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ABSTRACT

Pulsed flow has been recognized as having significant advantages over steady
flow in many applications Essential to the implementation of these applications is the
creation of a pulsed flow at desired frequencies Therefore, it 15 necessary to investigate
ways of creating pulsed flows efficiently.

The Objective of this research 1s to investigate the oscillation properties of
enclosed cavities. The research consisted of investigating the properties of a cavaty axial
pulse ‘generator and nvestigating techniques for active control of the amplitude of the
pulses. Firstly, a comparison of two different types of fluidic oscillators 15 presented,
with a discussion of the current models for cavity flow oscillation and their shortcomings,
and a £11scuss1on of shear layers as applied to jets and jet forcing This leads to a
presentation of a method to enhance oscillations in an axisymmetric cavity. Then, the
results of an experimental study performed at the Umversity of Tennessee Space Institute
Propulsion Lab are presented.

Oscillations were observed 1n the enclosed cavities that were significantly higher
than the calculated Helmholtz frequency of the cavity. The large scatter of the data
suggests that the Rossiter equation 1s not a complete model to use mn describing the
oscillation characteristics of the cavity Another model considered was that the jet
coupling with the acoustic modes of the cavity. The correlation between the predicted
acoustic modes of the cavity and the measured cavity data 1s similar to that for the
Rossiter model. This suggests that the oscillations produced by the jet are complex and
may 1nvolve both coupling with the cavity acoustic modes as well as viscous mteraction

iu



of the shear layer with the cavity. As a result, it is recommended that further studies be
conducted ncluding measuring the phases and 1dentifying the modes of oscillations.

A significant mcrease 1n oscillation amplitude was not observed when a forcing
frequency was applied As a result, 1t is recommended that further studies be done
including flow visualization, quantitative studies of shear layer growth and the effects of

increasing the amplitude of the forcing.
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CHAPTER I

INTRODUCTION

BACKGROUND

Pulsed flow has been recogmized as having significant advantages over steady

123436 on the advantages of pulsed flow have

flow 1n many applications. Investigations
been done 1n the areas of deep hole drilling, underwater sound generation, jet vectoring,
flow attachment over airfoils and combustion chamber mixing. Essential to the
implementation of these concepts 1s the creation of a pulsed flow at desired frequencies.
Therefore, 1t 1s necessary to investigate ways of creating pulsed flows efficiently.

There exist various pulse generators that normally operate at relatively low
frequencies. For certain applications very high frequencies are desirable, in the range of
1kHz to 10 kHz. Currently, fluidic oscillators generate pulse flows with maximum
frequencies of nearly 250 Hz. Furthermore, the tota] pressure loss within these devices
can be as high as 60 per cent. In order to create high frequency pulsed flow, 1t 1s
necessary to investigate fluid flow processes that can support sustained oscillations.

In general, oscillators require two processes 1n order to function The first 1s a
process that generates a wave and the second is a feedback process. These two processes
must be linked 1n a certain phase relationship in order to ensure the oscillations are
maintained

A promusing method for pulsed flow generation is to manipulate the passive

geometry of an enclosed cavity to tune the interaction of the shear layer with the cavity



geometry for maximum amplification of the shear layer instabilities. In examining this
method there are two processes that allow self-sustaining oscillations to occur.

Th;a first process is flud flow over cavities. Fluid flow over (;avitles is part of a
class of flows susceptible to the creation of self-sustaining oscillations. This type of flow

occurs in many different applications and the created oscillations have many detrimental

1

effects such as increasing drag, generating noise, and contributing to structural vibration

and fatigue. Consequently 1t has been extensively studied for a number of years” ® and

9, 10

much work has been done in determining how to suppress them These studies have

" revealed that the oscillations produced in cavities are considered the result of shear layer

interactions within the cavity. Disturbances are created when the shear layer interacts
v;/ith the trailing edge of the cavity. These disturbances travgl upstream to the leading
edge of the cavity and influence the shear layer development. When these two processes
are properly synchronized, self-sustaining oscillations are produced.

The second process is the jet shear layer instability. A shear layer 1s formed when
two streams of different \;elocities move over each other. Shear layers are naturally
unstable to small perturbations throuth the Kelvin-Helmholtz instabilities. Their growth
usuall)! follows two stages. Immediately after the shear layer forms it experiences
transverse undulations that grow exponentially at a fundamental frequency. This constant
exponential growth at the fundamental frequer‘lcy continues until the vortices formed in
the shear layer begin to c_oalesg:e: This coalescence introduces subharmonics into the

shear layer, which reduces ttie growth of the fundamental frequency. The coalescence of

¢




vortices leads to the growth of the shear layer Eventually the coalescence deteriorates

nto small-scale turbulence.

One difficulty in applying the concepts of cavity oscillation to pulsed flow is the
fact that the studies done and the models produced involved flow over cavities that are
not enclosed. It is unclear whether or not the models for open cavities apply to enclosed
cavities.

The second point of interest 1s that passive cavity tuning relies solely on cavity
geometry to produce the required oscillation. It is unclear whether or not the frequency
of oscillation can be controlled or the amplitude of the oscillation frequency can be

enhanced through external means.

STATEMENT OF OBJECTIVE

The Objective of this research 1s to investigate the oscillation properties of
enclosed cavities. The research is divided into two parts. The first bart concentrates on
investigating the properties of a cavity axial pulse generator. The second part consists of
mvestigating techmiques for active control of the amplitude of the pulses.

The results of this investigation are presented in five chapters. Follgwmg thus first
introductory chapter, Chapter 2 presents a comparison of two different types of fluidic
oscillators, a discussion of the current models for cavity flow, a discussion shear layers as
applied to jets and jet forcing and finally a proposed technique for amplitude
enhancement. Chapter 3 discusses experimental setup and procedures. Chapter 4

presents and discusses results. Chapter 5 outlines conclusions and recommendations



CHAPTER II

TECHNICAL REVIEW

This chapter provides a techmical background and analysis for fluidic oscillator
properties The chapter starts with a description and comparison of two d1ffe£ent types of
ﬂUI;ilC oscillatc;rs. This discussion reveals that an efficient fluidic oscillator is possible
utilizing the properties of fluid flow over cavities. Because of this, cavity flow and cavity
flow models are discussed. This discussion reveals that shear layer and shear layer
mt‘eractlon is a fundamental part of oscillations in cavity flow. Consequently, shear
layers are discussed with an emphasis on shear layer‘forcmg. Finally, a brief analysis 1s
given that determines the required frequency to enhance the amplitude of cavity flow

oscillations.

REVIEW OF FLUIDIC OSCILLATORS

Kowal'! mvestlgatedrthe properties of a bistable fluidic oscillator that used the
Coanda effect. In i(owal‘s work, the maximum frequency achieved was 110 Hz at .98
Mach. He found that the frequency of the oscxllator\\lvas controllable with the frequency
being a linear function of the s;upply flow rate. Typical results taken from Kowgl's work
are shown in Figure 2-1. However, he noted that the device tested had a significant total
pressure drop, which makes 1t an unlikely candidate for use as an efficient source of

pulsed flow. The device also produces two pulsed jets from one imnput jet, thereby

decreasing the effectiveness of each output.
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Morel'? studied the properties of a Helmholtz resonator driven by a round jet
passing through it, which he dubbed a Jet Driven Helmholtz Oscillator (JDHO). A,
diagram of this device 1s shown in figure 2-2. A significant point to note is that this
device produces only one pulsed flow jet. Morel found that, as the jet velocity increased
gradually, the JDHO chamber pressure went though a sequence of oscillatio;ls separated
by periods of relative quiescence. Morel refers to these periods of oscillations as
“modes”, For a given mode the frequency of these pressure oscillations increased with
increasing jet velocity. Then it reached a maximum at a frequency slightly higher than
the Helmbholtz frequency of the resonator, and then decayed. The jet Mach number was
between .01 and .15 with oscillations in the range of 100 Hz to 300 Hz. The operating
frequency of the oscillator was always closc; to the Helmholtz frequency of the device,
which is a function of the cavity geometry.

Morel proposes that the oscillation 1s a result the following process: The jet
entering the }:avity contains a low frequency ordered axisymmetric flow. This jet
impinges on the exit of the cavity and creates periodic pressure pulses. These pressure
pulses are selectively amplified by the Helmholtz resonator geometrical property of the
device. The amplified pressure pulses are fed back upstream and cause the jet to
fluctuate at the inlet, which induces jet forcing at the frequency of the amplified pressure
pulses. The jet shear layer responds to the forcing and amplifies it, which completes the

loop.
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The advantage of the JDHO is that 1t produces a single pulsed jet output with
minimal total pressure loss. Because the JDHO ‘pulsed flow is essentially a Helmholtz
resonator, the frequency of oscillation is a function of the cavity geometry, which 1s not
as easy to change as the supply volume flow rat@," as with the Coanda effect oscillator.
However, since the efficiency of producing the pulsed flow is the primary concern the
method that seems to provide the most promise is the configuration discussed by Morel.

’fhe Helmbholtz resonator is not the only mechanism that can induce oscillation in
an enclosed cavity. Another flow mechanisms can generate oscillations at significantly
higher frequencies with a given cavity than thosé produced through the Helmholtz
resonator phenomenon. This mechanism utilizes the impingement of shear layers on a
downstream obstacle. With this in mind, a review of cavity oscillation models could
provide some insight into the operation of this device.

REVIEW OF CAVITY OSCILLATION MODELS

Cavity flow 1s one of a general class of flows that deal with shear layers
impinging on a downstream obstacle. Lucas® relates categories of shear layer
impingement developed i)y Rockwel} and Naudasacher, which are illustrated m Figure 2-
3. Lucas notes that common to ;111 of these different types is the pressure phase
relationship between the disturbance created by the shear layer impinging on the
downstream obstacle and the convergence of this pressure dis:turbance upstream in the
v1;:1nity of the edge which created the shear layer: This feedback ‘mechanism selectively
amplifies frequencies in the shear layer, Wh,lCh ‘proc‘luces shear layer fluctuations in ’a

narrow band of frequencies.
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‘a. fluid dynamic, where the oscillation is a result of 'the;iknhe*rent flow 1nstability in ‘

N .
1 . »
: 3 .

" .. the cavity shear layer; , ' o :
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b.’ fluid resonant, where the oscillation arises from resonant wave effects; and -
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C. ﬂﬁjd elastic, where oscillations occur through coupling with the solid boundary. -

- " N - -

’

: _Exami)‘lqs of these types of cavities are shown 1n Figure 2-4. . . R
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» . Fluid dynamic, oscillations occur when. the ratio of the cavity length. to the

'
I3

acoustic wavelength is very small. In these types of oscillations, the primary mechanism

- 5 = f !

for creating the oscillations is the amplification-of disturbances in the cavity shear layer.
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Selective amplification of the shear layer causes certain frequencies to be amplified more .
‘ Loy . o o ' .
o . .

than others. This is combined with the feedback from the downstream’ disturbances
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enhanced by the cavity trailing edge to create a self-sustaining oscillation. - - ‘
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Fluid resonant oscillations come about when the cavity length is of the same order

“
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_as the acoustic wavelength. These types of oscillations .occur only at certain.ratios of
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: wa;/eléngth to cavity length corresponding to resonant staﬁding waves ‘in the cavity.
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_ .. '~Rockwell and Naudascher note however that effects' such as the cavity shear layer and

mass addition at the cavity trailing edge complicate the predication of these ratios. Fluid
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Figure 2-4 Types of Cavity Resonance (from Rockwell and Naudascher)™
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These discussions indicate that c£v1\ty oscillations ;)ccur as a result of the
interactionl of the cavity and the shearfl:dyer I;roduced by the flow passing over the cavity.
Models that attempt to predict the oscillation frequency of a flow over a cavity therefore
must take into account this interaction. |

A number of models have been developed tﬁe attempt to predict the frequencies
of oscillation. Luc;as13 has categorized these models into two general types:

a. Feedback transit time models. These models add the transit time for the vortices
moving in the shear layer moving downstream to the transit time for acoustic
disturbances produced at the cavity trailing edge to travel upstream to the cavity
leading edge; and

b. Acoustic resonance models. These models have an additional criterion in that
there must be an acoustic mode excitefi within the cavity.

Rossiter did a sigmificant study of cavity oscillation in 1964. This study has been
referred to in a number of succeeding works, and provided the first model of the behavior
of cavity flow. As noted by Gauthier', Rossiter observed vortex shedding at the cavity
leading edge. The shed vortices, travelling at approximately two-thirds the freestream
velocity, grew while spanning the cavity. Upon reaching the trailing edge of the cavity,
they interacted with the cavity trailing edge, producing acoustic radiation.

Rossiter’s model is a feedback transit time model. It was based upon the times

required for (1) the shed vortices to span the cavity, (2) the vortices to interact with the

12



cavity tralling edge and create acoustic waves, and (3) the acoustic waves to reach the
cavity leading edge and induce further vortex shedding. This 1s illustrated 1n Figure 2-5.

Using these three time scales, Rossiter derived

5, =k =0 .
Ue M+—
K

where
L = cavity length;

U. = freestream velocity;

S = Is the Strouhal number for a given frequency mode m;

m = an integer number representing the fnode of oscillation;
M = the free stream Mach number;
K = the ratio of the shear layer veloc1t)'l to the free stream velocity; and
n = the phase difference between the (1) upstream arrival of the acoustic
wave and the resultant vortex shedding and (2) the downstream
interaction of the vortex and the trailing edge and the resultant
acoustic wave.
The values of K and n were determined empirically at 51 and .25 respectively. Gauthier
and Lucas note that this model showed good agreement with experimental data in the

mid-subsonic range but underestimated the Strouhal number at Mach numbers above 1 5

13



Figure 2-5 Rossiter Cavity Oscillation Model (from Rosster)™°
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Heller et al® proposed a refinement to this model to account for this
underestimation of the Strouhal number. In deriving his formula, Rossiter assumed that
the speed of sound in the cavity was the freestfez;m speed of sound At high Mach
numbers, this assumption 1s not valid. Heller er al found 'that a correction factor was

required. Their equation was

Sp =t
A+—
K
where S 1s as defined above and
M
A=————— where M 1s the freestream Mach number; and

1]1+1'—1M2
2

“n and K are empirical constants equal to .25 and .56 respectively.

Heller and Bliss® proposed a second model. In their mvestigation, Heller and
Bliss did not‘ see the vortex shedding, but rather a sinusoidal amplification of the shear
layer as 1t moved from the leading edge to the trailling edge. This tra\;elhng wave motion
was a result of amplification of downstream travelling waves inside the cavity. The
oscillation process that occurs 1s the result of a periodic addition and removal of mass at
the cavity trailing edge. Their proposed cycle 1s shown 1n Figure 2-6. They liken this
mass removal and addition to a cavity with the trailing edge wall replaced by a movable
wall or piston. An important point to note though 1s that the process that mechanizes tPis
addition and removal 1s the unsteady motion of the shear layer \ra‘;her tha‘n the

impingement of vortices on the trailing edge.

15
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A third model proposed by Tam & Block’ also assumed an oscillating shear layer.
They noted that the pseudo-piston model of Heller and Bliss failed to predict any discrete
oscillation frequency. Therefore, rather than modeling the acoustic wave generation as a
pseudo-piston, they introduced an acoustic point source at the trailing edge of the cavity.
A diagram of the model of Tam and Block 1s shown 1n Figure 2-7. Their argument was
that shear layer oscillation creates a periodic shielding and exposing of the trailing edge
When the shear layer moves downward, it exposes the traling edge to the external flow
and external fluid flows into the cavity, creating a high-pressure region. Due to the
movement of the shear layer, this high-pressure region creates a compression wave.
When the shear layer moves upward, it shields the trailing edgé so that no compression
wave is formed. This produces a continuous train of pressure pulses with a period
dependent on the fluctuation of the shear layer. These pressure waves ;adlate from the
trailing edge of the cavity m all directions both inside and outside the cavity. The
pressure waves 1nside the cavity create the staniimg wave pattern that causes the shear
layer oscillation.

Gauthuer notes that, although Tam and Block's model was limited and inaccurate
at transonic and supersonic speeds, it did allow prediction of the amplitude of oscillation.
Hence, the model had value in identifying the importance of the shear layer momentum
thickness and cavity depth as well as length in determining the dominant frequencies and

amplitudes of oscillation.
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Given the- model proposed by Tam and Block’, the feedback acdustlc wave

created through the impingement of the shear layer on the-trailing edge of the cavity

!

travels both inside and outside of the cavity. In an enclosed cavity, this implies that there

could be some cross-interaction of the acoustic waves.

s

-

However, Ghu}hler points out that in‘ supersonic flow the path of the upward
travelling acoustic wave can only travel ;nside the cavity. For an enclosed cavity, this
implies that there would be no cross-interaction. The models discussed abqve would
t\hérefore‘bée applicable for predicting frequencies of (;scillation in an enclosed cavity.

All o‘f these models indicate that cavity oscilllation occurs through the interaction
Iof the shear layer with the trailing edge of the cavity. The frequency of the oscillations is
dependent on the cavity length because the acoustic wave trav;alling from the trailing
edge to the leading edge interacts with the shear layer, manibulating it to lock 1n the
acoustic waves.

Examimng all of these models of cavity oscillation reveal two importarit points
concerning cavity oscillation frequency:

a. The frequency .of the oscillations is depe'ndent on the length of the cavity as

swell as ghe Mach number of the flow; and . ‘ -

Jb.’ q’i‘he-behavior of the shear layer and its interaction with the cavity play a

signiﬁcéht paré‘ in dete;rnﬁning the frequency and the amplhitude of the

t f

oscillations produced in cavities.



¥

- Therefore, to better understand the mechanics of the oscillation so as to attempt to predict
frequencies of oscillation and enhance the amplitudes of the oscillation, it is first

necessary to investigate the properties of shear layers and then understand the 1mportance

N
Y

of the cavity length. o <

SHEAR LAYERS

“Previous discussions indicate that the frequency of oscillations in a cavity is

3

- depehderit on the cavity length and the Mach number of the flow. However, at the heart

%

- of the cavity oscillation process is the Behqviorfof the shear layer and its interaction with

Y

the cavity. Therefore, an understanding of shear layérs 1s necessary to understand the

cavity oscillation process. Free shear layers will be discussed ﬁrst,'followéd’wifh a

AR
‘

. discussion on forced shear layers.

Free Shear Lavers

v
L3

Free shear layers afe produced tﬁrough the rrierggng of two streams initially
sepgrated by a thin suﬁace or other olbs)tructio4n inuarjl environment without b;)ux‘ldaries.
This lack of boundaries makes free shear layers different than shear layers inside a cavity
which are enclosed and impinge; on the c;wity trailir;g edge. H9wever, investigating free
. shear layers provide a startiﬁg point for the un(ierstandiﬁg of sﬁear “layér beilavior.

The growth of free shear layers i‘s" a cbnséqﬁenee of the natu;al nstability of the
shear layer through the Kelvin-Helmholt; mstability. As aéscﬁged bS/ Ho and Heurre"
and Lucas“, th? shear layer 1nitially undergoes an initial exponential flow growth at some

fundamental frequency. At some point the growth at the fundamental frequency lessens

as the shear layer begins to roll up 1nto vortices or divide into smaller vortical structures.

20



The energy transfer between the fundamental frequency growth and other harmonics are
the cause of the reduction in the growth of the fundamental frequency. These vortices
coalesce, which introduces growth at additional frequencies, usually harmonics of the

fundamental frequency. This evolution 1s illustrated in Figure 2-8.

The value of the fundamental frequency can be determined mathematically through the
solution of the Orr-Sommerfield equation (or, in the inviscid limit, the Rayleigh
) equation). Ho and Heurre Point out however tl}at th;:re is no satisfactory nonlinear theory
that describes the growth of the shear layer. Iﬂ the absence of such a theory, they outline
two different approximate models. The ~ﬁrst model 1s phenomenological where the
momentum thickness increases due to vortex pairing taking place at fixed distances
downstream. The momentum thickness is constant between parings and déubles
instantaneously at the location of pairings. —'i'his simplified model gives the following

relationship for the growth of the shear layer.

4o = ___(_ a'e)max = 0_12i
dx InG InG
. . . . . > U, -U,
where G is a constant growth factor and R is the convective velocity ratio R = U+l
. ! 1 2

Another model utilizes the fact that there exists a global feedback mechanism in a
free shear layer. This feedback occurs as a result of the sudden change in circulation
during vortex merging. The merging vortices create an upstream travelling acoustic

wave which, when in the proper phase relatlonshlﬁ with the 1nitial instability of the shear

I layer, influences the development of the shear layer.
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(b) Streamwise diatuwrbance growth rates.

Figure 2-8 Shear Layer Growth (from Lucas)'®
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In both of these models, Ho and Heurre indicate that the lengthwise growth of
the free shear layer momentum thickness 1s related to the convective velocity ratio R In

this case, U; 1s the velocity of one flow and U, 1s velocity of the other flow.

Experimental 'data shows that the momentum thickness growth rate in free shear layers is

related to the velocity ratio through % = 0.045i€. Gauthier provides an analysis that

shows that, once compressibility is accounted for, the compressible shear layer growth
rate for cavity flows is approximately two to five times greater than that for free shear
layers. This indicates that the feedback mechamism 1s forcing the cavity shear layer.

‘In an enclosed cavity, the flow will be represented as a jet rather than a mixing
layer. Jets are different than mixing layers 1n that they have a second length scale, the jet
diameter D (for axisymmetric jet) or slot height H (for planar jet). These produce two
different frequencies of importance. The first 1s the shear layer mode frequency, which is
associated with the most amplified wave of the imtial velocity profile. In this case the

dimensionless frequency uses the momentum thickness as length scale and 1s represented

as f_O’ where 0 1s the thickness of the shear layer. The second frequency is called the

preferred mode frequency. This frequency 1s a measure of the passage frequency of the

vortices at the end of the potential core This frequency uses the jet diameter as length

fD(orH)
o

scale so the dimensionless frequency in this case 1s

23



This discussion of free shear layers reveal that they are naturally unstable and
their growth 1s a result of flow nstabilities and vortex coalescence. A feedback process
determines the natural frequency of shear layer oscillation. The shez;r layer growth 1s
rélated to a dimensionless parameter called the convective velocity ratio Experimental
data has shown that the growth rate in cavity shear layers 1s significantly 1arge; than thaJt
of free shear layers, which indicates some sort of forcing 1s occurring in the cavity shear
layer.

Forced Shear Layers

Forcing a shear layer means 1ntroducing z; disturbance into the shear layer. This
disturbance, properly applied, will orgamze the vortex forrﬁation and coalescence that
causes the shear layer to grow at a faster £ate.

Forcing can be mtroduced into a shear layer through a number of methods. Ho

s

and Heurre' distinguish two basic methods- 1) mechanically, using vibrating ribbons or

L 17

flaps, 2) acoustically, through a loudspeaker. Vakili et al.”’ used periodic injection of

fluid as a method of forcing Thq main condition of the forcing is that 1t must be spatially
coherent.

There are a number of parameters that, when properly implemented and applied,
will cause shear layer forcing. These~pla‘rameters are discussed below separately although
they cannot in ‘reahty be separated from each other:

a. Frequency Using frequency as a method of forcing is quite effective 1n

manipulating the shear layer. In frequency forcing shear layers can be

manipulated effectively with very low forcing levels, provided that the excitations
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is applied at the proper frequency‘13 . This occurs due to what Ho ’ahd Heurre call
subharmonic forcing. This entails introducing frequencies mnto a shear layer at
specific subharmonic fanges of the fundamental frequency of the shear layer. In
specific frequepcy‘ranges this forcing can' cause simultaneous merging of a
number of vortices, thereby 1ncrez;'sing the shear layer growtil rate.

* For forcing frequencies much lower than the shear layer natural frequency
and large forcing amplitudes, the initial vortices at the shear layer natural
frequency répidly form large vortices‘ at the forcing frequency. This process has
been calleci cc;l}ective interaction ‘and has been identified in a number of
experiments, ‘one Iof which was the forced-jet inve\sfigation of Crow and

A Champagne'®. | |

> @. Tlie relative phase of the forcing and natural frequency of a shear layer
cz;n have a signiﬁcant eff;,ct A(‘)n the grc;wgh of the shear la}r'er. Numerous studies

: hav; indicated that the sr‘naller thé 1ni£ia1 phase difference betwéen the natural

' frequenéy dlsturbar;ces and [Afhe frequenéf of the forcing, the faster the vortlc:és

ylvjll coalesce®. With a phase difference of , the growth of the sheair' laSler can

aétualiy be retarded because vortex formation is suppressed due to the pha;e

difference. .

. Amplitude. Amplitudq as a mechanusm to force a shear layer is the least efficient

of the techniques described here. "However, as identified earlier, collective

mteraction usually requires a relatively large amplitude wave to force the shear

s
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layer. Therefore, amplitude can be effective when used in collaboration with

other forcing parameters.
Shear layer forcing in Cavities

In light of the discussions of shear layers and shear layer forcing, cavity
oscillation can now be reexamined. -

Unlike free shear layers, cavity shear layers are bound by the trailing edge of the
- cavity. As stated earlier, free shear layers undergo forcing as a result of a feedback from
the acoustic waves created by the merging of downstream vortices. This effect is
replaced by the disturbance waves generated when a shear layer impinges on a
downstream surface such as the trailing edge of a cavity. The effect of this impingement
is to create a source of acoustic waves that travel upstream to affect the shear layers. The
forcing is accomplished through impingement of the shear layer on the trailing edge of
the cavity.

Impingement, that is allowing the shear layer to hit a downstream obstacle, can be
considered a mechanism that implements frequency forcing of the shear layer. In forcing
a free shear layer, the shear layer adjusts to the forcing frequency. In an impinging shear
layer the distance from the shear layer origin to the impinging surface controls the

freciuency, for a given flow velocity ratio.

The experiments of Crow and Champagne'® and Chan indicate that external
forcing allows 1nitial vortices to coalesce faster and cause a greater growth 1n the shear
layer. If the external forcing were coincident to the cavity resonant frequency, higher

amplitude self sustained oscillations would result.
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AMPLITUDE ENHANCEMENT OF CAVITY OSCILLATIONS

One of the objectives of this investigation was to examine the effect of external
forcing to enhance the amplitude of the resonant oscillation in an enclosed cavity. From
examining the mechanism. of cavity flow, this would be best accomplished through
interactions with the shear layer. In previous discussions on forcing it was noted that the
most efficient way to manipulate the shear layer is through frequency forcing®.

To investigate the effectiveness of external forcing on enhancing the cavity
oscillation amplitude, it is necessary to determine a forcing frequency that will enhance
the cavity oscillations. The problem is to match the forcing of a jet, which 1s controlled
by the forcing frequency, with the natural forcing 6f ihe cavity, which is controlled by the
cavity geometry. This matching can be accomplished by utilizing the work done by
Chan'. His investigation on frequency forcing in a jet indicated that the maximum
amplification of aﬁ induced pressure disturbance in the shear layer was relatively
independent of the Strouhal number based on the jet diameter (Stp) and occurred at a
Strouhal number based on'length (Sty) of .92. His results are shown in Figure 2-9. This
Stp independence with maximum amplification at a constant Sty provides the matching
between the jet ﬁeguency forcing and the forcing controlled by cavity geometry.

Assume that the Rossiter equatiop 1S a repre;sentativé model of the oscillation
mechanism 1nside the enclosed cavity. The Rossiter equation can then be used to find a
Mach number and jet velocity that would result in maximum amplification of the

pressure disturbances. Inserting Sty = .92 into the Rossiter equation and rearranging

gives

27
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Figure 2-9 Pressure Distributions in a Jet (from Chan)®
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m—-n 1

Mmax
92 K

Using this relationship with the deﬁmtif;n for the speed of sound will give the jet

velocity.‘ Table 2-1 gives the results for modes’1 to 3

- Table 2-1 Mach number for first three modes with St of .92

Mode Mach number | Jet Velocity (ft/sec)

1 097 -305.54
2 © 0116 39.91

3 1.203 363.69

Table 2-1 'sh;)ws that mode one is clearly élot physically reahsﬁc. Mode 2 is in the jet
velocity rang\e( of Morel's investigation. ‘Mode 3 occurs in the transonic range and so is
applic/able to this study: Using the dimensiphless frequency Evalue‘:s from figure 2-9 gives
values for the forcing frequency. Using these forcing frequencies and the Sty =. 92 give

values for cavity length. These frequencies and leﬂgths are shown 1n Table 2-2 along

with the associated Stp.

. Table 2-2 Forqirig Frequencies and Cavity Length

) Stp Forcing Frequency (Hz)  |Cavity Length (in)
0.754 19629 4 0.671088
0.687 17885.1 .+ 0.736536
0.618 . 16088.8 . | - 0.81877
0.491 ‘ 12782.5 - 1.03055
0.436 | 11350.7 . " 1.16055
0366 . . 952831 1.38251

10327 | ,8513 ) 1.5474



CHAPTERITI .

" .° " . EXPERIMENTAL SETUP AND PROCEDURES

PR

~

This chapter contams a descnption_of the éxperimental installation and procedures

\
v

" used to obtamtthe 'data. The ﬁrst part isa descnptlon of the expenmental setup.

This experrment ‘was coniducted at the Unlversrty of Tennessee Space Institute

<

Propuls1on Laboratory The apparatus consrsted of a high-pressure a1r source that fed a
settlmg chamber consisting of a 3 1nch dlameter p1pe approx1mately th1rty feet long.

\

Valves controlled the pressure wrthrn the - settling chamber A reducer allowed the

connection of the cavity with, the settling chamber. - The total pressure in the settling

Ly

chamber controlled the jet speed. ' i :
The cavity used was cylindrical w1th a length to depth ratio (L/D) between .813
and 1.63. Varying the cavity length through a moyeable piston wall changed the L/D. A

r

— dlagram of the cavity 1s shown in Figure 3-‘1.‘ The moveable piston wall had a removable

v

faceplate to allow for different‘ jet ext contlguratlons. The jet faceplate used in this
experiment had a smooth convergent-divergent‘ nozzle designed develop fully expanded
flow at a jet exit Mach numher of 1.25, th'e,ﬂow condition calculated for amplification.
' This faceplate was designed with a pressure tap at the nozale exit. The static pressure at
. the jet exit was measured using this pressure tap. A diagram of the faceplate is shown in

Figure 3-2.
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The pressure iside the cavity was measured using a Kulite XSL.-7-093-25D

mimature pressure transducer mounted flush on the cavity wall adjacent to the exit. The
static pressure of the jet exit was measured using a KuliteXCS-093-25D muniature
pressure transducer mounted at the outlet of the pressure tap on the removable faceplate
as seen in Figure 3-2. The output from these transducers was fed into a Bridgeview PC
based data collection system. The output of the cavity pressure transducer was also
displayed on a HP spectrum analyzer. The frequency spectrum of the collected cavity
pressure data was then calculated using MATLAB. The static pressure at the jet exit and
the total pressure in the settling chamber were used to determine the jet Mach number
using the 1sentropic expansion relations for pressure The temperature at the jet exit was
determined by first measuring the temperature 1n the settling chamber. Then, knowing
the Mach number, the temperature at the jet exit could be found using the 1sentropic
expansion relations for temperature The temperature at the jet exit and the jet Mach
number were then used to find the jet velocity.

For a given cavity length, the jet speed was varied until tones could be heard from
the cavity, at which time data was collected. The frequency peaks were then determined
from the spectrum data. These frequencies were used to calculate the Strouhal number.
To provide jet forcing a speaker was 1nstalled in the settling chamber approximately 28
inches from the jet exit. The speaker was directed towards the jet exit and was hooked up
to a frequency generator and amplifier. A diagram of the experimental apparatus 1s
shown 1n Figure 3-3. The amplifier output was adjusted to approximately 17 volts RMS

as measured on a  voltmeter, which was the lighest input
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amplitude that the speaker could mamntain. Due to the frequency response of the speaker,
the only condition that could be mvestigated was with a cavity length of 1.5474 inches
and a forcing frequency of 8513 Hz. The actual frequency was 8520 Hz as measured by
the HP spectrum analyzer A frequency plot of the speaker output with no flow through

the cavity 1s shown in Figure 3-4.
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CHAPTER IV

EXPERIMENTAL RESULTS

PROPERTIES OF CAVITY OSCILLATIONS

When pressure was increased slowly, the cavity emitted high-pitched “whistles”
at certain pressures. When these wlustles were heard, a resonant peak was observed on
the spectrum analyzer. At pressures below gpi)roximately 15 pounds per square inch
(psi), the frequency of these whistles would dhaﬁge ’sqddenly at certain pressure settings.
This indicated that there was some sort of mode switching occurring as the jet speed
increased. Unlike Morel’s observations, the observed frequencies were different. Above
15 psi, the observed peak frequency reri;aixied constant as the pressure was increased, but
changed in amplitude. The observed fréquenﬁes changed for different cavity lengths for
a given same pressure setting. At (;avity lengths above approximately 3 inches however
no oscillations were observed at any pressure setting. In all cases the observed resonant
peaks were at frequencies significantly higher that the predicted Helmholtz oscillator
frequencies for the cav1t)" under examination. This indicated that a mechanism other than
the Helmholtz oscillator phenomenon was caﬁsmg the resonant peaks.

" The spectral data given in Figures 4-1 to 4-4 shows this ;frequency change with
changing total pressure for the different cavity lengths. The values of the observed
resonant‘ peaks indicate that the resonance is not the result of the Helmholtz property of
the cavity. The resonance peaks were identified from each and the Strouhal number was
calculated. Figure 4-5 shows the Strouhal number versus Mach number for all data. The

data trend indicates that Rossiter’s model spans the range of frequencies obtained for the
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enclosed cavity 1n thus jet velocity range. The large scatter of the data suggests that the
Rossiter equation is not a complete model to use i describing the oscillation
characteristics of the cavity.

Because of these results, 1t was necessary to find other possible models to explain
the cavity oscillation mechanism Another model considered was that the jet might have
been coupling with the acoustic modes of the cavity. To determine if this was the case,
the modes of the cavity had to be determined. This was done by solving the wave
equation for a cylindrical cavity, with the boundary conditions of zero velocity at the
cavity wall and fimite velocity at the cavity center. Graphs of the resulting acoustic
modes for each L/D are shown in Figures 4-6 to 4-9 along with th;a cavity data measured.
These graphs indicate that the correlation between the predicted acoustic modes of the
) cav1£y and the measured cavity data is similar to that for the Rossiter‘model. This
suggests that the oscillations produced by the jet are complex and may involve both
coupling with the cavity acoustic modes as well as viscous mteraction of the shear layer
with the cavity.

AMPLITUDE ENHANCEMENT

The spectral data given 1n Figure 4-10 compares the forced spectrum with the
unforced spectrunyl at a measured Mach number-of 1 20 ;lnd a forcing frequlency of 8520
Hz. The graph indicates that no increase 1n the amplitude of oscillation occurred when
the forcing was applied To determme if resonance occurred at a dfferent frequency, a

frequency sweep was performed from 1 kHz to 10 kHz.
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Although the frequency spike produ

ced by the speaker output was seen to move as the

1

, input forcing frequency was changed, the amplitudes of the resident resonance peaks did

>

)

obtained. These are:

a. .~ The expected results were based on the assumption that the impingement

- . '

of the vortices caused the acoustic

'
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not change during the freqlicncy sweep. ’ S
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There are a number of possible explanations as to why these results were
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feedback. - By in;:reasing ~t1’1e growth rate of the

t
5

N - - -
vortices, larger amplitude acoustic waves would be generated which would increase the °
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amplitude of the oscillations. However as discussed earlier the models of Heller and
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-~ : Bliss as well as Tam and Block stated that the sinusoidal ﬂuct{létion of the shear layer
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was the primary means of creating the acopstié feedback. ' If this were the case, additional
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. forcing of the shear layer would have little effect on the amplitude of the oscillations.
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o b "+ The method of forcing used in this experiment was similar to that of Crow
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' and Champagne an;i:Chan, referred to by Ho and Heurre as collective interaction. ‘In this

e situaiidﬁ, largé forcing amplitudes (ratio of the perturbation velocity to the jet velocity 1n

.. this experi
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. the order of 10?) are necessary to fo
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shear layers is the relative' phase of
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layer.; Dependirig on the relative phase the ‘shear layer growth
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rce the shear layer successfully into this regime. In
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ment, theé amplitude of the forcing may not have been ériougl; to force the shear
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As stated earlier, one of the important parameters when considering forced °
¢ # oL 4 - - >

the fo‘rcmg‘and the natural frequency of the shéay

- Ay “

can be enhanced or

1 £ ¢
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-

. retarded. In this i\nv\estigation, the phase of the forcing frequency’ and‘ the natural . -



:

4

frequency of ogcﬂlation‘ of the cavity was not measurea nor could 1t be varied. If the
‘phase of the forcing frequency and the natural frequency of oscillation of the cavity were
not in the proper phase, no enhancement would occur.

c}. Gauthier and Tam and Block both indicate tilat the responsiveness of the
shear layer decreases as the jriltlal momentum thickness of thé shear layer increases The
imtial thickness of the shear layer was not known 1n ;h1§ investigation. A thick shear

layer would reduce thé shear layer responsiveness, which would inhibit the effect of

enhancement. i .
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S _ CHAPTERV

CONCLUSIONS AND.RECOMMENDATIONS .

The frequency properties of enclosed céviﬁgs with L/D ranging from .813 to 1.63
with jet speeds ranémg from 0.4 i\dach to 1.4 L/fach were investigated. Additionaliy the
effects of forcing using an 1extem:;11\acoustic éou“rqe} on the amplitude of the oscillations
| l;rodu(;e(i in fa cavity L/D of 1.26 were also investigated.

.. As aresult of this study, the foilowing: (;o;lclusiéns were drawn:

a. , Oscillations were observed in ;he enclosed c§v1t£es tl;at had significantly higher
frequencies than the calculated Helmholtz sfrequeincy’ of the cavity; "

" b. The Rossiter equation is not a completé model to ﬁ;e in de:;cribing the oscillation
characteristics of the cavity. The osc111ati<;ns produced by the jet are complex and
may involve coupling w1th( both the cavity acoustic modes as well as viscous
inté;actlon of the shear layer with the cavity; ;

c. A significant increase in oscillation a;riplltude was not observed when a forcing
frequency was applied. This may have béen due to inadequate control.

With regards to the investigation of cgavity osl;cillations, 1t is recommended that
further studies be conducted. Such studies should include measuring the phases and
identifying the modes of oscillations.

With regards to the enhancement of oscillation amplitude through active
frequency forcing, 1t is recommended that further studies be conducted. Such studies

should include:
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Performing flow visualization studies to further investigate the behavior of the
shear layer 1nside the cavity,
Quantitatively investigate the growth of the shear layer inside the cavity;

Quantitatively 1nvestigate the effect of increased amplitude of forcing.
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