impinges on a surface.
Those tones are undesirable for any kind of mechanical system in itself because they
cause a very detrimental effect such as sonic fatigue on the body facing the noise
source. Especially, the impingement tone is unfavorable in designing efficient Short
Take-off and Vertical Landing(STOVL) aircraft. Besides the purely acoustic damage,
the flow field induced by the resonance brings very severe adverse effects on the ground
and the aircraft itself too as described in Fig. B-1. The flow field causes the ambient
flow to entrain into the gap between the aircraft and the ground that a large amount
of lift loss are generated. The engine inlet suffers from hot gas ingestion and the
ground erosion happens from impinging hot flow. These phenomena are thought to
be more serious in the JSF(Joint Strike Fighter), a new version of STOVL aircraft,
because the operating condition is supersonic [29] region. The understanding of the
impinging jet flow is definitely necessary in designing the STOVL aircraft.

Hence, many researchers have tried to find the origin of noise sources and suppress
them using various ways so far. Regardless of the specific nature of the tones, a host
of studies on the aeroacoustics of impinging jets by Neuwarth [24], Powell [28], Tam

and Ahuja [40], and more recently Krothapalli et al. [19] have clearly established
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that the self-sustained, highly unsteady behavior of the jet and the resulting imping-
ing tones are governed by a feedback mechanism. It is well-accepted that they are
governed by a feedback mechanism that strongly couples the fluid and acoustic field
and this coupling occurs in the jet shear layer near the nozzle exit, a region of recep-
tivity. These feedback interactions occur thus: Instability waves are generated by the
acoustic excitation of shear layer near the nozzle exit, which then convect down and
evolve into spatially coherent large-scale structures. On impinging on the ground,
these structures generate high amplitude pressure perturbation, which in turn pro-
duce waves of neutral acoustic mode of the jet. As the acoustic wave reaches to the
nozzle exit, it excites the shear layer again, thereby closing the feedback loop.

The presence of such large-scale structures, not normally present in such high
speed jets, can be confirmed from the shadowgraph image shown in Fig. B-2. The
high entrainment rates of the ambient fluid associated with such large-scale structure
are thought to be largely responsible for the increased lift loss.

The logical approach to controlling the adverse ground effect is to disrupt the
feedback mechanism responsible for this behavior. A number of researchers have
attempted various passive and active methods in order to accomplish this goal. In
the context of intercepting the feedback loop, Glass [12] and Poldervaart et al. [26]
tried a passive control method by placing a plate normal to the centerline. In this
way, they were able to reduced the overall noise level a certain degree. Motivated
by the previous result, Elavarasan et al.[11] conducted similar experiment and have
achieved about 11 dB reduction in the overall sound pressure level and recovery of
about 16% lift loss. This passive control method appears to weaken the feedback
loop and prevent the onset of self-sustained oscillations in the jet and result in the
suppression of large-scale motion. However, the effect of such a passive approach
is confined to a limited range of operating condition, especially for impinging jets.
Because a small change in distance between nozzle to ground plate (h/d) leads to
significant change in amplitude and frequency of impinging tone (Alvi and Iyer [2]),
the control strategy for the suppression of the impinging tones should be active and

adaptive for the varying operating condition. Such active approaches have also been
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suggested more recently, in the literature (for example, Sheplak and Spina [32], Shih
et al. {33]). In Sheplak and Spina [32]), Sheplak and Spina used a high speed co-flow
to keep the main flow jet from acoustic wave. Their investigations showed a reduction
of 10-15 dB in the near field broad band noise under specific core to ambient velocity
ratio. To realize the effect, it was required for the co-flow flux should at least be
20% to 25% of the main jet. Shih et al. [33], upgrading the experiment, used a
counter co-axial flow near the nozzle exit and were able to suppress screech tones
of ideally expanded jet. However, those active control schemes required additional
design modification in the nozzle part and high operating power. Consequently, such
approaches are somewhat impractical for implementation in a real aircraft.

A few years ago, a study was initiated at the Fluid Mechanics Research Labo-
ratory (FMRL) of Florida State University, in Tallahassee, Florida, with the aim of
understanding and controlling supersonic impinging jet flows in order to substantially
reduce the ground effect. In this study, Alvi et al. [1] and Shih et al. [35] used arrays
of supersonic microjets to control supersonic impinging jets and successfully reduced
lift loss by as much as 40% accompanied by a 10-11 dB reduction in the fluctuating
pressure load on the lift and ground surface. They introduced microjets for noise
reduction with the same motivation as the aforementioned papers trying to shield the
main jet from outer acoustic perturbation but the result was more dramatic.

In Alvi et al.’s[1] paper, we can see the microjet effect on noise reduction was much
greater than any other actuators so far. However, the performance using the microjet
actuators was observed to depend too much on the height. It should be noted that the
control strategy used was one where air-flow was introduced through the microjets
at a constant 100 psi chamber pressure. This strategy is referred to as “symmetric
control” in this thesis, and can be viewed as an “open-loop” control strategy which
neglects changing flow conditions for different heights. Hence, to achieve a uniform
performance for the different operating condition, a different control strategy that
“adapts” to the changing flow conditions should be introduced. Such an active-
adaptive strategy should take into considération the changing flow conditions during

taking off and hovering moment of the real STOVL aircraft.
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The microjet has many advantages over previous actuators from manufacturing,
designing as well as practical points of view [1]. For example, microjets can be
produced in large quantities to lower the unit production cost. Because of the small
size, they can be operated without any spacing limitation and consume a small amount
of flow rate to cause the reduction effect. Along with other electrical devices, they
can be integrated into sensor/actuator active control system. Moreover, in contrast
to the traditional passive control method, each microjet can be switched on and off
strategically that it will be able to avoid the degradation of performance when the
control is not necessary.

In the previous paper [35], the fluctuating pressure reduction achieved by using
constant microjet pressure intensity (100 psi) along the nozzle was too dependent on
the height change. In the search for some parameters expecting even noise reduction,
he found that there are several parameters affecting the performance of microjet ef-
fectiveness such as microjet pressure, injection angle, the distance from lift plate to
ground and nozzle pressure ratio (NPR) etc. These parameters do have an impact
on the performance of the actuators and can be adjusted for the best effect under a
specific nozzle condition. But the degree of effect achieved from optimally adjusted
parameter is far below the desired amount and still works better only under a specific
operating conditions (under-expanded case). In fact, we have another degree of free-
dom which was not considered in his study which is the variation of microjet intensity
along the azimuthal direction.

Motivated by the above idea, in [20], we tried the experiment adjusting pressure
distribution along the nozzle exit using an unique control method called “mode-
matched control.” It was somewhat ad hoc control strategy without considering
the mechanism governing the flow and impingement tones. Fortunately, the mode-
matched control strategy brought a large amount of OASPL reduction compared to
the passive control method, symmetric control, had achieved. It was a very promising
result because the new control strategy always showed lager reduction at all different
heights and caused great amount of reduction around 9 dB where the passive control

can not make any change. This is the main contribution of this thesis.
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In the chapter 2, an impingement tone model called “vortex sheet model” will
be presented. To implement closed-loop control in real-time, a reduced-order model
of this system is needed. The model based on a vortex-sheet is discussed in chapter
2. Chapter 2 also covers a short explanation about Proper Orthogonal Decomposi-
tion(POD) method as a very useful way to capture the dominant dynamics from a
model. The optimal property of POD and the practical way to implementing POD
(method of snapshot) is then introduced at the end of chapter 2. In the chapter 3,
the new control strategy called “mode-matched control” will be presented. The ex-
perimental result using the strategy and the noise reduction mechanism by microjet

will conclude the chapter. Summary and concluding remark are presented in chapter

4.
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Chapter 2

Reduced Order Model of

Impingement Tone

In order to design a closed-loop control strategy, we adopt a model-based approach. A
model of impingement tones, however, is quite difficult to derive due to the changing
boundary conditions, compressibility effects, and the feedback interactions between
acoustics and the shear-layer dynamics present in the problem. Since our primary
goal is to model the impingement tone dynamics and how they respond to microjet-
control action at the nozzle, we will derive a reduced-order model that only captures
these dominant dynamics and the effect of control. For this derivation, while tools
based on stability theory [18] can be used to obtain some of the parameters such as
the tonal frequencies, they are inadequate for deriving other model-details due to the
complex features of the flow field. Instead, we use the Proper Orthogonal Decom-
position(POD) method and key measurements in the flow field to derive the model.
This model in turn is used to derive an appropriate closed-loop control strategy.

At the beginning, this chapter will present a vortex sheet model of impingement
tone and its state-space form will be suggested. At the following section, the general
theory about Proper Orthogonal Decomposition(POD), a method for data compress-
ing, and its optimality will be suggested. The theory encompasses from the definition
of Karhunen-Loeve expansion and its optimality to a method of snapshot :a practical

method implementing POD method. It is the summary of the some articles written
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by A.J. Newman [25], L. Sirovich [36],[37],[38] and G. Berkooz [7].

2.1 Physical Model and Its State-Space Form

Model identification is one of the major tasks for designing control system and the
most difficult job. In this chapter, an effort was driven to find out a suitable model
for impingement system based on the previous researchers’ idea. The validity of the
system will be testified thorough the capability of predicting the peak in frequency
domain under varying operating conditions. Based on the model, the state-space

equation for control implement will also be driven.

2.1.1 Vortex Sheet Model

To control a certain physical system, it is desired to identify the mechanism governing
the system. With the help from model, we can find out suitable control law and output
parameter which captures the system characteristics well. That is the reason many
researchers made an effort to make a plausible model of the impingement tone in spite
of the difficulties.

Even though it is very difficult work to model the supersonic impinging jet due to
complex phenomena such as compressibility of media or interaction between flow and
acoustics, many researchers have tried to seek the proper model which mimics the
real system fairly well. Previous investigators such as Wagner [44], Neuwerth [24], Ho
& Nosseir [16], Umeda et al.[42] believed that the impingement tones are generated
by a feedback loop. Provided energy from the instability waves in the mixing layer of
the jet, instability waves are generated from acoustic wave in the region of nozzle exit.
These waves magnify themselves as they are swept down to the down stream. On
impinging on the ground, the acoustic waves are caused by high pressure fluctuation of
the grown large scale vortical structure. According to Wagner and Neuwerth [24] the
acoustic waves propagate to upstream inside the jet column for subsonic impinging
jets. On the contrary, Ho & Nossier [16] suggested the propagating waves travel solely

outside the jet column. However, regardless of whether the waves go inside or outside
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the jet, on reaching near the nozzle exit it excites the shear layer of main jet and
completes the feedback loop of noise generation.

By the feedback condition between the flow instability and the upcoming acoustic
wave, the impingement frequency can be calculated from the time required for the
feedback loop to complete its cycle. The impingement tone frequency fy is deter-
mined from the following formula proposed by Powell [27]:

N+p (hdh  h

W~ hate

(N=1,2,3,..) (2.1)

Here h is the distance between the wall and the nozzle exit and C; and C, are the
convection velocities of the downstream-travelling large scale structures and the speed
of upstream-travelling acoustic waves, respectively. NN is an arbitrary integer and p
represents a phase lag, which is caused by the phase difference between the acoustic
wave and the convected disturbance at both the nozzle exit and the source of sound.
Owing to the difficulty of measuring these velocities experimentally, especially in
supersonic jets, most previous investigators assumed a constant value for C; as the
60% of the main jet velocity, but it is not strictly the case. Especially at the different
height, the value changes from 50 % to 60 % of the main jet velocity.

Likewise Powell, Neuwerth suggested the following relation in his paper [24]. It
starts from the idea that the total number of periods in the feedback loop must be

an integer.

h=zX\s = (n—x)\

f = ca/>\s = Cst//\st (22)

From the above equations, we can derive the following equation for the discrete

frequency generated by the feedback:

n

S = M Uew + 1/
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h = distance between plate and nozzle aperture

n = total number of periods

z = number of vortex periods A,; between plate and nozzle aperture
As = acoustic wavelength

¢cst = phase velocity of vortices

co = speed of sound outside jet

Similar to the role of N did in Powell’s relation, an arbitrary integer n causes a
staging phenomena, abrupt jump in dominant frequency as distance h changes. In
the above feedback model, while the downstream instability waves is relatively well
defined (Michalke [23]), the feedback acoustic wave are somewhat unclear. Wagner
[44] attempted to make this wave as a plane wave. However this model was not
concrete enough and some characteristics derived from the model did not support
the experimental data well and moreover it couldn’t predict the Strouhal number
of the impingement tone with satisfactory accuracy. Ho & Nosseir’s model [16] was
too simple to contain any particular spatial mode structure or property either. More
recently, Tam brought one model, a jet as a uniform stream bounded by a vortex
sheet in his paper [40]. His trial was able to give the reason why the helical mode
in large scale vortical structure was impossible for the subsonic jet flow but couldn’t
explain the staging phenomena at all.

In control’s point of view, it is ideal to construct an exact model. But, practically,
it is almost impossible to make it identical to physical system for its complexity
and unexpected parameters. Hence, in this thesis, I suggest a simple model which
can show one of essential characteristics, the staging phenomena because system’s
resonant frequency corresponding to the peak is very important in that this represents
a pattern of its behavior. The objective of a plausible model of the impingement tone
was to be focused on predicting the peak frequency for varying condition for the
uncontrolled case and finding out the most effective and optimal control method for
suppressing the noise for the controlled case.

Even though Tam’s model was still insufficient in some ways, his research has
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given a clue for developing the more discreet model. The model suggested in this
thesis is modified version of the Tam’s trial made in his paper [40]. The basic dif-
ference between Tam’s model and experimental setup of Fluid Mechanics Research
Laboratory in Florida State University will be mentioned afterwards.

The reduced-order model adopted for the control of impingement tones is based
on the vortex-sheet jet model of [40]. Within a short distance(0.01R;) downstream
from the nozzle exit, the jet can be idealized as a uniform stream of velocity U; and
radius R; bounded by a vortex sheet. Small-amplitude disturbances are superimposed
on the vortex sheet (see Fig. B-6). This neglects the effect of the shock structure
due to the microjet action and due to underdeveloped jet (if any) and the boundary
effect of the ground. Let pyy(r,6,2,t) and pg_(r,6,z,t) be the incoming pressure
wave associated with the disturbances outside and inside the jet, denoted respectively
by domain ; and €2, where 2; denotes jet-core which extends from z = —oo to
z = 400, §2; denotes the domain outside the jet-core and (7,8, z) are the cylindrical
coordinates. p,4(r,0,z,t) is the pressure wave reflected from lift plate. This wave
has equal magnitude but opposite direction to the incoming one. Also, let ((z,6,t)
be the radial displacement of the motion of a compressible flow, it can be shown that

the governing equation and r-direction momentum equation for the problem are:

1 &pay 2
EW = V'pat+ (r € Q)
1 /0 8\’ 2
— (= L _ = _ Q 2.4
2 <6t+U]52) i Ve (re) (2.4)
Especially at r = R; and 2z = 2pozze,
8'U+ _ _i 6p+
ot pe OF
0 1o} 1 9dp_
Z ey, = = 2.5
(at + Ufaz> v 0; Or (2:5)

At r — oo, p; satisfies the bounded condition. Where a,, and a; are the speed of
sound outside (§2;) and inside (€2;) the jet and Uj is the main jet speed.

Its solution is expressed as
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Da+ (T’ Z, 09 t) ﬁd-l' (T')
Pd- (T7 2, 9) t) = pd— (7")
((2,0,t) ¢

ez(kz+n9‘wt)

(2.6)

where n =0, £ 1, & 2,... and k, the wavenumber and w (w>0), the angular frequency
are as yet unspecified parameter. Substituting the solution (2.6) into (2.4), it leads

to the following eigenvalue problem about pg, and py_:

d*py 1dp n? w? )
o7 Ty et |~ B e =0 (27)
Ppa- | Ldpa- n?, (w—Uk)* 5.
arr ¢ odr | rebe 2 K| pe-=0 28)
The solutions of (2.7) and (2.8) give
Par = CLHY(nyr) (2.9)
ﬁd_ = Can(’I]_T) (210)

where H(V is the n'" order Hankel function of the first kind, J, is n** order Bessel
1
function of the first kind, n, = (w?/a2 — k)7, n_ = [(w —U;k)?*/a3 — k2] * and Cy

and (', are unknown constants which are to be determined from boundary conditions.

Tam, in his paper, mentioned the necessary boundary conditions that make the

problem well-posed, are as follows.
e Dynamic condition r = R;:
p+ = p- (2.11)

e Kinematic condition r = R;:
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This is definitely a necessary requirement for his model. As seen in Fig. B-6,
the impingement tone system of his paper is different from the experimental setup
of Fluid Mechanics Research Laboratory in Florida State University in that Tam’s
model does not have a lift plate which makes the problem more complicated. In
reality, the shear layer near the nozzle is usually excited from the acoustic wave
generated from downstream mixing layer. In addition to these direct influences, it is
excited by the bouncing acoustic wave from the lift plate near the nozzle exit too.
These direct and reflected acoustic wave intensify the flow interaction with it and
magnify the excitation of the shear layer more violently than simple nozzle without
lift plate. Hence, the previous dynamic and kinematic equality condition are should

be modified especially at near the nozzle exit as:
Condition 1 Dynamic condition r = R;:

pr—p- = Apd(z — €)™ (2.12)

where p, represents the outside pressure field, the superposition of the acoustic wave
(pay) travelling upstream, and a wave reflected from lift plate (p,;) propagating in
the opposite direction with an equal magnitude, i.e., p.(r,0,2,t) = pa.(r, 8, —z,1).
p_ represents the inner pressure field inside the main jet, and Ap denotes an imposed

pressure jump across the shear layer.
Condition 2 Kinematic condition r = R;:

vy —v- = Avd(z — €)=t (2.13)

where v, represents the outside radial velocity field, v_ represents the inner radial
velocity field and Av represents an imposed velocity jump across the shear layer.
Mathematically, the pressure field in the entire flow field can now be expressed as

follows.

P+ = DPi+ +DPrt
= A HY(nyr)cos(kz)elmo—w (2.14)
p. = AyJn(n_r)cos(kz)e =t (2.15)
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where constant A; and A, are to be obtained from boundary conditions.

The pressure and velocity jump Ap and Awv are imposed due to the presence of
the ground plane and can be determined as follows. We model the ground effect
by introducing ’virtual® acoustic sources on the ground plane. In particular, infinite
number of monopoles are assumed to be present at z = L, along a circular line of
radius r = R;, with strength S, varying along the azimuthal coordinate 6. The source
strength is the influenced by the jet vortical structures impinging on the ground plane

and is assumed as

Sw(0) = kpi(r = R;,0,2 = L) (2.16)

where & is a proportional constant whose value can be estimated by comparison with
the experimental data (see Fig. B-7). Using equation. (2.16) and Fig. B-7, we then

calculate Ap and Awv from the sum of pressure excitation caused by each monopole:

. 2m
Ap el(nal —wt) = /0- Apmo/nopole (9> el)de

2 . 6¢monopole
/OSw(B,n)< oy )de (2.17)

Il

and

A 27
Av ez(nal_m) = /0 Vﬁbmonopolede (2'18)

where 6, is the azimuthal location of interest, Ap,onopote(8;61) is the pressure exci-
tation at the collecting point (#;) on the lift plate due to a monopole placed at 6
of the ground plane, ¢,uonopote is the velocity potential due to each monopole placed
on ground plane, and p; is the density of medium in the jet nozzle. The velocity

potential in a moving media can be expressed as[13]

. . 2 0.5
eap | —iwt — Mz W S b2ty
1—M? " c(1— M2 \1— M}

¢ =27

(2.19)

o 05
(1— M) (1 Ve z? + y2)
- 1
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where w is frequency of acoustic wave in radian, ¢ is sound speed and M; is the Mach

number of moving media. Therefore equation (2.17), (2.18) become

exp WML w 1(6;6 )}
Ape = /2” 2mip; wSu (6;n) 1M e -mMp)* ]
P —Jo 1(6;6,) (1—M12)0'5

whM L w

(2.20)

exp 4 — L(; 91)
. 27 9 w 0 { 1— M2 _ 2,0.5
Ave™rt = /0 ——————WS (6;n) {r — R;cos(6, —6)} L c(l— M) do

57 (0;61) 1= M)

where L is the distance between lift plate and ground plane and [ is defined as

L2

To determine A; and A,, three additional conditions due to geometrical restrictions

are imposed near the lift plate and ground plane:

Condition 3 The zero normal flow condition on the lift plate is:

Op+

el 0 (r € Qa,2 = Znozzle) (2.22)

Aside from these flow condition, Tam’s model omitted another important factor
affecting the mechanism. In his work, the distance between lift plate to ground plane
does not do any crucial contribution on distinct noise frequency. One of the conspic-
uous result of the supersonic impinging tone is the staging phenomena of dominant
frequency in acoustic tone. Referring from previous data in fig[B-18], the staging
phenomenon can be concluded to be strongly dependant to the relative distance be-
tween lift plat and ground plane. In general, the gap between two plate influence
on change of dynamics mostly by changing main jet speed. Elavarasan et al. [11]
measured the centerline velocity variation along the supersonic main jet in Fig. B-16.
In this experiment, he tried to suppress the amount of sound by blocking the upcom-

ing wave using baflle near the nozzle exit. As a byproduct he measured centerline
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velocity with and without baffle. Without any control effect, the centerline velocity
can be considered almost constant all the way from lift plate to ground plane except
impingement region. Motivated by the experimental result, such flow variation was
introduced to the Tam’s model. The centerline flow is treated to be constant except
impinging region where its velocity decreases suddenly to zero, which is idealized in

Fig. B-16 and another condition is added as follows.

Condition 4 Mean velocity condition of main jet (see Fig. B-16) is assume to be of

the form

Uy : 0<2<0.8L

Uj: Uy
_O.ZLZ+5U0 : 08L<z< L

where Uj is the exit velocity corresponding to a given Mach number M;.
Condition 4 is inspired from experiments done by Krothapalli et al. [19], where
the mean centerline velocity of impinging jet was observed to drastically reduce to

zero near the ground plane. The centerline velocity model is idealized as Fig. B-16.

Condition 5 Equality condition at r = R; without microjet:

vy 1 0ps

ot pe OF

0 0 _ 1 0p_
('éz + UJ&) v = —pj—a‘;‘. (223)

Substituting equation (2.14) into (2.12) and (2.13) together with (2.23), Condi-

tions 1 and 2 can be written as

[AlH,(ll)(n+Rj) - Aan(n_Rj)] cos(kz) = Apd(z — €) (2.24)

and
1 9py 1 Op- B
iwpeo O  i(w—Uk)p; Or Avd(z —e). (2.25)

Integrating the above equation in the range of (0 < z < L), we get
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A H{V (n R;) sin(kL)
k

- /OL{AQJn(n_Rj) cos(kz)}dz = Ap (2.26)

and

1 ' sin(kL) L 1 ,
A H MO , . I R A
{iwpoo 1 H,| (mR])m} . /O{Z_(W_Ujk)ijZJn(n Vi b cos(kz)dz = Av
(2.27)

Then the pressure amplitude can be calculated from the following equation:

A F: —F A
L 1 22 12 p (2.28)
Ay FuFp—FoFn | _p, Ry Aw
where
sin(kL
F = HT(Ll)(n+Rj) (k ),
L
Fa = = [ {J(n-Ry)cos(k2)} dz,
1 ' sin(kL)
Fy = {iwpooH’(‘l) (77+Rj)77+} A , and

L -1 /
Fy = / —_— _R;)n- kz)dz.
n = [ g o B fcosthalas
Equations (2.14), (2.17), (2.18), and (2.28) provide the complete solution to the

governing equations of the impingement tones problem, given by equation (2.4).

2.1.2 A Control-Oriented Model

As mentioned in the introduction, the goal is to reduce the impingement tones using
a suitable active flow control method. In the experimental facility, active flow control
was implemented using sixteen microjets that are flush mounted circumferentially
around the main jet nozzle. The question here is to determine a control strategy for

modulating the microjet pressure profile in an optimal manner.
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In order to determine the control strategy, the effect of the microjet has to be
incorporated into the model. We note that when microjets are introduced into the
main jet, Condition 5 is changed at 2z = 2,,,.1, since an additional velocity u,, is

added due to the microjet action. We therefore introduce yet another

Condition 6 Equality condition at r = R; with microjet:

vy 1 0py

ot pe Or

15} 0 . 0 1 0p_
(&-FU]-& —uﬂsmag;) v = _p—JW

(2.29)

where u,, is the microjet velocity and « is the microjet inclination angle with respect
to the nozzle center line. The overall solution for A; and As can be derived in a

similar manner as before, using Conditions 1 through 6.

2.1.3 Model Validation

We now validate the model described in the previous section using the experimental
results obtained from the STOVL supersonic jet facility of the Fluid Mechanics Re-
search Laboratory (FMRL) located at the Florida State University [1]. For the sake
of completeness, we briefly describe the faéility below (see Fig. B-4 and B-5 for a
schematic).

The measurements were conducted using an axisymmetric, convergent-divergent
(C-D) nozzle with a design Mach number of 1.5. The throat and exit diameters (d,
d.) of the nozzle are 2.54cm and 2.75cm (see Figs. B-4 and B-5).

The divergent part of the nozzle is a straight-walled conic section with a 3° di-
vergence angle from the throat to the nozzle exit. A circular plate of diameter D
(25.4cm ~ 10d) was flush mounted with the nozzle exit, which represents the ’lift
plate’ of a generic aircraft planform and has a central hole, equal to the nozzle exit
diameter, through which the jet is issued. A 1m x 1m x 25mm aluminum plate
serves as the ground plane and is mounted directly under the nozzle on a hydraulic

lift, and arranged so that the height h of the lift plate from the ground plane can
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be varied over a desired range. To validate the model, this facility was run at Mach
1.5, at h/d = 3.0, 4.0, and 4.5. The detailed information about the experimental
condition will be mentioned the following chapter.

From equation (2.28), it is clear that the peak in the pressure data is determined
by the set (w,k) which satisfies the denominator Fy;F5; — FioFy; = 0. The solution
to this equation is not unique and we choose that particular value of (w,k) which
corresponds to a phase velocity equal to the ambient speed of sound. This means
that the upstream propagating acoustic wave outside the jet has a phase velocity
same as that of the speed of sound in air at rest.

Using equation (2.17), (2.18), and (2.28), the solution p* is compared to the actual
experimental data in Fig. B-17 for the first azimuthal mode, n =1, at the lift plate.

It is clear that the prediction of amplitude of the pressure signal by the model is
poor. This may be due to the fact that the velocity potential in equation (2.19) is
assumed to contain no damping effects. Therefore, no further insight can be obtained
by comparing the amplitude of predicted pressure spectrum with that observed from
experiments in Fig. B-17.

Henceforth, we focus on the ability of the model to predict the frequency of im-
pingement tones for different h/d ratios. It was observed that the peak frequency
calculated from the analytical model shows “staging” phenomena similar to the ex-
perimental data. Fig. B-18 shows a comparison of the staging phenomenon of im-
pingement tones between data obtained through the model and experiments. It is
encouraging to observe that each tone decreases in frequency approximately linearly
with increase in h/d. Note that in Fig. B-18(a), the dominant frequencies observed

in the experiment closely match the edge tones[27] given by the well-known relation

N+¢ hdh h
=/ =+= N=1,23,.. 2.30
= Lo te ( ) (2.30)

where C; and C, are the convective velocities of the downstream-travelling large
structures and the speed of upstream-travelling acoustic waves, respectively, for a
suitably chosen N and p.

The other relevant parameter that the model predicts is the frequency interval
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between two tones for different h/d ratios. The result is summarized in Table A.2.
It is again encouraging to note that the modelling error relative to the experimental
data is less than 20%.

Figs. B-15 and B-19 show the peak frequency intervals between experimental and
modelling results at a particular height, h/d = 6.0.

Clearly, Af; and Af, are comparable in the two figures. It can also be observed
from Table A.2 and Fig. B-19 that the peak interval in both the experimental data
and the analytical solution decreases as the height of the lift plate from the ground
plane increases from h/d = 2.0 to h/d = 5.0. This behavior is not observed beyond
h/d = 5.0 and can be attributed to varying dynamics governing the impingement
tones with height. When the lift plate is close enough to the ground plane, the
upstream propagating acoustic waves duekto impingement plays a major role in shear
layer excitation but its effect diminishes at larger distances. Moreover, the error
between the experimental peak interval and predicted one is almost less than 20%
at every h/D and is around 6% at heights where the feedback loop is a dominant
mechanism in noise generation.

As far as we know, the present work is among the first to obtain analytical mod-
els of impingement tones predicting the staging phenomenon and frequency interval
magnitudes within tolerable limits. Althoﬁgh the two are not sufficient indicators of
the validity of this model, yet the model is considered sufficiently rich and reliable
enough to be suitably used as a mathematical model for obtaining control strategy

that results in optimal noise reduction.

2.1.4 State-Space Equations

So far, we have sought for a model without microjet control and shown the validity
from its ability to predict peak frequency interval for different heights. Regarding the
model as a fairly good enough, model-based control strategy still requires a complete
state-space equation with well defined input and output factor. One major contribu-
tion the microjet can make is velocity change in radial direction near the nozzle exit.

Introduction of microjets disturbs the vortex sheet and its effect can be represented
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by the modified momentum equation in 7-direction (2.23) as follows:

At r = Rja Z = Zpozzle

<;9—t+u“(p“)8z) = " peo O
0 0 1 0p_
(74w oo = 22 @231

where u,, is the amount of radial directional velocity increase by microjet injection,

Dy is the supply pressure to microjet.

By separation of variables, we can write for the outer area ,:

L
pe(r,0,2,t) =D X;(t)®;(r, 6, 2) (2.32)

i=1
where X; is the state variable, ®; is a set of orthonormal functions satisfying the
boundary conditions (Condition 1 ~ Condition 5) and hence can be viewed as
the first L modes of the system. Clearly, ®; is a function of microjet pressure Dy-
Substituting in equation (2.4), and taking inner product with respect to ®;, we get:

!

Xj(t) = aX 3 (V20 2,)X:(t)  j=1,---,L (2.33)

=1
Since the modes are dependant upon p,, we can write equation (2.32) in vector

form as:

X(t) = Alp,) X (t) (2.34)

Discussion about state-space form will stop here. More discrete construction of
matrix A(p,) will be treated at ongoing research. Till now we derived state-space
form, essential expression of governing equation, and confirmed that this is different
from conventional one in that the control input parameter appears as a parameter
in matrix A rather than independent‘term. The detailed control strategy will be

exploited at the next chapter.
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2.2 Proper Orthogonal Decomposition

From several different engineering fields, a lot of system’s behaviors are governed
by mathematical formula such as ordinary differential equation or partial differential
equation. Many types of physical system are well represented by the solution to these
equations. For example, in fluid mechanics field, flow field is fairy well predicted
under Navier-Stokes equation. Hence, to get a solution characterizing the detailed
motion as close to the real system as possible has been one of the major objective to
Fluid mechanics field.

But that is not the sole objective in formulating mathematical model for dynamical
system. In case you are trying to control a plat under the real-time condition, solution
to a particular case is not meaningful under different situation. Real-time control
requires a short calculation time rather than the exact solution. Hence it is needed to
sacrifice the correctness of model for making the equation easier to solve and shorten
the computation time.

The Proper Orthogonal Decomposition (POD) is a tool used to extract the most
energetic modes from a set of realization from the underlying system [17]. These
modes can be used as basis functions for Galerkin projections of the model in order
to reduce the solution space being considered to the smallest linear subspace that is
sufficient to describe the system. The decomposition is ‘optimal’ in that the energy
contained in an N-ordered POD base is greater than any other N-ordered base in
a mean-squared sense. Over the years, it has been applied in several disciplines in-
cluding turbulence in fluid mechanics, stochastic processes, image processing, signal
analysis, data compression, process identification and control in chemical engineering,
and oceanography, and has been referred to by various names including Karhunen-
Loeve decomposition, principal componen£ analysis, and singular value decomposi-
tion. In fluid mechanical systems, the POD technique has been applied in the analysis
of coherent structures in turbulent flows and in obtaining reduced order models to
describe the dominant characteristics of the phenomena. One of the earliest works

was on a fully developed pipe flow, studied by Bakewell and Lumley [6]. Since then,
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POD models have been used to model the one-dimensional Ginzburg-Landau equa-
tion (Sirovich and Rodriguez [39]), the laminar-turbulent transitional flow in a flat
plate boundary layer (Rempfer [30]), pressure fluctuations surrounding a turbulent jet
(Arndt et al. [4]), turbulent plane mixing layer (Delville et al. [10]), velocity field for
an axisymmetric jet (Citriniti and George [9]), low-dimensionality of a turbulent flow
near wake (Ma et al. [22]), low-dimensional leading-edge vortices in the unsteady flow
past a delta wing (Cipolla et al. [8]), and flow over a rectangular cavity (Rowley et
al. [31]). The eigenfunctions were developed using both experimental and numerical

database.

2.2.1 The Karhunen-Loeve Expansion

Suppose a flow is defined on a spatial domain  during a time interval T, the flow
behaviors such as velocity, trajectory and pressure can be determined from govern-
ing equation. These prediction guarantees the accuracy only when the information
about boundary condition and initial condition are perfectly given and the governing
equation mimics the real system fairly well. But at a certain case the flow field is
too sensitive to boundary condition and the small perturbation is not easily detected
using a sensor, conventional deterministic flow expression becomes useless. To avoid
the unpredictability, the flow is treated as a random process with parameter of time

and space. We shall denote the flow variable as follows:

{ugeit € [0,00), 7 € Q} (2.35)

Suppose a flow variable is expressed the sum of orthonormal basis a(t) and ¢(z),
u(z,t) = Z ay (t) n(z). (2.36)

n=1
the complexity of the model can be reduced by truncating the series at a suitable

value. There are a large number of basis set to construct the flow, for example

equation (2.36). Among these, the Karhunen-Loeve expansion is also one way to
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decompose a signal into infinite sum of spatial and temporal term aiming to reduce
the complexity.
Mathematically speaking, the flow expanded using the Karhunen-Loeve theorem

is stated that,

u(t,z) = 2 V() n(2) (2.37)

where the temporal terms are uncorrelated

a(®) = ()7 [ gal@lut,2)de

Elan(t)a, ()] = o (2.38)
/Q on(@)b(x)dz = O (2.39)

and the orthonormal basis functions {¢,} are calculated from integral equation based

on covariance function R, (z,y)

[ Bu(@,9)en)dy = Mnda@) w9
Ru(z,9) = El(u; — a(@))(w, = #(y)) (2.40)

where p(z), u(y) are mean values of variable ug,u,, respectively and ¢ = 0 (if
m # n), 1 (if m = n) . The derivation of the temporal term, the uncorrelated

property and more rigorous proof can be found in Newman’s paper [25].

2.2.2 Optimality of the Karhunen-Loeve Expansion

Karhunen-Loeve expansion is the optimal linear decomposition method for variables.
Here, the “optimal” means that the projection of a variable on the POD mode (ki-
netic energy in flow variable sense) is greater than the projection on any other linear
decomposition in an average sense for a given number of modes. In other words,
Karhunen-Loeve expansion has the least time-averaged error to the original data.
Brief explain about optimality will be mentioned here. For the more rigorous proof,

it would be better refer to the previous work conducted by Berkooz et al.[7]. If a single
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mode {¢} is said to be “similar” to a variable u, it can be expressed mathematically

as follows.

max(|(w, Y)P)/ (%, 9) = (v, #)1*)/($, 9) (2.41)

As to Berkooz et al.[7], a necessary condition for the equation (2.41) to hold is

that ¢ is an eigenvalue of the two-point correlation function.

[ (@), w @) ¢(@)da’ = (') (2.42)

(f,9) = Jq f(z)g*(x)dz: inner product
(, ): time, space or phase average

R(z,z") = (u(x),u(z’)): two-point correlation tensor

Then, the solution ¢ satisfying the equation (2.42) will maximize the equation
(2.41). But the above eigenvalue problem has infinite number of solutions as long
as 2 is bounded. We can normalize these eigenfunctions {¢x} so that ||¢x|| = 1 and
order their eigenvalues by A, > A1 >0

If a flow signal u can be decomposed w'}th respect to the POD orthonormal basis
set, it is given by

5,8) = Y an(t) b 2). (2.43)
In Newman’s paper [25], it is shown that the mean energy of the flow projected on

the a specific mode corresponds to the eigenvalue A,

B¢ w)l] = Ell [ ¢u(@)u(t,)dzf

- E[/asn(x txdx/cpn u(t, y)dy]
= Bl [ pa(@)ult, 2)du(mult,y)dyd]
= [ [ éa(@)Blutt, z)u(t, )lén(y)dyde
= [ 6.@) [ Ria,9)én(v)dyda

= [ (&) Ontn())da
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M [ 16a(@)Pda
= A (2.44)

and the POD coefficient are uncorrelated

(an(t), @’y (£)) = 6™ . (2.45)

From the above equation (2.44), (2.45) and (2.41), the kinetic energy per unit mass

over the domain is denoted by

N
/Q(u,u*)d:n =S (an,a ZE[| by 0[] (2.46)
n=1
Suppose the flow signal is expressed from other arbitrary orthonormal set 1,

u(z,t) = Y ba(t)¥u(z)
/Q<u,U*)dfc = > (b, b7) (2.47)

n
According to the equation (2.41), its energy content projected by a mode v is
always less than that by POD mode ¢.

N N N
X_;(an(t),al(t)) = Z_:l |(¢n, u) Z An 2 Z Efl(¥n, w)[*] = X_:l(bn(t),bZ(t»

(2.48)

Therefore, among all linear decompositions, Karhunen-Loeve expansion contains

the most energy possible for a given number of modes, which fosters POD method to
be used as a good way for reconstructing the model the most efficiently.

There are other approach to explaining the optimality. If F(z,t) is a generalized

zero-mean flow variable, then the POD method seeks to generate an approximation

for F by using separation of variables as

l
F(z,t) = ;Ti(t)@(x) (2.49)

where T;(t) is the i*" temporal mode, ¢;(x) is the i** spatial mode, [ is the number of

modes chosen, and ¢t and = are the temporal and spatial variables respectively. The
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POD method consists of finding ¢; such that the error F(z,t) — F'(z,t) is minimized.
This optimization problem can be stated as follows.
Denote {¢i(2) }z=z,,2n = é; € R*. The POD method is the following optimiza-

tion problem:

-_— - m l - -_
min (@1, ooy $1) = 311G = D (Y Gi)ell® (2.50)
Jj=1 k=1
subject to :
T =05, 1<4,5 <L,V = [¢1, e, P) (2.51)

where Y; € " is the vector of flow data F' at time ¢ = ¢;.
By definition [43], ¥ is a POD modal set if it is a solution to the optimization
problem (2.50) for any value of [ < m.

2.2.3 Method of Snapshots

In practice, flow data are measured from a form of discrete signal by a transducer. The
analogous form of the Karhunen-Loeve expansion should be calculated from infinite
sum of each terms. The procedure for calculating the analogous Karhunen-Loeve

expansion is summarized as follows.

1. Let {u;(t)} be a flow variable of a distinct position ¢ at time ¢

2. The i, j'th element of the covariance matrix (R);; is given by Efu;,u;] and the

corresponding orthonormal eigenvector ¢ and A are calculated from

Rén = Ann n=123- (2.52)

3. The analogous Karhunen-Loeve expansion and its corresponding temporal term is

derived:
w(t) = i\/k_nan(t)(%)i
i) = (V) S (Ga)es(t) (2.53)

=1
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Above procedure for obtaining analogous Karhunen-Loeve expansion is reasonable
but very impractical due to infinite sum. It might cause serious computation problem
especially for treating a large number of spatial data. If the number of discrete spatial
points might increase, the dimension of the covariance matrix R increases fast that
the required computation time to get the eigenvalue also extremely longer. Consider a
vary coarse lattice, even 10 x 10 x 10 division renders the 1000 x 1000 size covariance
matrix. It is very ineffective in practical points of view. The difficulties associated
with large data set should be avoided.

Sirovich [36] in his paper mentioned the method of snapshots, a nice way to make
the calculation more simple and the computation less burdensome. Newman [25]
showed the detailed derivation of the snapshot method which gives great advantages
from the practical points of view. The following is the procedure to get the eigenvec-
tors empirically.

Practically, the continuous flow u(t,z) is éxpressed by u™ = u(n7, z) where 7 is the
time interval between data collection. The ergodic hypothesis gives the correlation

function as

T—o0

1 /T
R(z,y) = lim ?/0 u(z, t)u(y, t)dt (2.54)

and in the same manner, for the sufficiently large M, it can be approximated as

1 M
R(z,y) = M§u(")($)U‘")(y) (2.55)

The integral operator of the approximation becomes
- 1 M
J Bewswy = [ 555 @u@)o0)dy
= L5 i) ey
M= Q

= % anu™(z) (2.56)

From the equation (2.40), this value should satisfy the following
M
Yo aut(z) = A(z) (2.57)
n=1
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Therefore, the empirical eigenfunction can be written

¢(z) = X_;AnU"(w) (2.58)

Substituting this result to the equation (2.55),
1 M
[ 3 M@ ) ¥ MA@y = A Aar()
oM 5 m=1 n=1

1 M
— 5 Mu™(z) Y MAm/ u™uM(yydy = A Aut(z)  (2.59)
M n=1 m=1 2 n=1
Finally, it is represented as a matrix form
(CATV = N\ATV (2.60)
where the matrix C is defined by
1 i ,
Cyj = u /Qu()(a:)u(])(a:)dx,
A=[An- A", V=), uM(@)]" (2.61)
Accepting that the Grammian
/Q V(@)V7(2)de (2.62)

is positive definite, (CA)TV (z) = AATV (z) hold if and only if CA = X\A. Therefore,

the solutions to (2.55) are equivalent to solutions of
CA=)A (2.63)

Note that that quality of the approximation depends on the number of data sam-
ples. High spatial resolution might contribute the computation time but this is the
inner products of equation (2.61). This computation involves only add-multiply op-
eration is of minor importance in an actual calculation.

Tang et al. [41] suggested a simple way to get the POD mode by doing matrix
calculation. Let the p™(j) be the pressure variable at a spatial point n at some time
j wheren =12,--- N and j = 1,2,---,J, with n much smaller than J usually. Now

the matrix ) can be expressed from singular value decomposition as
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pi(1) pi(1) - ()
(1) p(1) - pP(J)
Q=| (1) 1) - P |=UnVT
M) PN - pV(I)
where U(N x ) and V(J x l) are unitary matrix
UF V] =Ua, VIV = i
and
[E]lxl =

ay

01 <0< 03< -0

(2.64)

(2.65)

The matrix V' and o are the eigenvector and the square-root of the eigenvalue of

the correlation matrix QT Q each. The mode-shape can be computed by normalizing

each column of the following matrix @.

2=QV=1[p ¢ ¢

In short, the spatial i** POD mode can be obtained as given below:

=1 i
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Chapter 3

POD-based Closed-loop Control
Strategy

The aim of the research is to reduce OASPL at several heights using the pressure
information of the lift plate. As seen at the previous chapter, the impingement
tones and the ambient flow field are generated from complicated mechanism and the
governing equation describing the impinging tone can not be considered as perfect.
Hence, model based closed-loop control can not guarantee better performance yet.
For the time being, we have to rely on the measured data to infer the governing
mechanism. But measurement based control strategy also has some drawbacks in
that we can not get full information of ﬂowl field and measurable properties are are
confined on only the pressure of lift plate. Moreover, pressure data also requires to
be processed in a short time to be feeded into the control input. From those reason,
it is necessary to capture the dominant dynamics governing impingement tone. To
extract the information as much as possible without losing dominant dynamic, we
adopt POD method, the most efficient way of data compression.

Although POD has been used extensively in determining reduced order models
of flow systems, relatively few attempts have been made to design active control
strategies based on these models Ravindran [29]; Graham et al. [14],[15]; Atwell and
King [5],; Arian et al. [3]. In Ravindran [29], Ravindran applied optimal control

strategy to the reduced order model obtained from the finite element simulation of
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a backward facing step flow. Graham et al. applied a similar technique to develop
a reduced order model for cylinder wake, and used it to reduce the unsteadiness of
the wake flow in Graham et al. [15]. Guaranteeing the stability of such a procedure
which involves both reduced-order modelling and feedback control is not trivial, and
as shown in Graham et al. [14], can lead to instability. In Atwell and King [5], Atwell
and King overcame this problem by using a controller gain as a spatial snapshot
to generate POD basis functions instead of using time snap shots. With such an
approach, a satisfactory closed-loop performance was obtained but the number of
basis functions required was larger. Arian et al. in Arian et al. [3] established
convergence of the POD-based reduced-order technique in the presence of control
input, by embedding it in a Trust-Region (TR), which resulted in the algorithm from
exceeding a certain step size during each iteration. In this paper, our goal is to use
the POD method to extract information about the mode shapes using the pressure

measurements p in order to determine the control input .

3.1 The POD method in flow field

POD method is nothing but a data compressing tool like Fourier series expansion. On
confronting the POD method in control problem, one can ask the following question
“Is there any relationship between the dafa cbmpressing method and control strat-
egy?”’ At the first glance, the data compressing tool seems to have nothing to do with
control part. In fact, the POD method is not directly related to the control technique
but plays an important role especially for simplifying the model.

The difficulty of the modelling was mentioned earlier. It seems almost impossible
to make a fairly reliable model of impingement tone system because of incompress-
ibility and sensitivity to the boundary condition etc. Even if the modelling of the
system is completed, another difficulty still remains for the complexity of the system.
Sometimes the model is mathematically too complicated to be controlled in online
condition. Here POD method acts as a very useful tool for reducing the system’s

order not hurting the its principle dynamics because the model is reduced to a simple
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form by projecting the governing equation on the dominant POD mode. The typical
POD mode captures the system dynamics optimally for a given number of modes
that the POD method is preferred.

With the goal of identifying a control input that has a maximum impact on the
impingement tones even with small and slow change, we take a closer look at the
feedback mechanism that produces the self-sustained oscillations of the impinging
shear layer. Instability waves are generated by the acoustic excitation of the shear
layer near the nozzle exit, which then convect down and evolve into spatially coherent
structures. These waves in turn excite the shear layer at the nozzle exit, thereby
providing the feedback. As indicated by the active control results in Fig.B-9, B-10,
the introduction of the microjets at the nozzle has a large impact on the flow field
even for a mass-flux addition of 0.5% of the main flow. Given the strong sensitivity of
the flow-field as well as the tendencies of specific shear-layer modes to be driven into
resonance to the boundary conditions at the nozzle, we chose the microjet pressure
distribution at the nozzle exit as the control input. As stated in earlier chapter 2.1.4,
a reduced-order model of the impingement tones based on the pressure data both

without and with microjets at the nozzle can be derived as
&t = A(u)z (3.1)
p = Czx (3.2)

where z corresponds to the amplitudes of the impingement tones, p corresponds to
the pressure measurements at the nozzle and v corresponds to the microjet pressure

distribution along the nozzle.

3.2 The Control Strategy

At the earlier chapter, flow at the outer area of the nozzle are expressed by

pi(r,0,2,t) = ZXi(t)d)i(r, 9, z) (3.3)

where X;(t) is the state variable and {®;} is a set of orthonormal functions satisfying

the imposed boundary conditions viewed as the first L modes of the system. In order
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to get the POD modes of the system, it is needed to calculate pressure at all flow
points in three dimensional coordinate. This is not feasible either experimentally or
computationally due to obvious constrains. However, our main goal is to model the
impingement tones and it is worth noting that the key ingredients that contribute to
their formation such as the initiation of the shear layer instability waves and their
interaction with the acoustic waves appear to be localized at the jet nozzle. Therefore
we derive the impingement tones model by focusing only on the POD of the pressure
field close to the nozzle. That is, we derive the control strategy using the expansion:
!
p+(r = R;,0,2 = Znozzte, t) = p(0,1) = X;E(t)¢i(9) (3.4)
im
where R; is the radial position of the sensors on the lift plate. Note that ¢;’s in
equation (3.4) are, quite likely, a subset of ®;’s in equation (2.32) which are the modes
of the entire flow field. The state space equation corresponding to these reduced set
of modes are given by:
. !
Ti(t) = ag, ;(V%i,qu)ﬂ(t) g=1-1 (3.5)

with the inner product suitably defined. In vector form, this becomes:
T(t) = A(p,)T(t). (3.6)

The aim is to choose p,, the microjet pressure distribution such that ||p(r, 8, z, t)||?
is minimized by making use of the pressure measurements made from the sensors
placed on the upstream lift plate. In order to extract maximum possible information
about the system, we adopt the Proper Orthogonal Decomposition(POD) Method.

If F(xz,t) is a generalized zero-mean flow variable, then the POD method seeks to

generate an approximation for F' by using separation of variable as

!
F(z,t) =) _Ti(t)¢i(z) (3.7)
i=1
where T;(t) is the i*" spatial mode, ! is the number of modes chosen, and ¢ and z are

the temporal and spatial variables respectively. The POD method consists of finding
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¢; such that the error F(z,t) — F(:c, t) is minimized. This optimization problem can
be stated as follows.
Denote {¢;(z)}z=z,,.2. = & € R*. The POD method is the following optimiza-

tion problem:

m

—_ - l - -
min Jon (G1, «oooees 1) = ST = Y o) el (3.8)
j=1 k=1
subject to :
G di=0451<0,5<LU=[d,.... 4] (3.9)

where Y; € U™ is the vector of flow data F' at time ¢t = ¢;. By definition (3.8), VU is
a POD modal set if it is a solution to the optimization problem (3.8) for any value
of | < m. The POD modal set can be obtained using the “method of snapshots”
mentioned from the equation (2.67) in earlier chapter.

Once the mode shapes are determined; we simply choose the control strategy as:

Pu(6) = k1(6) (3.10)

where ¢, is the most energetic mode in equation (3.4) and k is a calibration gain.

The complete closed-loop procedure therefore consists of collecting pressure mea-
surements p(d,t), expanding them using POD modes, determining the dominant mode
¢1, and matching the control input-which is the microjet pressure distribution along
the nozzle-to this dominant mode as in equation (3.10).

The closed-loop control approach used here is distinctly different from the tradi-
tional feedback control paradigm where the control input is typically required to be
modulated at the natural frequencies of the system. The latter, in turn, mandates
that the external actuator has the necessary bandwidth for operating at the natural
frequencies. In the problem under consideration, the edge tones associated with the
flow-field are typically a few kilohertz. Given the current valve technology, modu-
lating the microjets at the system frequencies is a near impossibility. The approach
presented above overcomes this hurdle by modulating the control input, p,, at a slow

time-scale, so that it behaves like a parameter. If this control input is chosen ju-
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diciously, then even small and slow changes in this “parameter” can lead to large

changes in the process dynamics.

3.3 The Experimental Support

3.3.1 The Experimental Setup

The Experimental Setup in Florida State University

The experiments were carried out to study jet-induced phenomenon on STOVL air-
craft hovering in and out of ground effect using the STOVL supersonic jet facility
of the Fluid Mechanics Research Laboratory (FMRL) located at the Florida State
University. A schematic of the test geometry with a single impinging jet is shown in
Fig.B-4

Fig.B-3 and Fig.B-4 show respectively the picture of the STOVL supersonic jet
facility and its corresponding schematic of the experimental setup. The whole ex-
perimental setup is composed of three parts: structure mimicking aircraft body (lift
plate and ground plane), measuring devices and compressor which makes the main
jet possible to run on desired condition.

A circular plate of diameter D (25.4 cm ~ 10d) was flush mounted with the nozzle
exit. The circular plate, henceforth referred to as the ‘lift plate’, represents a generic
aircraft planform. Through its concentric hole with exactly the same diameter as the
nozzle exit, jet is issued. A 1 m x 1 m x 25 mm aluminum plate serves as the ground
plane and is mounted directly under the nozzle on a hydraulic lift. Moving the ground
plane to desired place, the hovering instance of the STOVL aircraft is realized. To
simulate the hovering mode perfectly, the experiment should be conducted under the
ground plane’s moving condition. But we are focusing on an experiment conducted
under the fixed height condition for the time being because this is the first step of
series researches which ultimate goal is to reduce noise during taking off the ground.

Moreover we didn’t have enough knowledge about the flow property even for the fixed
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heights condition. Even though it can travel from bottom to near the nozzle exit,
almost every experiments are conducted between h/d = 2 ~ 9 where the barrier effect
shows distinctly. Center of the plate is made up of glass to reveal the cross section
of the flow. Here, PIV technique is used to investigate this cross section of the flow.
The detailed explanation about PIV measurements will be covered later part of this
section.

Flow control was implemented using sixteen microjets, mounted circumferentially
around the main jet. Different from the conventional active noise control actuator
like a speaker, the microjets contribute indirectly to noise reduction by changing
the boundary condition of the main flow. At the first glance, it seems to respond
somewhat late because extra steps are needed for changing boundary conditions to
propagate the whole area. But its effect appears fast enough and the amount of
noise reduction is much greater than other method. So far, the control was passive
way flushing 16 microjets with 100 psi chamber pressure without considering varying
experimental situation such as height change so that the effect was very limited to a
certain condition. In this thesis, mode-matched control, an active control based on
POD analysis is conducted and its effect will be compared to the passive control way
to see how much gain improved from this new control strategy.

The microjet, an active actuator, is a small hole fabricated using 400 pm diam-
eter stainless tubes and oriented at approximately 20° with respect to the main jet
axis. The supply for the microjets was provided from compressed Nitrogen cylinder
through a main and four secondary plenum chambers. Before reaching to each cham-
ber, pressure passing thorough the pipe is controlled by electro-pneumatic servo valve,
REXROTH. By adding a closed-loop PID control to this valve, the supply pressure
is maintained to a desired value in spite of external disturbance and pressure drop
during the experiment. Pressure signals of secondary plenum chamber are feeded into
data acquisition board and compared to the target pressure. The difference are mod-
ified by PID gain and feeded into valve input signal again, which completed microjet
PID control loop. All these process are managed by LabV I EWTM software installed

in personal computer. The signal of the plenum pressure is initially captured by pres-
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sure transducer, Scani Valve, and relayed into National Instrument AT0-M10-16E-2
data acquisition board but the target signal goes from an analog signal generator,
PCI-6703, which occupies another slot in PC. Following the above logic, the supply
pressures to each bank of microjets could be independently controlled and their in-
tensities are kept constant regardless of external disturbance. The Microjets were
operated over a range of NPR = 5 to 7 where the combined mass flow rate from all
the microjets was less than 0.5% of the primary jet mass flux.

The unsteady loads generated by the impinging jet flow were measured using
Kulite™ transducers on the lift plate and the ground plate. In addition, near-field
noise was measured using a 0.635 cm B&KTM microphones placed approximately
25 cm away from the jet oriented 90° to the jet axis. Six high frequency response
miniature Kulite?™ pressure transducers placed symmetrically around the nozzle
periphery plate, at r/d =1.3 from the nozzle centerline, were used to obtain this
distribution (Fig. B-5). The transducer ouﬁputs were conditioned and simultaneously
sampled using National Instruments digital data acquisition cards and LabVIEWTM
software. Standard statistical analysis techniques were used to obtain the spectral
content and the Overall Sound Pressure Level (OASPL) from these measurements.

The nozzle is convergent-divergent (C-D) type with a design Mach number of 1.5.
Air goes from a high-pressure blow-down cbmpressed air facility to the nozzle. The
facility is driven by a high-displacement reciprocating air compressor, can supply air
at a maximum storage pressure 160 bars. Large storage tanks provide a total capacity
of 10 m? and are capable of driving the Mach 1.5 jet continuously up to 40 min.

The throat and exit diameters (d, de) of the nozzle are 2.54cm and 2.75cm (see
Fig.B-5 & B-4 ). The divergent part of the nozzle is a straight-walled conic section
with 3° divergence angle from the throat to the nozzle exit. Although tests were
conducted over a range of Nozzle Pressure Ratios (NPR, the ratio stagnation pressure
to ambient pressure), the results discussed in the present paper are limited to NPR =
3.7. This specific ration corresponds to an ideally expanded Mach 1.5 jet velocity. For
cross-sectional flow visualization, the jet was seeded with small (~1 pm in diameter)

oil droplets generated using a modified Laskin nozzle and, investigating the large-
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scale vortical structure, the ambient air was also seeded with smoke particle ( 5 pm
in diameter) produced by a Rosco™ fog generator.

As mentioned before, the flow field was visualized using Particle Image Velocime-
ter (PIV) technique. This apparatus plays an important role in analysis on the flow
field. Its main feature is to record two consecutive images in quick succession. From
a series of two images, the velocity field is derived using a cross-correlation algorithm.
The image is the oil or smoke particles illuminated by a double pulsed digitally se-
quenced Nd:YAG laser (Spectra-Physics, 400 mJ) which is a light sheet about 1.5 mm
thickness created by suitable combination of spherical cylindrical lenses. The laser
sheet position z with respect to the nozzle exit was varied from 1 d to 3 d to take
a interested flow section. A schematic of the experimental arrangement of the PIV
system is shown in Fig.B-8.

The images were recorded by a cross correlation CCD camera (Kodak ES 1.0).
Its resolution is 1 k x 1 k and is operéted in double pulsed mode. In this mode
of operation, with proper synchronization with laser pulses, the camera can acquire
double images at a rate of 15 images pairs per second. The present measurements were
confined around 60 x 60 mm square cross section to ensure better image and to process
it quickly. The time between pulses was optimized at 1.2 us. The double pulsed
images were acquired through an Imaging Technologies ICPCI board, which resides
on a single slot of the PCI bus of a personal computer. An image matching approach
was used for the digital processing of the image pairs to produce the displacement
field. To achieve velocity data with high spatial resolution, a novel processing scheme
was used, which are described in Lourenco, et.al. [21]. The marked advantage of
this approach is that the velocity field is described at any point with second-order
accuracy and thus computation of derivatives is accomplished with higher precision.
At PIV measurement, the jet stagnation temperature was maintained at 320K. We
slightly heated the jet nozzle to avoid the condensation happening on the glass when
the gap between nozzle to ground is close enough. For further technology about the

PIV, the reader can refer to a reference by A.Krothapalli et al. [19].
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3.3.2 The Previous Study

Many trials to suppress the impingement tone using microjet have already been con-
ducted by Florida State University members using the above experimental set up.
Krothapalli [19] had exploited various phenomena of supersonic impingement flow
using PIV. Followed by him, Shih et al. [35] used microjet to reduce impingement
tones and found several factors affecting the level of noise generation and pressure
fluctuation of the lift plate. The past research was rather proof-of-concept study to
examine whether the microjet is a possible candidate to alleviate the adverse effect
of supersonic impingement flow.

Shih [35]’s experiment indicates the possibility of microjet as a good actuator for
suppressing noise. Supersonic impinging jets produce a very unsteady flow field, with
high noise levels and discrete frequency acoustic tones. The instantaneous shadow-
graph in Fig.B-9a show the a representative ‘image for an uncontrolled - microjet off
- impinging jet. We can see the distinct wave propagating up to the nozzle exit and
bounded wave from the lift plate. A large-scale structure are also conspicuous near
the ground plane. It is thought to be the main culprit for the flow entrainment and
consequent cause of a large amount of lift loss suffered by STOVL aircraft during the
hovering mode.

On the other hand, the effect of microjet is visible from the shadowgraph image in
Fig.B-9b. The image is completely changed from the uncontrolled one in some features
that totally different dynamics seem to be dominant at the controlled case. The
ambient air becomes free from the acoustic wave and a distinct large-scale structure
in the middle of the jet disappeared. In addition, an unexpected streak happens
parallel to the main jet flow. It is worth noting that such streaks have been taken
as an indicator of the presence of streamwise vorticity expected to be responsible for
the improvement of performance.

PIV image in Fig.B-12 together with Planer Laser Scattering (PLS) in Fig.B-
11 supports the role of the streamwise vorticity in noise reduction mechanism. Shih

showed Fig.B-11, strongly indented shear layer images, in his paper [35]. Prompted by
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the visual evidence, we quantitatively examined flow field using PIV at the previous
research [20]. In the cross sectional image of main nozzle, 16 pairs of streamwise and
counter streamwise vortices could be detected exactly where microjets were placed.

Fig.B-13 shows the narrowband spectra of the unsteady pressure signal on the
lift plate for NPR = 3.7, h/d = 4.0. The presence on multiple tones is apparent
by the discrete peaks in the spectra. By activating the microjet, distinct peaks are
significantly diminished or entirely eliminated. Along with the narrow band noise
reduction, the broadband noise amplitude was diminished to a certain extent. Such
overall amplitude reduction patterns are seen in other data captured on the ground
plane and near-field acoustic measurement collected by microphone (Alvi et al. [1]).

As can be seen in Fig.B-10, unsteady fluctuation at the lift plate is drastically
reduced by introduction of microjet. These reduction can be found under ideally
expanded nozzle condition (NPR = 3.7) as well as under-expanded case (NPR =
5.0). Inferring from the mechanism of impingement tone, the microjets is thought
to disrupt the feedback loop, thereby prevent initiation of large scale structure and
finally reduce the pressure fluctuation on the lift plate and noise generation over the
ambient medium. The previous research [20] suggested a possible role of streamwise
vorticity in this noise reduction mechanis‘m. We believed that the streamwise vortices
formed by microjet extract energy from spaﬁwise vorticity and weaken the large scale
structure. Consequently, the weakening vortical structure produces weaker acoustic
waves when it impinges on the ground and attenuates the feedback loop.

Fig.B-10 are the overall reduction in the unsteady pressure and acoustic levels( Pys)
on the lift plate, ground plane and the near field noise for NPR=3.7 and 5. From the
graph, we can easily notice that the microjet did reduce the overall sound pressure
level to a certain degree under any circumstance, which is supported by three data
set measured from different sensor positions. Another clear trend is that the amount
of reduction is much larger for the under-expanded impinging jet, operated at NPR
= b compared to the ideally expanded case.

The most noteworthy fact is the reduction is non-uniform with respect to the

height (in Fig.B-10) and is unpredictable (as seen in Fig.B-14). It is well-known
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that the properties of feedback loop of the uncontrolled jet, such as the amplitude
and frequency of the impingement tones and the dominant instability modes in the
flow, are highly sensitive to operating conditions. It is also worth noting due to the
sensitivity of the feedback loop on the exact operating conditions, the effect of microjet
control can vary even if the conditions are kept constant. As an example, although the
height at which the microjets are minimally effective is h/d = 4.5 for the conditions
in Fig.[B-14], it can on occasion shift to h/d = 4 or 5 during a particular test. Hence,
an efficient control scheme should be able to adapt to the changes in the local flow
conditions, on-line to provide optimal control over the entire operating range. The
closed-loop control method mentioned in this thesis uses on-line measurements and
active-adaptive algorithm to obtain a uniform and guaranteed reduction over a range

of operating conditions in a reliable manner.

3.3.3 Result and Possible Mechanism of Microjet Effect

The mode-matched control strategy described above was implemented in the experi-
mental apparatus described earlier, for a range of heights. At each height, in addition
to the mode-matched control, the active control strategy as in Shih et al. [35] was also
implemented. Since in the latter case, the spatial distribution of microjet pressure
around the nozzle exit was kept uniform, it is referred to as “symmetric control.”
Since the latter does not use any system measurements and is determined a priori,
the symmetric control can also be viewed -as an open-loop control procedure. In order
to ensure a fair comparison between the two control methods, the main nozzle was
forced to operate under the constant condition throughout whole process.

The calibration constant k in equation (3.10) was chosen such that the minimum
and maximum values of the POD mode over # corresponds to 70psi and 120psi,
respectively. These values were chosen since they ensured maximum effectiveness.
Since the actuator configuration was such that it consisted of four microjet-banks
that can be controlled independently and each bank in turn controlled four microjets,
the bank input pressure was chosen as the average pressure values of the position

where the four microjets are located. Fig.B-20 shows the shape of the first mode
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and the suggested microjet bank pressure distribution for several heights. As can be
seen in Fig.B-21, the mode-matched control strategy showed better performance at
the experiment throughout all operational conditions, with a large improvement at
heights h/d = 4, 4.5 and 5. The reason for this increased pressure reduction can be
attributed to the percentage of energy contained in the dominant mode, which is used
in the control strategy. As shown in table A.1, at heights 4 to 5, the energy content
of the first mode is above 86% whereas at heights 2 and 3, the energy level drops to
55 % and below. As a result, the corresponding improvement in the mode-matched
strategy also drops to about half the dB-value at heights 2 and 3 compared to at
heights 4.0, 4.5, and 5.

The above result was very meaningful for the following reasons. First, the new
control method caused a large amount of reduction as much as 9 dB at a certain height
(h/d = 5.0) where the previous method couldn’t generate any reduction in Fig.B-21.
It means we now have possibility to realiée even amount of noise reduction regardless
of height distance. Second, new control method shows always better performance
than the previous symmetric control strategy. To understand this phenomenon, we
have to investigate the mechanism how the feedback loop of impingement tone sys-
tem is intercepted and noise level is reduced by microjet action. Unfortunately, the
mechanism is not well confirmed yet. As to the previous study, the streamwise vor-
ticity is thought to extract the total kinetic energy from strong vorticity developed
in azimuthal direction and weaken the development of large scale structure. As a
result, the acoustic wave generated from impingement of the structure also becomes
weak and finally the measured OASPL is reduced to some extent. While the microjet
turns on, the intensity of the streamwise vorticity measured from PIV device is much
higher than the amount can be generated from only 16 microjets’ flushing. Recently,
Shih et al. showed that a part of azimuthal, radial vorticity can be redirected to
generate strong streamwise vorticity by the tilting and stretching of other vorticities

in his paper [34]. The summary is as follows.

D
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where &, U , P, D, v represent vorticity, velocity, density, pressure and kinematic
viscosity, respectively. The above time-averaged vorticity transport equation shows
how the streamwise vorticity is developed by other components. If both the baroclinic
and the diffusion terms are neglected, the z directional streamwise vorticity transport

equation can be expressed as follows.

Dw; _ OU. 0U: (l%)
Dt o Yy T\ 5

Directly, the streamwise voritcity (w,) is intensified by the tilting of the radial

(3.12)

and azimuthal vorticity into the streamwise direction. The first term of the above
equation represents the stretching of the existing streamwise vorticity. This term
plays a crucial role only when the flow accelerates locally like under-expanded nozzle
condition. Because we are considering only ideally expanded case at the experiment,
this term is almost negligible. Clearly enough, the third term illustrates the tilting
of azimuthal vorticity due to the streamwise velocity variation in @ direction. This
mechanism is clearly understood, but it is not enough for explaining the whole source

of streamwise vorticity.
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Following the above equation (3.13), we can find out the radial vorticity (wy) is

(3.13)

developed by the tilting of azimuthal component described in the third term. As
a result, the radial vorticity component is redirected into the streamwise vorticity.
Affected by the increase of both wp and w,, the streamwise vorticity is well developed
finally. The detailed explanation for the streamwise vorticity generation mechanism
can be referred to the Shih’s paper [34].

At the mode-matched control strategy, the streawise velocity (U,) and radial ve-
locity (U,) are set to be proportional to the first POD mode. Azimuthal variation of
those velocities is thought to be systematically distributed so it can generate stronger
streamwise vorticity than what the symmetric control strategy can generate. To ver-
ify this effect, detailed analysis based on the impingement tone model and support

by PIV measurement should be conducted together. Furthermore, it is worthwhile to
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find the optimal control strategy for the impingement tone system using the model.

These directions will be pursued in the future.
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Chapter 4

Summary and Concluding Remark

‘The objective of this research is to develop an active closed-loop control strategy to
enhance STOVL aircraft performance. Most of adverse effects in STOVL aircraft
system are caused by the feedback loop: the interaction between the ambient flow
field and acoustic wave reflected from the ground plane. Previous investigators have
found that the microjet injection into the main flow intercepted the interaction and
generated a significant amount of noise reduction. In this thesis we explored a control
strategy to reduce the noise more effectively than previous control method.

In the chapter 2, a mathematical model called “vortex-sheet model” was intro-
duced and its validity was supported from two experimental observations. The staging
phenomena of peak frequency predicted from the analytical model was also seen in
experimental data and the amount of interval between one peak to next is observed to
be decreased as the gap between the ground and the lift plate becomes farther. Even
though the model is very close to the real system, it is too complicated to be used for
a plant to be controlled in real-time. Hence, the Proper Orthogonal Decomposition, a
tool for extracting the dominant dynamics from the experimental data was presented
to reduce the complexity of the model.

In the chapter 3, a “mode-matched control” strategy based on the POD mode
of the flow field was introduced. Its effectiveness was proven from the experimental
data and one possible explanation how the microjet can cause the significant amount

of noise reduction. For the experiment, we focused just on the ideally expanded
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nozzle case. In fact, the best noise reduction by microjets happens when the nozzle
is running in an under-expanded condition. As the nozzle goes from under-expanded
to over-expanded condition, it becomes more difficult to control. Even thought the
worst condition requiring noise reduction is over-expanded, because the OASPL of
over-expanded case is usually less higher than ideally expanded nozzle and less prone
to noise, it is more important in practice to find a control strategy for the ideally
expanded condition. To compare its efficacy to the past open-loop control strategy,
OASPL of two cases were compared under the same flow condition. The result showed
that the amount of noise reduction by “mode-matched control” is much larger than
that by “symmetric control” method. It is very promising in that we have possibility
to cause even noise reduction regardless of height change and new method is better
than open-loop control under any condition.

In further research, the optimal control strategy for the impingement tone sys-
tem using the more model needs to be pursued and the mechanism about the noise

reduction needs to be supported from various experimental investigations.
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Appendix A

Tables

Table A.1: The energy content of the first four modes at each height (NPR=3.7)

h/d | Model | Mode2 | Mode3 | Mode4
2.0 | 0.4615 | 0.2488 | 0.1785 | 0.1111
3.0 | 0.5515 | 0.2745 | 0.1144 | 0.0597
4.0 | 0.8609 | 0.0691 | 0.0443 | 0.0257
4.5 | 0.8836 | 0.0517 | 0.0389 | 0.0258
5.0 | 0.8736 | 0.0757 | 0.0314 | 0.0194
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Table A.2: Comparison of peak frequency interval (Hz) NPR=3.7, M =1.5

h/d | Experiment data | Model prediction | Percent of discrepancy
2.0 2688.67 2525.0 6.1
3.0 1926.88 2250.0 16.8
4.0 1473.20 1666.7 13.1
4.5 1289.01 1500.0 16.4
5.0 1137.50 1350.0 18.7
6.0 1196.25 1125.0 6.0
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Appendix B

Figures
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Figure B-1: Flow field created by the propulsion system around a STOVL aircraft
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Figure B-2: Instantaneous shadowgraphs of a supersonic impinging jet at NPR = 3.7,
h/d = 5.5
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Figure B-3: The experimental set up of Fluid Mechanics Research Laboratory in
Florida State University
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Figure B-4: Schematic of the experimental arrangement
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Figure B-5: Schematic of the lift plate
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Figure B-6: Vortex-sheet model for impingement tones control problem
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Figure B-7: Expected shear layer intensity distribution (a), coordinate system used
for calculating acoustic excitation (b).
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Figure B-8: Schematic diagram of PIV mearsuring process
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Figure B-9: Instantaneous shadowgraph images of a supersonic impinging jets without
(a) and with control (b) at NPR = 3.7, h/d = 4
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Figure B-10: Reductions in fluctuating pressure intensities as a function of h/d, NPR
=5 (a) and NPR = 3.7 (b)
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No Control With Control

(a) Instantaneous PLS images

No Control With Control

(b) Time-averaged PLS images

Figure B-11: PLS images taken at one diameter downstream of nozzle, NPR = 5.0,
h/d = 4.0; (a)Instantaneous image, (b)Time-averaged image
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(a) Instantaneous PIV images
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(b) Time-averaged PIV images

Figure B-12: Streamwise vorticity distribution at the z/d = 1.0 cross plane of the jet
flow NPR = 5.0, h/d = 4.0; (a)Instantaneous image, (b)Time-averaged image
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Figure B-13: Frequency spectra for unsteady pressure on the lift plate of NPR = 3.7,
h/d = 4.0
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Figure B-14: Microjet effectiveness on different trials (NPR = 3.7) conducted on Sep.
2000 (a) and Dec. 2001 (b)
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Figure B-15: Frequency spectra for unsteady pressure on the lift plate of NPR = 3.7,
h/d = 6.0 (a) and model prediction of NPR = 6.0 (b)
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Figure B-16: The idealized centerline velocity
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Figure B-17: Frequency spectra of the unsteady pressure on the lift plate at NPR
= 3.7: (a) Experimental data, and (b) Model prediction. Note that the amplitude
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scales in (a) and (b) are different.
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Figure B-18: Variation of frequency of three impinging tones with h/d at NPR = 3.7:
(a) Experimental data, and (b) Model Prediction.
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Figure B-19: Peak frequency interval of experimental data and model prediction (
NPR=3.7, M =1.5)
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Figure B-20: The first mode shape and suggested pressure for each height. x axis is
transducer position, y axis is normalized mode value
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