
To the Graduate Council:

I am submitting herewith a thesis written by Paul Steven Cooke entitled "An
Experimental Study of Jet/Diffuser Aeroacoustics." I have examined the final copy of
this thesis for form and content and recommend that it be accepted in partial fulfillment
of the requirements for the degree of Master of Science, with a major in Mechanical
Engineering.

^/^ohn E. Caruthers, Major Professor

We have read this thesis

and recommend its acceptance:

\MWvy\

T

Accepted for the Council:

Associate Vice Chancellor

and Dean of the Graduate School



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a Master's

degree at The University of Tennessee, Knoxville, I agree that the Library shall make it

available to borrowers under the rules of the Library. Brief quotations firtnn this thesis

are allowable without special permission, provided that accurate acknowledgement of the

source is made.

Permission for extensive quotation from or reproduction of this thesis may be

granted by my major professor, or in his absence, by the head of Interlibrary Services

when, in the opinion of either, the proposed use of the material is for scholarly purposes.

Any copying or use of the material in this thesis for financial gain shall not be allowed

without my written permission.

Signature

Date



An Experimental Study of Jet/Diffuser

Aeroacoustics

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxville

Paul Steven Cooke

August 1992



ACKNOWLEDGMENTS

I would like to thank my major professor. Dr. John Caruthers, for his guidance and

patience during the course of this graduate program. I would also like to thank the other

committee members, Dr. Ahmad Vakili and Dr. Roy Schulz, for their assistance. Finally,

I would like to express my appreciation to my parents, Paul and Barbara Cooke, who

have been a source of enormous encouragement.

-11-



ABSTRACT

Jet engines are tested in facilities (engine test cells) that simulate high altitude

conditions. If the natural resonant modes of the facility geometry couple with the jet's

resonant modes, there is the potential for extremely high amplitude sound levels. This

investigation examines the sensitivity of the coupling mechanism to alterations in the jet's

mean flow field and shear layer. Subscale models of a jet engine test cell and three

supersonic nozzles (two converging/diverging rectangular nozzles and one convergent

conical nozzle) were tested. The iiKxlel designs were based on a full-scale facility that

had experienced very high amplitude sound levels. Tests were conducted for many

different operating nozzle pressure ratios and area ratios (for the two rectangular nozzles).

The acoustic response to mean flow field alterations was examined in two ways. First,

a sharper angled convergent section in one of the rectangular nozzles introduced more

non-uniformities and, hence, instabilities into the jet's mean flow field. Second, a series

of tests were conducted with the honeycombs (which are located immediately upstream

of the nozzle and are used to produce a straighter and more uniform flow) removed. The

acoustic response to alterations in the jet's shear layer was examined by running many

tests with various boundary layer "trips", designed to thicken the shear layer, constructed

along the nozzle surfaces.

The rectangular nozzle with the sharper angled convergent section produced higher

amplitude sound levels (by 10-lSdB) compared with the other rectangular nozzle.

However, the amplitudes were still about 20dB lower than those observed at the full-scale
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facility. Removing the honeycombs generally resulted in higher amplitudes, particularly

at an operating pressure ratio of 2.35, where a relatively high amplitude of ISOdB at

1250Hz was recorded. These results indicate that a less uniform and, therefore, less

stable mean flow field does produce higher amplitude acoustic tones. However, the

amplitudes were still signiflcandy lower than those recorded at the full-scale facility.

The boundary layer manipulations generally resulted in lower acoustic aiiq)litudes.

Hence, the higher amplitude tones recorded at the full-scale facility could not be attributed

to a thicker shear layer.

The findings above indicate a shortcoming in the subscale facility's ability to

replicate the acoustic characteristics of the full-scale facility. Since the subscale facility

used a cold air jet while the turbines tested in the full-scale facility produce very hot jets,

it is suspected that the jet's temperature (particularly, the temperature gradient across the

jet's shear layer) is important to the coupling mechanism which produces the high

amplitude tones.
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INTRODUCTION

Jet engines are tested in facilities which typically employ a diffuser to aid in the

establishment of altitude pressure. The diffuser consists of a conically shaped inlet region

which opens into a cylindrical duct The diffuser is encon^assed by a larger cylindrical

duct which constitutes the outer portion of the test facility. For certain facility geometries

there is the potential for coupling between the jet and the ordinary acoustic modes of the

diffuser [1]. If coupling occurs, the resulting high amplitude sound pressures can

undermine the structural integrity of the test facility. A subscale model of a testing

facility which has experienced very high amplitude fluctuating pressures has been

constructed at the University of Tennessee Space Institute. An experimental investigation,

using the model, was initiated to determine the physics important to the generation of

such high amplitude sound levels. The subscale testing was conducted at the Space

Institute's gas dynamics lab under the direction of Professors John E. Caruthers and

Ahmad D. Vakili.

The first phase of the investigation, reported in Caruthers et al. [2], confirmed that

the high amplitude tones observed in the full scale facility occurred at frequencies

corresponding to the natural resonant nKxles of the facility geometry. The resonant modes

were identified experimentally (with the subscale model) and numerically. However, the

amplitudes observed in Ae subscale model were not nearly as high (by 30dB) as those

observed in the full scale facility. A summary of the findings fiom the first phase of the

investigation is presented in section 4.1.
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Since the subscale facility had not fully reproduced the acoustic characteristics of

the full scale facility, it was suspected that small scale effects or minor differences in the

nozzle convergent section and throat might be responsible. Such scaling and nozzle

contour influences would be manifested in the jet's mean flow field and boundary layer.

The purpose of the investigation reported herein was to determine how alterations in the

mean flow field and boundary layer of the subscale jet would affect the jet's acoustic

output Such a determination could reveal flow and/or geometric parameters critical to

the coupling mechanism which produced the high an:q>litude pressure fluctuations

observed in the full scale facility. Details of the investigation are reported in chapters 4,

5 and 6. Chapters 1, 2 and 3 provide the background information necessary to

understanding jet acoustics and aspects of the acoustic interaction between a jet and a

diffiiser.
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CHAPTER 1

BASIC FLUID MECHANICS OF JETS

1.1 Overview

Since jet noise is the product of fluid dynamics, an understanding of those

dynamics is essential to a study of jet noise. The purpose of this chapter is to give a

physical description of the basic flow features of a jet, particularly those features pertinent

to jet noise. Since both the flow structure and the sound field are fundamentally different

for subsonic jets and supersonic jets, the two cases are considered separately.

1.2 Fluid Mechanics of Subsonic Jets

A schematic of the flow structure for a subsonic jet is shown in figure 1-1'. The

proportions are based on experimental data taken from a high-Reynolds-number air jet

issuing from a convergent nozzle, as presented by Goldstein [3].

There is a region of laminar flow called the potential core which makes up a

conically shaped region with its base at the nozzle exit As the jet exits the nozzle, a

mixing layer develops between the moving fluid and its surroundings. Generally, the

flow in the mixing layer becomes turbulent no farther than one-half of a jet diameter

downstream of the nozzle exit [3,4]. This turbulent mixing layer spreads linearly outward

' All figures are located in Appendix A.

-3-



and inwaid, gradually encroaching on the inner laminar flow, until it fills the entire jet

at about four to five diameters downstream. This region is called the mixing region.

After the mixing layer has filled the jet, it continues to grow linearly outward.

However, the outward expansion occurs at a greater rate than it did in the mixing region.

At about eight diameters downstream the turbulent flow is fully developed, i.e., there arc

no remaining effects on the flow from the potential core. Between the mixing region and

the fully developed region lies a transition regitm.

The turbulent eddies in the mixing layer tend to be elongated in the flow direction;

The dimension of an eddy in the axial direction is about twice its dimension in the radial

direction [3]. Furthermore, the eddies grow in size as they progress downstream.

Figure 1-2, taken fix>m Goldstein [3], shows the mean jet velocity and the mean

square turbulence velocity as functions of radial position. The peak turbulence intensity

occurs along the centerline of the mixing layer and remains fairly constant the full length

of the mixing region and part of the transition region. Further downstream in the

transition region the turbulence peak moves to the center of the jet and decays with axial

distance [4]. Thus, most of the turbulent energy is confined to a narrow region at the

center of the mixing layer surrounding the potential core [3].

1.3 Fluid Mechanics of Supersonic Jets

The iix>st dramatic difference between a subsonic jet and a supersonic jet is the

presence of shock waves in the latter. These shock waves, found in imperfectly expanded

supersonic jets, profoundly affect the sound field produced by a jet There is, however.
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another difference that, while not as visible as shock waves, can have just as much effect

on the sound field. This difference is not manifest until the plume Mach number is high

enough to produce a supersonic mixing layer. As the turbulent structures in the mixmg

layer move downstream at supersonic speeds, they emit sound in the form of "ballistic"

shock waves similar to those produced by a missile traveling at supersonic speed. This

phenomena is termed eddy Mach wave radiation. In this section the flow structure of the

supersonic jet is discussed, leaving the associated acoustics to a fuller development in

chapter three.

1.3.1 Perfectly Expanded Supersonic Jets

Figure 1-3, [3], shows the basic characteristics of a perfectly expanded supersonic

jet For a jet to be perfectly expanded, assuming the nozzle is contoured properly, the

nozzle exit pressure must be equal to the ambient pressure of the medium into which the

jet is exhausting. Under these conditions, there are no shock waves or expansion waves

generated at the jet boundary to relieve pressure differences. As shown in the figure, the

flow structure is similar to that of a subsonic jet except that the potential core and the

mixing layer immediately surrounding the core are supersonic. Also, unlike subsonic jets,

experimental evidence [3] has shown that the length of the potential core increases with

increasing Mach number fn* supersonic jets.

The supersonic and subsonic mixing regions are composed of turbulent eddies

which emanate from the nozzle lip and propagate downstream. An eddy may start out

as a vortex ring at the nozzle exit, becoming weaker and less cohesive as it proceeds
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downstream. The eddies are part of larger scale turbulent flow structures originating at

the nozzle lip and extending downstream through the jet mixing layer [5,6]. These large

scale flow structures are coherent and spacially quasi-periodic throughout the length of

the annular mixing layer [7]. Fot low and nooderate Reynolds number supersonic jets,

the large scale disturbances are in the form of instability waves. Initially, close to the

nozzle exit, these instability waves grow in amplitude as a result of the steep velocity

gradient in the shear layer. As the waves propagate downstream their growth rate is

reduced corresponding to a reduction in the velocity gradient associated with the widening

mixing layer. Evenmally, their growth rate becomes zero, and far downstream, where the

mixing layer has filled the entire jet, the waves die out Liu [8] has explored how such

instability waves could exist in turbulent flow and the mechanism for their origin.

The intensity of a turbulent eddy, determined by its root mean square velocity

divided by its mean velocity, falls off relative to its convection speed with increasing

plume Mach number. At very high Mach numbers, the eddy appears virtually frozen (i.e.,

like a static blob of fluid) relative to the mean flow. When a turbulent eddy is convected

downstream at supersonic speed, it produces a Mach wave in the same way that a solid

object, such as a wedge or cone, produces a shock wave when moving at supersonic

speed. Eddy Mach wave radiation, discussed nxne corrq)letely in chapter 3, is a

signiHcant source of noise in high speed jets.
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1.3^ Imperfectly Expanded Supersonic Jets

When a supersonic jet is expanded such diat the nozzle exit pressure does not

match the ambient pressure of the environment into which the jet is exhausting, expansion

and compressitHi waves will form near the jet boundary downstream of the nozzle exit,

and propagate throughout the jet until dissipated by viscous effects. The jet is said to be

imperfectly expanded. When the nozzle exit pressure is lower than the ambient pressure,

the jet is called overexpanded. Oblique shock waves, emanating from the nozzle exit, are

necessary to raise the jet static pressure to the ambient pressure. When the nozzle exit

pressure is higher than the ambient pressure, the jet is called underexpanded. Hence,

expansion waves, emanating from the nozzle exit, are required to lower the jet static

pressure to the ambient pressure.

Figure 1-4, taken from Liepmann and Roshko [9], shows the pressure distributions

and the associated wave configurations for several exit pressure ratios. The local pressure

ratio, equal to the local static pressure divided by the stagnation pressure, is plotted as a

function of nozzle axial position.

The waves, originating at the nozzle exit, become a self-preserving system of

expansion and compression waves extending throughout the supersonic length of the jet

The system is self-preserving because there are two boundary conditions that cannot be

satisfied simultaneously. One boundary condition involves the pressure equilibrium

requirement already discussed: Any part of die jet which is in free contact with the

ambient environment around the jet must have a static pressure equal to the ambient

pressure. This is the cause of the inidal set of waves emanating from the nozzle exit

-7-



The other boundary condition involves flow direction. Jet symmetry requires a central

streamline to exist Any fluid in free contact with the central streamline must have a

velocity tangent to that streamline. The initial set of waves, in addition to satisfying the

pressure equilibrium requirement, have the side effect of altering the flow direction.

Hence, the flow is no longer parallel to the central streamline. The only way to satisfy

the flow direction requirement along the central streamline is to reflect the initial set of

waves off the central streamline so that the flow is turned back in the direction parallel

to the jet axis. Waves incident upon the central streamline reflect in kind (i.e.,

compression waves reflect as compression waves and expansion waves reflect as

expansion waves). Waves striking the free jet boundary are also reflected, though these

are reflected in opposite kind (i.e., compression waves reflect as expansion waves and

expansion waves reflect as compression waves). Qearly, the cycle must be repeated,

since the reflected waves alter the local pressure in addition to correcting the flow

direction.

Figure 1-S, taken from Zucker [10], shows an overexpanded jet For sin^licity

only the wave system for the inviscid structure of the jet is shown, neglecting boundary

layer and mixing effects. An underexpanded jet, figure 1-6, has a wave pattern identical

to the overexpanded jet downstream of the initial set of oblique shock waves in the

overexpanded jet In bodi cases the two boundary conditions mentioned above are

satisfied by a system of expansion and compression waves.

The sin^lified depiction of imperfectly expanded jets, given above, is insufficient

for an understanding of the noise produced by these jets. Boundary layer mixing effects
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arc an important part of the noise production process. The general structure of the

imperfectly expanded jet is similar to that of the perfectly expanded jet with the

expansion/ccxnpression wave system superimposed on the supersonic portion of die jet

Seiner's review article [11] provides an illustration of the complete shock

containing supcrsonic jet plume, including mixing layer effects. The illustration,

reproduced in figure 1-7, is the result of a numerical model developed by Dash and Wolf

[12] that explicitly accounts fw turbulent mixing influences. For clarity the radial axis

is multiplied by a factor of 2.5. Figure 1-7, representing the underexpanded flow from

a Mach two nozzle, shows a decrease in wave spacing with increasing distance from the

nozzle exit. Though not very clear in this figure, all waves in the supersonic mixing layer

are curved since they propagate through regions of nonuniform flow. This contributes to

the observable decrease in wave spacing, as well as the degradation of wave strength,

with increasing distance downstream of the nozzle exit The decrease of wave strength

in the axial direction is confirmed by experimental evidence which shows the periodic

variation in static pressure, associated with the compression/expansion cycle of the

underexpanded jet, to decay with distance downstream [11].

The decay process of the expansion/compression wave system is governed by the

large scale coherent flow structures in the mixing layer. These structures control the rate

of plume spreading and provide a mechanism for the conversion of jet kinetic energy to

radiated acoustic energy. MS. Howe and Ffowcs Williams [13] have advanced a

theoretical model describing this conversitHi of jet kinetic energy to acoustic energy for

imperfectly expanded jets. Their idealized model consists of a continuum of
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axisymmetric vortex rings located within a thin mixing layer surrounding the potential

core. The vortex rings, mimicking the large dominant eddies which are convected

downstream, act as a catalyst enabling the energy of the expansion/compression wave

system to radiate out as sound. Essentially, the energy of die imperfectly expanded

supersonic jet is radiated out by an interaction between the mixing layer and the

expansion/compression wave system. While this idealized model of axisymmetric vortex

rings provides a useful insight into the energy conversion process, it does not possess the

quasi-periodicity and wave-like characteristics of the large scale flow structures and,

therefore, does not completely describe the true mechanism for energy conversion. The

shock noise mechanism is examined more thoroughly in chapter 3.
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CHAPTER 2

BASIC PRINCIPLES OF AERODYNAMIC NOISE GENERATION

2.1 Overview

Jet noise, as a branch of theoretical acoustics, emerged in the early 19S0's when

Lighthill [14,15] introduced his acoustic analogy. Lighthill's theory, developed to deal

with the problem of jet noise, stimulated study in many other aspects of aerodynamic

noise. Before considering jet noise specifically, it is helpful to review the fundamental

concepts of flow noise.

Any form of noise is generated by forcing mechanisms which introduce very small

amplitude disturbances, i.e., sound waves, into the pressure field of the surrounding

medium. The study of aerodynamic noise, aeroacoustics, concems the sound generated

by aerodynamic forces or motions originating in a flow rather than by vibrating solid

surfaces that generate externally applied forces or motions, such as those that characterize

classical acoustics. Hence, the noise generated by a vibrating string, such as a guitar

string, CM* a loud speaker, falls into the category of classical acoustics [3]. Contrastingly,

noise generated by turbulent flows (x by unsteady aerodynamic forces on solid objects

falls under the domain of aeroacoustics. Lighthill's acousdc analogy, arising from the

need to understand the noise emitted by the turbulent flow of subsonic jets, has been

extended to include the effects of flow interaction with solid boundaries.
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Some examples of noise production through flow interaction with solid boundaries

include the noise associated with turbine blades, airplane propellers, and helicopter rotns.

Nature provides many examples of flow noise. Wind blowing around tree limbs produces

a howling noise. A tornado is a huge noise producing vortex. Although this p^r is

focused on the noise produced by air flow, water flow provides some clear examples of

flow generated noise. CX»an waves crashing on a beach and a river cascading over rocks

are examples of noise produced by flow interactions with solid boundaries.

The purpose of this chapter is to review the mathematical basis for some

fundamental mechanisms of aerodynamic sound production. Lighthill's acoustic analogy,

the foundation of aerodynamic noise theory, is presented within the context of classical

acoustics. A couple of restrictions on Lighthill's theory should be noted at the outset

First the theory is simply an explanation of how noise is generated by turbulence.

Hence, such an explanation precludes the shock noise phenomena of imperfectly expanded

supersonic jets to be discussed in chapter 3. Second, a premise of the theory is that the

sound radiated from the flow does not react back on the flow. In fact resonant noise

phenomena do occur, such as jet screech (discussed in chapter 3), which are based on just

such a back reaction. Nevertheless, Lighthill's theory provides a useful insight into

fundamental mechanisms of aerodynamic sound generation.

2.2 The Homogeneous Wave Equation

Before considering aerodynamic noise, particularly Lighthill's acoustic arudogy,

a few ideas from classical acoustics need to be stated. Many of the ideas and concepts
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which have been developed in the study of aerodynamic noise have their roots in classical

acoustic theory. With this as a premise, the homogeneous wave equation, fundamental

to classical acoustics, is outlined below.

The honoogeneous wave equation is derived from a linearization of the equations

of mass and momentum conservation. Since the study of acoustics is alnaost exclusively

concerned with sound propagation through fluids such as air and water where the effects

of viscosity and thermal conductivity are very small [3], the terms associated with these

effects can be neglected from the conservation equations. Then, neglecting external

forces, the exact equations of mass and momentum conservation, respectively, can be

written in tensor form as

|(pv,) ♦ ^(PV.V, ♦ P,) = 0 . (2)
Py is the compressive stress tensOT, representing the force per unit surface area in the x^

direction with inward normal in the Xj direction [14]. The other element of momentum

transport, pViVj, represents direct convection of the momentum pV, by the velocity

component Vj. The continuity and momentum equations, respectively, relate the rate of

change of mass or momentum in a small volume to the total mass transport or momentum

transport out of the volume.

Assuming the fluid undergoes no entropy gradient, the pressure is a functimi of

density alone. It follows that dp=c^dp, where c is the local speed of sound. Then, upon
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linearizing equations (1) and (2) about a state of rest in which the fluid has unifcmn

density Po and sound speed Co> the acoustic approximations are [16]

(3)

= 0 . (4)

Equations (3) and (4) are combined to form the homogeneous wave equation

(5)
at'

where

ajq

Equation (5), fundamental to classical noise theory, governs the propagation of sound in

a uniform medium without sources of mass or external forces.

2.3 The Inhomogeneous Wave Equation

Now, with a view towards Lighthill's acoustic analogy, attention is given to the

case where the right-hand side of equation (5) is non-zero. Such is the case when there

is a source distribution within the acoustic medium. Suppose, for instance, that sources

of mass are distributed throughout the medium which inject mass at a rate Q(x,t) per unit

volume. This would add an additional term, Q(x,t), to the right-hand side of the
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continuity equation, resulting in the inhomogeneous wave equation [16]

ft - ,.Vp . S . C7)
a» a

The density field of equatitm (7) is the well known monopole field of classical

acoustics. Therefore, the introduction of a source of mass, Q, is like adding a monopole

source which generates sound waves that propagate throughout the acoustic medium.

Combustion noise is an example of a monopole generated sound field.

Next, consider the case where there is a distribution of external forces acting on

the fluid with a force per unit volume equal to F. Such a force distribution would add

an additional term, F„ to the right-hand side of the momentum equation resulting in the

inhomogeneous wave equation [16]

- «.Vp - . (8)
at^

The density field of equation (8) is that produced by a dipole source distribution.

A model used commonly for a dipole source of sound is a rigid sphere oscillating back

and forth along a line. Hence, instead of a mass influx, there is a force necessary to

move the sphere back and forth. The strength of the dipole is equal to this force and, like

the force, has direction as well as magnitude. A dipole can be viewed as two simple

sources a small distance apart, each of equal strength but opposite sign [17]. Then tlM

direction of the dipole strength points from the negative source to the positive source, and

the magnitude of the dipole strength is equal to the simple source strength times the

distance separating the sources [18].
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Dipole source distributions can result from solid objects in an air flow which

impose force distributions on the air equal and opposite to the aerodynamic force on the

object For exanple, a wire in an air flow creates a dipole distribution resulting in the

famous aeolian tones. Boundary layer noise is another example of a dipole generated

sound field.

2.4 Lighthiirs Acoustic Analogy

After becoming accustomed to viewing the inhomogeneous term in the wave

equation as an acoustic source term, it is easier to understand Lighthill's [14,15] acoustic

analogy. The monopole and dipole sources from classical acoustics have been used to

describe the noise generation due to an injection of mass into the flow or due to an

applied external force on the flow, as would be the case with a solid body impinging on

the flow field. While these noise generating mechanisms fall into the category of sound

generated aerodynamically, there is another source of flow noise which occurs

independent of mass injection or solid boundary impingement. Lighthill's theory

describes the source distribution within a fluctuating flow surrounded by a large volume

of fluid at rest Such a source distribution would, for example, account for the noise

generated by a turbulent jet exhausting into the atmosphere. In fact, the jet noise problem

was the primary motivation fOT Lighthill's woric.

Lighthill's theory of aerodynamic noise is based tm an analogy drawn between the

full non-linear flow problem and the linear theory of classical acoustics. The full non

linear nwmentum and continuity equations govern the density field in the real fluid.
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including both the fluctuating flow region and the surrounding stationary acoustic

Ttv>/tinm However, the acoustic approximations of the momentum and continuity

equations are also applicable to the region consisting only of the stationary acoustic

medium. The difference between these two sets of equations, the full non-linear set and

the acoustic approximation set, is considered as if it were the efliect of a fluctuating stress

field external to the stationary acoustic medium which radiates sound according to the

laws of classical acoustics [14].

The full non-linear continuity and nwmentum equations, respectively, are given

by equations (1) and (2). Equations (3) and (4) are the corresponding acoustic

£q)proximations. Now, the full momentum equation is essentially rewritten in a form like

that of the acoustic approximation so the difference between the two equations can be

explicitly identified. To this end the full momentum transport (pViVj + Pjj) is written as

the sum of the acoustic approximation, Co^pSy, of the momentum transport (where Sjj is

the Kronecker delta) plus an additional term, Ty, which takes the form [14]

Tjj ~ P^i^j ~ •

Then the full non-linear momentum equation can be written as [14]

^P^i) 2 3p+  = -liM

(9)

. (10)
dt dX|
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Combining equation (10) with the continuity equation leads to an inhomogeneous wave

equation [14]

.  (11)
at« axf

The term on the right-hand side of equation (11) contains two space derivatives,

and therefore, represents neither a monopole nor a dipole source distribution. Rather, it

represents a quadrupole distribution derived from dipoles in the same way dipoles are

derived from monopoles. Since a system of externally applied forces is represented by

a dipole distribution, it follows that a system of externally applied stresses is represented

by a quadrupole distribution. As shown in figure 2-1, a fluid element under stress

experiences equal and opposite forces on two sides. The forces are equivalent to dipoles,

and therefore the combination of equal and opposite forces is equivalent to a quadrupole.

An element under compressive stress, figure 2-la, is represented by a longitudinal

quadrupole, while an element under shear stress, figure 2-lb, is represented by a lateral

quadrupole. Figure 2-2 shows the sound field produced by a lateral quadrupole. Each

of the nine elements in the stress tensor Ty is a quadrupole with axes in the x, and x,

directions. Three of the nine are longitudinal quadrupoles (where i=j), and the remaining

six are lateral quadrupoles.

Since Lighthill's inhomogeneous wave equation is based on the full continuity and

momentum equations, all real flow effects must be taken into account by the quadrupole

source distribution Tg. Outside the flow region, where the classical laws of acoustics

hold, these sources vanish, and equation (11) reduces to the horrwgeneous wave equation.
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This implies that the fluctuating flow, confined to a limited part of an otherwise stationary

acoustic nviiriiiini, generates the same fluctuations of density as that produced by a system

of externally applied stresses, Ty, acting on the stationary acoustic medium. Ty,

representing the difference between the real nxMnentum transport and its acoustic

iq)proximation, is dominated by the convective momentum transport term pV,Vj for

subsonic cold air jets [18].

The solution to equation (11), obtained using the Green's function, is given by the

volume integral [16]

PW) - P. = . (12)
4iic^ ®o |x-y|

where the solution represents the density field at a distance |x-y| from the source at y.

The integration is carried out with respect to the source volume element d'y. In the far

field, where the distance from the flow region is large compared to the dimensions of the

flow region, |x-y| may be approximated by x, provided the origin is taken in the flow

field. Hence, the far field approximation of equation (12) may be written as

P(ia) - P. = ', ■ (13)
AW/.2 ax.ax.-' * c- X4wc^3xjaxj

Also, since [16]

A = -fill
^x^ X c^dt '

(14)
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the form appropriate for dimensional analysis is

P(«) - p. - • 05)
4nci x' a" Co

Notice that the density field fluctuates in time in the same way as T,. except for the time

delay x/Cq. Thus, the sound field has the same frequency as the source, but a phase

difference.

If this result is applied to a region of simple turbulence with zero mean flow, the

velocity fluctuations can be characterized by the root-mean-square (r.m.s.) velocity u.

The volume scale of the source region may be approximated by the dimensions of the

turbulent mixing region. The turbulent region is composed of eddies having a random

nxrtion uncorrelated to that of other eddies, although the motion within an individual eddy

is well correlated. Hence, each eddy may be thought of as an independent quadrupole

source distribution [18]. The total acoustic power emitted by the turbulent region is the

sum of that radiated from each quadrupole distribution.

In order to avoid the tedious statistical treatment necessary for the random source

distributions associated with the complete turbulent region, attention is narrowed to the

sound field radiated by a single eddy. Consider a typical eddy with a size on the order

of L moving around at an r.m.s. velocity of order u. Then the frequency of the

quadrupole distribution associated with this eddy is of order u/L. Assuming Ty - PoUiUj

- Pou', is proportional to (u/L)^PoU^ Applying these approximations to
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equation (IS), the density field may be estimated as

PW) - P. - - Prf^Xf / . (16)c*x L X Cp

The sound intensity is CoVpo times the mean square fiuctuation of the density field [14].

Consequently, the intensity may be estimated by

I. fi - p^ciy's!, (17)
Po * S) * Co'

and the power radiated by the eddy is

P - p,l»2| . (18)
Co

So, the power radiated by the quadrupole distribution associated with a single eddy

is proportional to the eighth power of the eddy's r.m.s velocity. Referred to as Lighthill's

eighth power law, this result is applied in chapter 3 to the quadrupole distributions of a

jet mixing layer, where the source velocities are on the wder of the mean jet velocity.

Finally, it should be noted that the actual sound field produced aerodynamically

may be due to a combination of monopole, dipole, and quadrupole source distributions.

Such a combination of source distributions will occur if there is a solid boundary

interacting with the flow. Monopoles, distributed along the boundary, have a strength

propOTtional to the variatitm erf local mass outflow from the boundary. Dipoles, also

distributed along the boundary, have a strength proportional to the local rate of
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momentum output from the boundary. Lastly, quadrupoles, distributed throughout the

flow, have a strength proportional to the local stress tensOT.

The primary aim of chapter two has been to describe various aerodynamic noise

mechanisms from a very fundamental starting point While such an approach has many

limitations, as stated at the outset it still provides a foundation necessary to understanding

jet noise. Chiq}ter 3 focuses on the specific problem of jet noise and, particularly,

supersonic jet noise.
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CHAPTER 3

JET ACOUSTICS AND THE ACOUSTIC INTERACTION BETWEEN A

JET AND A CYLINDRICAL DUCT ENCOMPASSING THE JET

3.1 Overview

After describing the fluid dynamics important to jet noise in chapter 1 and the

basic principles of flow noise in chapter 2, specific features of jet noise are presented

below, followed by a discussion of the acoustic interaction between a jet and a cylindrical

solid wall encompassing the jet The encompassing cylindrical duct is large enough

relative to the jet so that the jet flow does not impinge on the duct surface (hence, such

acoustic interaction is not related to dipole generated noise).

This chapter begins with an explanation of so called jet mixing noise which can

be explained by Lighthill's acoustic analogy. Supersonic turbulent convection and the

resulting eddy Mach wave radiation are discussed in section 3.3. Shock noise and jet

screech are addressed in sections 3.4 and 3.5 respectively. Section 3.6 describes the

acoustic interaction between a jet and a cylindrical duct encompassing the jet Finally,

chapter 3 is concluded with a discussion of temperature influences on jet acoustics.

3.2 Jet Mixing Noise

All the noise phenomena discussed in this chapter originate in the turbulent mixing

layer of the jet Jet mixing noise refers to the noise due exclusively to turbulent mixing
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effects. Hence, any noise associated with shock waves is precluded from a discussion of

jet mining noise. For subsonic and low supersonic jets, where the turbulent eddies in the

mixing region are convected at subsonic speeds, Lighthill's acoustic analogy has been

applied with great success. When the plume Mach number is high enough that the

turbulent eddies are convected at supersonic speed, further explanation of the noise

mechanism is needed. Section 3.3 explores the noise of supersonically convected eddies,

termed eddy Mach wave radiation. Therefore, the jet mixing noise discussed herein refers

to the noise of subsonic and low supersonic jets for which Lighthill's acoustic analogy

is applicable.

In section 2.4 Lighthill's theory was applied to a single quadrupole distribution

associated with a turbulent eddy. The concept of viewing a turbulent eddy as a

quadrupole distribution has strong support [16,19]. On the other hand it is far less

certain, from a fundamental point of view, that Ughthill's theory can be applied directly

to an extensive region of turbulence. Crighton [16] argues that the effect of eddies

scattering the sound waves generated by other eddies and the effect of mean flow

gradients refracting the sound waves should be accounted for explicitly, rather than

assuming the stress tensOT Ty includes all such effects. Nevertheless, Lighthill's thetxy

has proved very accurate in predicting the noise emitted by the turbulent mixing layer of

shock free jets up to Mach numbers approaching two [16].

Applying Lighthill's the«y directly to jet noise, the source velocity is on the order

of the mean flow velocity V. The source volume, generaUy determined by the external
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mechanism which generates the turbulence, is on the scale of the nozzle diameter D.

Thus, equation (18) becomes

P - (19)

for the acoustic power output of a jet The fact that equation (19) should follow

experimental observations so well [3,15,16], even up to high subsonic and low supersonic

speeds, actually surprised researchers who thought the effect of source convection would

increase the acoustic power output In fact, although source convection does increase the

power output its effect is offset by other factors.

Source convection results in a Doppler shift in the wavelength. Ahead of the

source the wavelength is contracted by the factor (l-M^cose), where is the convection

Mach number and e is the observation angle with respect to the jet axis. Qearly, if the

wavelength is contracted by the factor (l-M^cose), the frequency must be increased by

the factor (l-M^cose)"*. This leads to the factor (l-M^cose)"^ for the source term ̂ T^t^

in equation (15). Also, the effective volume of convected sources is increased

by the Doppler factor (l-M^cose) * [17]. Together, the increase in effective source

volume and the wavelength contraction lead to the modification of equation (16) for

convected eddies

pM - p. - p„i^(l-M.cose)-'. (20)
* Co
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The acoustic power output of a convected eddy is then

p. - PoL'5!(l-M,co«e)-« . (21)

However, considering the power output of a fixed volume of convected turbulence,

like that of a jet, the number of eddy sources must decrease as their effective size is

increased. Hence, Lighthill [19] shows that the convection effect should be modified by

the factor (l-M^cose), and so the acoustic power ouq)ut of a jet is given by

P - PoD^^Cl-M^cose)-' . (22)

While the effect of convection on the total acoustic power output is offset by other

factors, as will be shown, the convection factor does explain the directionality of jet noise.

At lower angles the convection effect is more pronounced which explains the downstream

bias of jet mixing noise. Note that the convection factOT increases the sound emitted in

the downstream direction more than it decreases the sound emitted in the upstream

direction. Consequently, source convection increases overall sound power output

As already stated, the eighth power law, as given by equation (19), compares

favorably with observation even at high subsonic and low supersonic jet velocities where

a pronounced convection effect is expected. Hence, there must be an offsetting factor.

Powell [17] and Lighthill [19] attribute the offsetting factor to reduced turbulent

intensities at higher Mach numbers. As pointed out in section 1.3.1, the r.m.s. velocity

of an eddy is reduced relative to its ctrnvection speed with increasing Mach number. In
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fact at supersonic Mach numbers the eddy is virtually frozen relative to the mean flow

(i.e., the eddy looks like a blob of fluid moving in the jet's shear layer), while at Mach

numbers between 0.5 and 1.0 Lighthill [15,18] suggests an r.m.s. velocity proportional to

the 3/4 power of jet velocity. This leads to a sound power output proportional to V*

instead of V for jet Mach numbers between 0.5 and 1.0. The V* result compares well

with measuretnents at e=90® from the jet axis, where the convection factor has no effect

The convection factor restores the velocity dependence from V* at 90° to about V* at 20°,

so that the total power output is still closely proportional to V*. The balance between

increasing convection speed and decreasing turbulent intensity relative to the jet velocity

maintains the eighth power up to velocities nearly twice the speed of sound for shock free

jets [16].

As indicated by flgure 1-2, most of the turbulent energy is confined to a narrow

region near the center of the mixing layer. It follows that the dominant noise sources are

located in the center of the mixing layer, and since the turbulent intensity remains fairly

constant over the first four diameters (for a subsonic jet), the sound power output is

expected to be fairly constant over this length. As the jet velocity falls off in the fully

developed region, the sound output also decreases. Therefore, most of the sound output

comes from the first four diameters downstream of the nozzle exit.

The frequency spectrum of jet tnixing noise is very broad with a flat ill-defined

peak [15]. The high frequency sound emanates from the heavily sheared mixing layer

near the nozzle exit, where strong lateral quadrupole distributions are expected, based on

Lighthill's theory, due to the dominant transverse momentum transport Low frequency
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sound originates predominantly in the turbulence further downstream, where the r.m.s.

velocities and the associated frequencies of the turbulent eddies have decreased.

3.3 Eddv Mach Wave Radiation

The mixing layer of a supersonic jet has convection speeds typically ranging from

20% to 90% of the mean jet velocity, depending on the radial distance from the potential

core. As stated in section 1.3, eddies convected in this mixing layer at supersonic speed

are nearly frozen relative to the mean flow and can emit sound in the form of ballistic

Mach waves. The eddy may be viewed as a quadrupole source distribution whose emitted

sound waves coalesce into a Mach wave, as shown in figure 3-1. The Mach angle (the

angle the Mach wave makes with respect to the axis of source convection) is given by

the inverse sine of the reciprocal of the convection Mach number. Figure 3-2 is a

schematic of the Mach wave field of a supersonic jet The propagation direction of the

Mach waves is given by the complement to the Mach angle.

The origin of a Mach wave inside the mixing layer of a jet is more complicated

than figure 3-1, since the eddy is surrounded by a convection velocity gradient instead of

a stationary environrrrent Hence, the eddy is never supersonic relative to its immediate

surroundings, and the emitted sound waves do not initially coalesce into a Mach wave.

A Mach wave emerges only when the sound waves propagate into a region relative to

which the source velocity is supersonic.

Therefore, a very small eddy, though convected at supersonic speeds, may not

produce a Mach wave, since its disturbance may die out before reaching a locatimi in the
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mixing layer where they will form a Mach wave. The Quadrupole source distribution,

characteristic to an eddy, must be of sufficient strength to produce sound waves that

penetrate through the mixing layer in order fw it to produce Mach waves. A very thin

supersonic mixing layer cannot support the large dominant eddies required for eddy Mach

wave radiation.

Based on measurements of the Mach angle taken from Schlieren photographs, the

convection velocity of the Mach wave bearing eddies has been determined to be about

75% of mean jet velocity [8,11]. This supports the notion that a very thin supersonic

shear layer, which has convection speeds no lower than 80% of the mean jet velocity,

cannot support the large eddies necessary to produce Mach waves.

The strength of eddy produced Mach waves is proportional to the convection

velocity of the eddy. This is because higher speed jets have a steeper velocity gradient

in the mixing layer. Hence, there is less of a spatial expanse for the sound waves to

decay before coalescing into a Mach wave. Eddies convected at speeds only slighdy

above the sonic speed are unlikely to produce Mach waves, since their sound waves,

decaying exponentially in the mixing layer, have to propagate all the way to the extericv

of the jet before forming a Mach wave. The waves are so weak by the time they emerge

from the jet that any Mach wave formed is almost non-effectual. When the characteristic

Mach wave bearing eddy, traveling at 75% of the mean jet velocity, is convected at

higher superstMiic speeds, a steeper velocity gradient results in less signal decay befcne

coalescence into a Mach wave. In fact, for higher source convection speeds, the Mach

wave originates deeper in the mixing layer and then curves upstream through the
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remaining velocity gradient before becoming straight in the stationary environment around

the jet

With the statements above in mind, it is not surprising that eddy Mach wave

radiation does not become a significant source of jet noise until the mean jet Mach

number approaches two [8,11]. Jet mixing noise, discussed in section 3.2, dominates at

Mach numbers lower than two fen* shock-free jets. Eddy Mach wave radiation and jet

mixing noise are comparable at Mach numbers close to two. At higher Mach numbers

near 2.5 the eddy Mach wave mechanism is the dominant source of noise fw shock-free

jets [11,16]. These guidelines are for unheated jets. Eddy Mach wave radiation becomes

important at lower Mach numbers for heated jets, where there is a temperature gradient

as well as a velocity gradient in the mixing layer.

Ffowcs Williams and other researchers studying jet noise have extended Lighthill's

acoustic analogy to explain eddy Mach wave radiation [1]. The acoustic analogy, as

presented in section 3.2, would predict an infinite sound intensity in the direction of eddy

Mach wave radiation. This can be seen from equation (22), where the angle e is the

complement to the Mach angle. Although the intensity is very high in this direction, the

infinite prediction results from an assumption, incorporated in the derivation of the

convection factor, that retarded time variations within an eddy can be neglected [19]. By

renooving this assumption the acoustic analogy approach has been used to predict the

noise of eddy Mach wave bearing jets, and the results, according to Lighthill [19] and

Crighton [16], show good agreement with observation. More recently, however. Seiner

[11] has pointed out several flaws in this extension of the acoustic analogy approach and.
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in fact, has concluded that all current extensions of the acoustic analogy have not evolved

to the point where they can predict the dominant noise radiated by the eddy Mach wave

mechanism. This conclusion is a consequence of the fact that these analogy noodels

predict the dominant noise sources to be located near the nozzle lip, while, based on

observations, the dominant noise sources are expected to be far downstream for eddy

Mach wave radiation.

Liu [8] has developed an instability wave noodel to explain the mechanism for

eddy Mach wave radiation. As pointed out in section 1.3, the turbulent eddies in the

mixing layer are part of larger scale coherent fluid dynamic structures [7]. These

coherent structures are quasi-periodic and extend the length of the jet mixing layer, before

dying out in the transition region. The quasi-periodic structures can be viewed as

traveling instability waves. The instability waves, initiated at the nozzle exit, rapidly

grow as they are convected downstream. Liu's model, which assumes that the strength

of the radiated Mach waves is linked to the local instability wave strength, allows for the

peaking of noise intensity downstream firom the nozzle lip. Tam and Burton [5] have also

developed an instability wave naodel to predict the noise emitted via Mach waves and

report good agreement with observation. The Mach wave radiation due to an instability

wave traveling at supersonic speed is analogous to the wavy wall radiated field of

compressible flow.

Seiner [11] contends that the instability wave model, which recogiuzes the role of

large scale coherent structure, offers the most promise for a unified theory to physically

interpret and predict the generation of jet noise. The large scale coherent structures
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appear to be the conmKH) denominator for all the mechanisms of jet noise, including the

mechanism for shock noise.

3.4 Shock Noise

As demonstrated in section 1.3.2, imperfectly expanded supersonic jets contain an

expansion/compression wave system extending almost the complete supersonic length of

the jet The diamond shaped regions outlined by the waves are called shock cells, and

the noise produced by the interaction of the shock cells with convected turbulence in the

supersonic mixing layer is called shock noise. Shock noise dominates the sound radiated

from an imperfectly expanded jet at all angles not associated with eddy Mach wave

radiation and, in fact dominates the entire sound field at lower supersonic Mach numbers

for which eddy Mach wave radiation is not present

Numerical predictions and experimental evidence [11] indicate that the intensity

of the turbulence in the mixing layer is not reduced by interactions with the

expansion/compression wave systent The intensity level of turbulence rises above that

for the perfectly expanded condition at the end of a compression system but drops back

to the level of the perfectly expanded condition at the end of an expansion system. Based

on this turbulence data, the fluid dynamic structures which govern eddy Mach wave

radiation and jet mixing noise are expected to be unaffected by the presence of shocks

in the jet Experimental observation has confirmed that jet mixing noise and eddy Mach

wave radiation are not reduced by the presence of oblique shocks in the jet However,
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if the jet is operated at extreme off design conditions such that normal shocks are present

in the jet plume, these forms of jet noise are reduced [11].

Since the intensity level of the turbulence in the mixing layer is not degraded by

the shock/turbulence interactions of an imperfectly expanded jet, the energy radiated as

sound via these interactions must come fhHn the shock waves. The loss of energy from

the periodic wave system is reflected in an incremental weakening of wave strength until,

eventually, the wave system dies out far downstream of the nozzle exit Experimental

observations indicate that the periodic wave system dies out prior to the termination of

the supersonic region [13]. These observations fit Seiner's numerically generated model

[11], shown in figure 1-7, and are further proof that the periodic wave system supplies

the energy which is radiated as sound. Hence, the sound power radiated is proportional

to the power contained in the periodic wave system.

Several nKxiels have been developed to explain the mechanism for shock noise

generation. Haiper-Boume and Fisher's [20] model, as described by Seiner [11], consists

of an array of monopole sources located at the ends of the periodic shock cells in the

mixing layer. These sources are assumed to be well correlated such that the noise

radiated is subject to constructive interference. Their model, based on Powell's earlier

model for jet screech, predicts peaks in the shock noise spectrum at frequencies given by

(23)
=  ' n=l,23,»  L(l-M,cose)

where 0 is the observation angle with respect to the flow direction, is the eddy

convecticm velocity, L is the shock cell spacing, and with c, equal to the
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ambient speed of sound. Based on Harper-Bourne and Fisher's experiments, the eddy

convection velocity is estimated to be about 70% of the mean jet velocity. The shock cell

spacing, L, is taken as an average of the shock cell spacing in the region where the

dominant shock noise originates. Experimental observations show that the most intense

shock noise comes from the region near the end of the annular mixing layer. The average

shock cell spacing can either be obtained numerically or empirically [11]. Haxper-Boume

and Fisher's experiments on choked jets confirm that the dominant noise is associated

with downstream shocks and show that the intensity of the shock noise, which is

proportional to the shock wave strength, can be represented by

This formula is only applicable to choked jets that do not have the strong imbedded

normal shocks present in the exhaust of jets operating at extreme off design conditions.

The theoretical model of Howe and Williams [13], consisting of a continuum of

axisymmetric vortex rings which interact with the shocks to produce sound, compares

favorably with Harper-Boume and Fisher's model for shock noise generation. Both

models predict a sound power output that is proportional to shock wave strength. Hence,

the sound power output largely depends on the pressure ratio at which the jet is operated,

essentially independent of the details of the shock/turbulence interaction mechanism.

There is evidence that shock noise, like eddy Mach wave radiation, is somehow

linifi»H to large scale coherent structures in the mixing layer. Harper-Boume and Fisher's

model envisions an array of monopole sources whose emitted noise is well correlated.

They do not explain the phase correlation of the emitted sound, except to say that it is
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necessary for a strong sound field via constructive interference. This phase correlation

indicates that large scale coherent structures in the mixing layer may play an important

part in the shock noise mechanism. Observations [11] show the large scale coherent

structures to be phase locked to the periodic shock waves. A fiirther evidence that a

relationship exists between the quasi-periodic coherent structures and the shock noise

mechanism is their strength correspondence. As stated in section 1.3, the quasi-periodic

coherent structures, which can be viewed as large scale instability waves, reach their

maximum strength at the end of the mixing layer surrounding the potential core.

Observations show that the principle region of shock noise emission occurs near the end

of the annular mixing layer. A possible explanation for this correspondence is that the

larger and stronger coherent structures found in this region allow more of the periodic

shock system's energy to be tapped and converted to sound.

Tam and Tanna [21] have developed a shock noise theory which includes the role

of large scale coherent structures. They propose that broadband shock associated noise

is generated by a weak interaction between downstream propagating large turbulence

structures, or instability waves, and the shock cell structure of the jet Their theory, even

though derived in a way fundamentally different from that of Harper-Bourne and Fisher,

nevertheless, recovers the same sound intensity and peak frequency predictions for the

sonic nozzle.
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The Tarn and Tanna frequency predicti(X) is given by

f = . 11=1^3,.... (25)
' 2x(1-M,co80)

where Vj is the phase velocity of the instability wave of frequency f, and k, is the wave

number of the n*^ Fourier component of the shock cell structure. Experimental evidence

and numerical models [21] indicate that the phase velocity of instability waves is about

70% of die jet velocity. The phase velocity and the wave number are evaluated at the

position in the jet where the amplitude of the instability wave is a maximum. The wave

number is obtained using analytical nxxlel solutions to represent the shock cell structure

and the large turbulence structures. According to these solutions, the amplitudes of the

higher order Fourier components of the shock cell structure decrease as n increases.

Since the shock noise amplitude is proportional to the amplitude of the Fourier

component, the amplitudes of the higher order peaks are relatively small compared to that

of the fundamental. This is consistent with experimental observations which show the

higher harmonics to be mostly weak and not easily observable. Also, the Tam and Tanna

sound intensity prediction, given by

w—»- K-Mi" n
is more general than that of Harper-Boume and Fisher, having been derived fOT

convergent-divergent nozzles. Harper-Boume and Fisher's prediction for sonic nozzles,

equation (24), is recovered as a special case for which the design Mach number, M^, is

equal to one.

-36-



The intensity proportionality predicted by Tarn and Tanna is a reflection of the

idea, stated early in this section, that the level of shock noise radiated from a jet is

dependent on the strength of the shock system and, to a large extent, independent of other

factors. Therefore, shock noise intensity is a function of the degree to which a jet is

operated overexpanded ot underexpanded. An exception to this rule occurs when a jet

is operated at such extreme off-design conditions that normal shocks, called Mach discs,

are imbedded in the jet When this happens, equation (26) is no longer valid [11].

Equation (26) implies that the sound output is not dependent on temperature; The

temperature independence is consistent with experimental observations [11,21] and stands

in contrast to the eddy Mach wave phenomena which is sensitive to temperature gradients

in the mixing layer.

3.5 .Tet Screech

At discrete frequencies the shock noise, discussed above, can be accompanied by

much higher amplitude tones called screech tones. Alan Powell [22] first described

screech tones in the early 19S0's. He attributed the high amplimde tones to an

aeroacoustic feedback loop, half the loop consisting of propagating flow disturbances and

the other half consisting of propagating acoustic disturbances. The acoustic disturbances

are generated by shock/turbulence interactions which, at discrete frequencies, produce

sound waves of sufficient strength to propagate all the way upstream to the nozzle exit

Upon reaching the nozzle exit these sound waves destabilize the jet shear layer enough

to produce an embryonic disturbance which has the same frequency as the instigating
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sound waves. The embryonic disturbance grows larger as it is convected downstream,

eventually obtaining enough strength so that its interactions with shock waves produce

sound waves of sufficient amplitude to propagate upstream to the nozzle exit Two

characteristics distinguish this disturbance from other disturbances convected downstream

in the mixing layer: First, the disturbance due to feedback is of greater magnitude than

other disturbances, having been initiated further upstream at the nozzle exit Second, the

disturbance due to feedback possesses the discrete frequency associated with maximum

upstream sound propagation. As a consequence of the first characteristic, a screeching

jet has a higher decay and spread rate than a non-screeching jet and produces a higher

amplitude sound peak. As a consequence of the second characteristic, the disturbance,

when interacting with shock waves, produces sound waves with a preference fa-

propagating back to the nozzle exit thus maintaining the feedback loop.

Therefore, the inner part of the feedback loop consists of flow disturbances

convected downstream in the jet shear layer, while the outer loop consists of sound waves

propagating from the region of shock turbulence interactions upstream to the nozzle exit

The feedback loop is only maintained at certain discrete frequencies associated with the

nK)st intense sound emission in the upstream direction.

Powell's model fa the screech mechanism is much the same as Haiper-Boume

and Fisher's model fa shock noise. Hence, Powell's model, consisting of a stationary

array of monopole sources located at the termination of the shock waves, predicts spectral

peaks at frequencies given by equation (23) with the angle e equal to 180®. The angle

is a reflection of the upstream propagating waves associated with jet screech.
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More recently. Tarn, Seiner, and Yu [23] have shown that the screech phenomena,

like shock noise, is related to the large scale instability waves in the jet mixing layer. An

instability wave, having the same fitcquency as the screech tones, makes up the inner part

of the feedback loop. This instability wave, excited at the nozzle exit by intense upstream

propagating sound waves, grows in amplitude as it is convected downstream. Upon

reaching a peak amplitude near the end of the mixing layer surrounding the potential core,

the instability wave interacts with the shock cell structtue generating intense sound waves.

These sound waves propagate upstream outside the jet completing the outer part of the

feedback loop. The sound waves of sufficient strength to reach the nozzle exit are

confined to a narrow frequency band associated with the most unstable mode of the jet

shear layer. That frequency band is centered around the fundamental frequency of

equation (25) with e equal to 180®. Hence, the narrow frequency band associated with

jet screech is centered around a frequency given by

f = (27)
•  2x(l+M^ '

where kj is the fundamental wave number of the shock cell system. Tam [24], using a

vortex sheet to model the jet mixing layer, has derived an analytical prediction fw the

fundamental wave number.

Equation (27) implies that the screech frequency is a function of the jet Mach

number. Experimental observations indicate that heating a jet increases its screech

frequency for a given Mach number. However, the effect of heating is apparently

accounted for in the models developed by Powell and Tam [11]. Screech tone amplitude
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is hard to predict since it partially depends on boundary conditions at the nozzle exit

However, a general guideline for screech amplitude can be obtained from previous

observations. Jet screech, like shock noise, increases with increasing shock strength up

to the point where normal shocks i^pear in the flow. Hence, the amplitude of jet screech

depends, in part, on the degree to which a jet is operated at off-design conditions.

3.6 .let-Duct Acoustic Interaction

From the above discussion of jet screech it is clear that jets are sensitive to the

acoustic field with which they interact. The feedback acoustic signal associated with jet

screech destabilizes the jet shear layer and, as Seiner [11] has observed, alters the spacial

structure of the jet's large scale flow disturbances. Another way in which a jet can be

subjected to acoustic radiation is through a reflection of the jet's acoustic field back on

the jet. Feedback loops can develop, utilizing the reflecting surface, which amplify

preferred resonant modes of the jet/reflector geometry. This is the phenomena at work

when a jet is encompassed by a cylindrical hard wall.

Abdel-Fattah and Favaloro's [25] experimental work, involving spectral analysis

and schlieren photography, shows that discrete tones of acoustic radiation are emitted by

supersonic jets confined within cylindrical ducts. However, unlike the discrete twje

fundamental frequency associated with jet screech, the fundamental frequency of the duct

enclosed jet exhibits discontinuities in its variation with the jet Mach number. More

precisely, the discrete tone fundamental frequency of the confined jet displays a staging

behavior in its variation with the jet Mach number such that the fundamental frequencies
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are clustered around the resonant modes of the duct Hence, for a range of Mach

numbers the discrete tone fundamental frequency shows little variation, having been

determined by a particular resonant mode of the duct Another range of Mach numbers

excites a different resonant mode of the duct so that overall, there is a step variation in

tonal frequency with Mach number. Abdel-Fattah and Favaloro show that two discrete

tone frequencies, together with their harmonics, appear at Mach numbers close to the

points of discontinuity.

The spectral analysis of Abdel-Fattah and Favaloro on ducts of various size reveals

that the discrete tone frequency, associated with a particular resonant mode of the duct,

varies in inverse proportion to the duct diameter. This is a consequence of the fact that

the Helmholtz number associated with a particular resonant nwde, defined as the tonal

frequency times the duct diameter divided by the local speed of sound (H=fD/c), is the

same for ducts of different diameter. Therefore, even if ducts are scaled such that they

have the same ratio of duct to nozzle cross sectional area, larger diameter ducts will

produce discrete tones at lower frequencies. However, the Helmholtz numbers associated

with the discrete tones would be the same for any duct diameter. The dependence of

discrete tone frequency on duct diameter implies that it is the duct's radial modes which

are excited to the point of resonance.

Spectral data also show that the jet Mach number at which a certain discontinuity

occurs (ie, the pressure ratio corresponding to a change in the preferred resonant noode)

varies linearly with the duct to nozzle area ratio. Hence, increasing the duct diameter for

a given nozzle shifts the excited resonant modes with their characteristic tonal frequencies
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to higher Mach numbers. Increasing the duct length fw a given duct to nozzle area ratio

is shown to increase the distortion and dissipation of the basic shock structure of the jet

and to shift the discontinuities to lower Mach numbers.

The schlieren photographs of Abdel-Fattah and Favaloro reveal weak shock waves

prtqragating in the upstream direction. It is postulated that these arc due a coalescence

of sound waves reflected off the duct wall. These reflected waves interact obliquely with

the jet, distorting the cellular shock structure and affecting the overall jet behavior before

eventually reaching the nozzle exit. Hence, there is a feedback loop at work similar to

Powell's proposed screech mechanism with the duct geometry determining the preferred

resonant noodes.

The acoustic interaction between a jet and a cylindrical duct encompassing the jet,

discussed above, is similar to the jet-diffuser resonant phenomena recently investigated

at the University of Tennessee Space Institute. The diffuser geometry is similar to a

cylindrical duct except for a conical portion at the nozzle inlet. The diffuser is

encompassed by a larger cylindrical duct A schematic of the diffuser/duct geometry is

given in chapter 4. The jet-diffuser resonant phenomena is the subject of the

experimental investigation reported in chapters 4, S and 6.

3.7 Temperature Influences on Jet Acoustics

A temperature gradient in the jet's shear layer could have a significant impact on

the jet's acoustic ouq>ut A temperature gradient would produce a corresptmding

gradient in the speed of sound which is proportional to temperature. Hence, as velocity
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decreases across a hot jet's shear layer, there is a simultaneous decrease in sound speed.

Consequently, the local Mach number, which is the ratio of velocity and sound speed,

decreases less rapidly across a hot jet's shear layer than it does across that of a cold jet

Since the local Mach number at a given convection velocity in the shear layer is

higher for a hot jet eddy Mach wave radiation, produced by turbulent structures

convected at supersonic speeds in the jet's shear layer, can occur at lower operating

pressure ratios with a hot jet Similarly, for a given operating pressure ratio, the eddy

Mach waves produced by a hot jet are expected to be stronger than those produced by a

cold jet

As reported in section 3.5, experimental observations have shown that heating a

supersonic jet increases its screech frequency for a given operating pressure ratio. This

is consistent with the theory discussed in sections 2.4 and 3.2 which defines frequency,

f, as a function of source velocity, V„ which in turn is a function of local sound speed,

c, and, hence, a function of temperature, T. These relationships can be described in terms

of proportionalities as

(28)
f « V, « c « ̂  .

Also, the tonal frequencies associated with duct resonant modes are dependent on

temperature. This follows fitom the discussion in section 3.6, where the Helmholtz

number, H, essentially a reduced frequency, is shown to be constant for a particular duct

resonant mode. Hence, H=fD/c which is equal to a constant for all duct diameters, D,
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implies that the modal frequencies are proportional to the sound speed and, thus, are

proportional to the square root of the duct temperature.

From the discussion above it is clear that a correspondence between the discrete

tone firequencies associated with jet noise and the natural modes of a particular duct

geometry depends on the temperature difference between the jet and the surrounding duct

environment Such a dependence on the temperature difference can be expressed in terms

of proportionalities as

i . ft
T.
i  (29)

f, «. N

where fj refers to the jet's tonal frequencies and f, refers to the natural resonant

frequencies of the duct geometry.
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CHAPTER 4

EXPERIMENTAL INVESTIGATION OF THE ACOUSTIC

INTERACTION BETWEEN A JET AND A DIFFUSER

4.1 Overview

As stated in the introduction, a subscale model of a jet engine testing facility

which has experienced very high amplitude discrete tones was constructed at the

University of Tennessee Space Institute's gas dynamics lab. A schematic of the test cell

geometry is given in figure 4-1. An investigation was initiated to determine whether the

high amplitude tones were associated with the natural resonant modes of the testing

facility's geometry. Professors John E. Caruthers and Ahmad D. Vakili directed the

investigation. The first phase of the investigation is reported in Caruthers, et. al. [2], and

the results are summarized below.

In order to verify the suggested coupling between the jet and the acoustic modes

of the test cell geometry it was necessary to identify these acoustic modes. The complex

test cell geometry, consisting of a diffuser and an encompassing cylindrical duct,

necessitated the use of a numerical technique [26] to determine the acoustic modes. Hard

wall boundary condititms were used on solid surfaces and at the inlet of the diffuser.

Radiation boundary conditions were applied at the exit of the diffuser and also at the exit

of the outer cylindrical duct The conical portitm of the di^ser wall was forced to

oscillate at a given frequency, while the pressure amplitude response was recorded. This
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was repeated over a range of fiequencies fw each of four circumferential noodes. The

resonant modes identified in this fashion showed agreement with experimental

observations in the full scale facility, thereby supptntmg the coupling hypothesis.

As part of the same investigation, Caruthers, eL al. [2] performed experiments on

the subscale model of the test cell, shown in figure 4-1. A converging-diverging

rectangular nozzle was used to simulate the jet engine. The jet exhausted into a diffuser

which is similar to the cylindrical ducts tested by Abdel-Fattah and Favaloro [25] except

for a conically shaped region at the diffuser inlet The diffuser is encompassed by a

cylindrical duct. The aim was to reproduce the resonant phenomena observed in the full

scale facility and to precisely identify the physics associated with the coupling

mechanism. The predicted fundamental acoustic modes of the diffuser/cell geometry were

verified using a frequency generator and a speaker placed at many locations in the

diffuser. Frequency and phase information for the emitted sound, obtained from dynamic

pressure transducers located at positions A, B, C, D, E, F and G in figure 4-1, were used

to determine the fundamental acoustic modes of the diffuser/cell geometry. The

fundamental modes determined in this way agreed with the computational predictions.

It should be noted that the discrete tone frequencies observed for the model were higher

than those observed in the full scale facility, which is in agreement with the observations

reported in section 3.6. However, the Helmhoitz number, essentially a reduced frequency,

was found to be the same for the resonant oKxles observed in subscale nxxlel and for

those observed in the full scale facility. Having verified the acoustic modes of the scaled

model to be the same as those of the full scale facility, tests were conducted with the jet
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operating. The fundamental modes of duct resonance, identified when the jet was turned

on, were the same as those found in the no flow case and in the full scale facihty.

However, the discrete tone amplitudes observed in tfie scaled model, associated with the

resonant modes of the test cell geometry, were not nearly as high (by 30db) as those

observed in the full scale facility, indicating tiiat the scaled model had not fiilly

reproduced the physics of the full scale facility. In order to resolve this discrepancy a

continuation of the experimental woric was performed. The remainder of this paper is

concerned with experimental work aimed at resolving the discrepancy between the duct

resonant mode amplitudes of the subscale facility and those of the full scale facility.

4.2 Objectives

The primary motive for continued subscale testing was to determine the reason(s)

why the first phase of testing did not completely reproduce the phenomena observed in

the full scale facility. Such a determination could reveal the flow and/or geometric

parameters critical to the occurrence of the phenomena.

There were several possible explanations for the amplitude discrepancy. First, the

subscale nozzle did not have as sharp a convergent section as that of the full scale nozzle.

This difference, whose effect had initially been neglected, may have altered the mean jet

flow enough to affect the coupling mechanism. Second, since the Reynolds numbers of

the subscale and full-scale jets were not matched, the boundary layer may have been

thinner and more stable than that of the fiill scale nozzle. A more stable boundary layer

would weaken the large scale coherent structures which are convected in the jet's shear
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layer, allowing less of the periodic shock system's energy to be converted to sound.

Finally, since the subscale model had only recently been constructed, there was some

uncertainty about the quality of the air supply's velocity profile and about the ability of

the facility to reproduce more classic supersonic jet noise phenomena.

Since the full scale jet is exhausted at very high temperatures, a possible

temperature influence on sound ouq)ut was acknowledged but consideration of such an

effect was deferred due to the high cost involved.

With the above considerations in mind, the following objectives were identified

for further study:

(1) Verify the scaling principles employed in the design of the subscale
facility. Since detailed jet acoustic data is not available for the
converging/diverging rectangular nozzle (the subject of our investigation),
benchmark experiments would be conducted on a conical nozzle designed
under the same scaling principles for which detailed jet acoustic data does
exist.

(2) Verify that the subscale test facility is operating properly (i.e. show that
the mean steady flow of the subsc^e jet is symmetric).

(3) Investigate the sensitivity of the jet's acoustic oatpnt to variations in the
throat contour of the rectangular nozzle (ie. investigate the impact of
changing to a sharper comer throat section which is rrx>re like that of the
full scale nozzle).

(4) Investigate the impact of thickening the boundary layer of the subscale jet
by adding upstream trips and other disturbances to the nozzle surfaces.

4.3 Facility Description

A schematic of the subscale facility is given in figure 4-1. A, B, C, D, E, F and

G represent the port locations on die diffuser ftx* dynamic pressure transducers. The
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nozzle shown in figure 4-1 is the converging/diverging rectangular nozzle used in the first

phase of testing to simulate a jet engine's exhaust High pressure air, supplied by storage

tanks, is throttled through a two inch control valve. Three honeycombs located in the

plenum immediately upstream fiom the nozzle are used to produce a uniform flow. The

nozzle and diffuser are encompassed by two large cylindrical ducts bolted together along

the circular flange, as shown in figure 4-1. The upstream conically shaped portion of the

diffuser is also bolted to the circular flange, while the downstream portion of the diffuser

is welded to the flange. Though not shown in the schematic, plexiglass windows are

installed in the outer duct and the diffuser to allow for flow visualization.

The rectangular nozzle used in the first phase of subscale testing, henceforth

referred to as RNl, was designed for continuous variation of the nozzle exit-to-throat area

ratio. RNl has a throat width of 2.6 times the throat height, THl. The length of the

divergent section of RNl is also 2.6TH1. The diameter of the diffuser inlet is 7TH1; the

diameter of the downstream portion of the diffuser is 9.1TH1; the outermost cylinder has

a diameter of 22.2TH1. These dimensions translate into area ratios, relative to the nozzle

throat, of 14, 25 and 146, respectively, for the diffuser inlet, the diffuser outlet and the

outermost cylinder. The diffuser length is 7.6TH1; the outermost cylinder extends

110.3TH1 downstream of the nozzle exit Twenty-six holes, equally spaced (0.22TH1

^art) along the centeriine of the nozzle's upper and lower surfaces, served as ports for

measuring static pressure. As shown in figure 4-2a, these ports extended from the throat

region nearly to the nozzle exit Tygon tubes connected these ports to a pressure

transducer which provided continuous measurements recwded on a personal computer.
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The second rectangular nozzle tested, RN2, has a much sharper angle between the

convergent and divergent portions of the nozzle. Consequently, RN2's throat height,

TH2, is one-fifth less than THl. RN2's throat width is 3.4TH2, while the length of

RN2's divergent section is 2.8TH2. The area ratios of Ae diffuser inlet, Ae diffuser

outlet and Ae outermost cylinder relative to RN2's throat are 19, 32 and 188,

respectively. Twenty-two static pressure ptHts, distributed along Ae upper and lower

surfaces (11 on Ae upper and 11 on Ae lower) of Ae nozzle's divergent section, provided

continuous measurements recorded on a personal computer. Rgtue 4-2b shows Ae

location of Aese ports for RN2.

Smce acoustical data for a convergent conical nozzle was available in Ae

literature, such a nozzle was constructed for testing in Ae subscale facility. The mtent

was to verify certain scalmg assumptions employed m Ae facility design by reproducmg

acoustical data published by oAer researchers. The conical nozzle had an entrance-to-exit

area ratio of 3.5. The exit Aameter of Ae conical nozzle was 1.5TH1. This translated

into area ratios (relative to Ae nozzle exit) of 18, 31 and 186, respectively, fcx- Ae

diffuser inlet, Ae diffuser outlet and Ae outemwst cylinder.

Frequency and phase information from dynamic pressure transducers located in

any two of Ae seven ports (A through G) could be viewed (m a Hewlett-Packard 3582A

Spectrum Analyzer. When Ae diffuser/cell was removed, a dynamic pressure transducer

was mounted immediately above Ae nozzle exit There were two wmking pressure

transducers at the start of Ae experimental work. However, one was damaged just prior

to completing Ae experimental work and, so, Ae last few tests were conducted wiA only
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one dynamic pressure transducer. Pressure and temperature transducers installed in the

air supply line provided total temperature and total pressure measurements which were

recorded continuously during each test via a personal computer. For puiposes of Mach

number calculations (obtained from the operating pressure ratio) the static pressure was

taken to be equal to the ambient pressure.

A pitot probe mounted on a computer controlled traversing system provided a

profile of the total pressure distribution at various locations downstream of the nozzle

exit. These total pressure profiles gave a direct indication of flow symrrretry or

asynunetry. The traversing system was adapted so that it could be rrwunted to a window

seal of the large outer duct and traverses could be taken at the nozzle exit from inside the

diffuser. Additionally, a mounting system independent of the test cell was constructed

so traverses could be made when the diffuser and test cell were removed.

A Schlieren optical system was set up to view the flow structure of the jet

exhausting from the nozzle. The flow could be seen through plexiglass windows when

the diffuser/cell was installed. The flow structure, as seen via the Schlieren setup, was

video recorded for virtually all the tests.

4.4 Experimental Procedure

The experimental procedure follows the objectives outlined in section 4.2. Three

nozzles (the rectangular nozzle of the first phase of study, RNl; a second rectangular

nozzle with a sharper throat section, RN2; and a conical nozzle) were investigated. Tests

were conducted for a wide range of pressure ratios and area ratios (fOT the two rectangular
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nozzles). The conical nozzle and RN2 were tested with the cell/dififuser installed and

with it removed. RNl, having been tested with the cell/diffuser installed in the previous

study, was tested with it removed.

The first series of tests were conducted using a conical nozzle constructed

according to design specifications obtained from Dr. J. M. Seiner of NASA Langley.

Published acoustical data for this nozzle, obtained from reference 10, was compared with

data collected at the Space Institute's gas dynamics lab in order to verify scaling

principles employed in the subscale facility's design. For comparison purposes, tests were

conducted with the diffuser removed. Data was collected for pressure ratios ranging from

2.1 to 7.8. The pitot probe was used to characterize the total pressure distribution at

distances of 0.14D, 1.14D, 2.14D and 3.14D downstream of the nozzle exit (where D is

the nozzle exit diameter). A dynamic pressure transducer, placed 2.5 diameters above the

nozzle centerline (at the exit) for some tests and 11.5 diameters above for others,

measured the acoustic ou^ut of the jet Flow visualization was possible via a Schlieren

optical setup.

The next series of tests involved the two rectangular nozzles, RNl and RN2. Both

were tested without the diffuser. The intent was to verify that the subscale facility was

operating properly in that it produced a symmetric flow exiting the nozzle. Tests were

conducted for pressure ratios ranging firom 2 to 5.1. The area ratio for both nozzles was

set at 1.2. The pressure ports described in section 4.3 provided measurements of the

static pressure distribution along the nozzles' upper and lower surfaces. These pressure

distributions indicated the location of shock waves and revealed the degree of flow
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symmetry inside the nozzle. Vertical traverses, taken with the pitot probe, provided

profiles of the total pressure distribution downstream of the nozzle exit These pressure

profiles, along with Schlieren flow visualization, indicated the degree of symmetry in the

jet Acoustic measurements were taken with a dynamic pressure transducer located 2.5

diameters above the jet axis at the nozzle exit

The third series of tests involved RN2 with the diffuser/cell installed. The intent

was to measure the acoustic field produced by RN2 inside the diffuser and to compare

such data with similar data taken for RNl in the earlier investigation. Differences in the

acoustic fields produced by RNl and RN2 would indicate that the "sharper comer" throat

of RN2 (which is nx)re like the full scale nozzle) adds enough mean flow instability to

affect the jet's acoustic output Two dynamic pressure transducers, placed in various

ports (A-G) provided frequency, phase and amplitude information for the sound field

inside the diffuser. Tests were conducted at pressure ratios ranging from 2 to 5.2 and at

area ratios of 1.2, 1.5 and 2.3. Plexiglass windows installed in the diffuser and outer

cylinder allowed fw flow visualization via a Schlieren setup. The static pressure

distributions along the nozzle's upper and lower surfaces were recorded continuously.

The pitot probe traversing mechanism was mounted to one of the window frames for

access to the jet inside the diffuser.

Next, the conical nozzle was tested with the diffuser installed. The aim was to

examine the impact, if any, that the diffuser would have on the screech tones observed

in the previous tests with the conical nozzle. Tests were conducted for pressure ratios
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ranging from 2.7 to 4.2. Acoustic and flow data were collected in the same fashion as

described above.

Finally, the impact of a thicker boundary layer (between the mean jet and the

nozzle surface) was examined. Four techniques were used to alter the boundary layer of

RN2. The first effort to thicken the boundary layer was to construct a ridge (with a

height of 0.14TH2) in the nozzle throat Acoustic and flow data were recorded during

a series of tests with this ridge in place. Secondly, tests were conducted after the ridge

had gaps cut into it such that it had a jagged appearance. A third effort at tripping the

boundary layer involved constructing triangular blocks (0.07TH2 on all sides) along the

divergent section of the nozzle. Finally, after removing the triangular blocks, black sand

was glued to the divergent section of the nozzle. The aim of all these efforts was to

mimic the boundary layer characteristics of the full scale jet engine, since there was

concem that this might be a critical shortcoming in our subscale model. Schematics of

the four boundary layer manipulation efforts are shown in figure 4-3. An additional series

of tests were conducted with the three honeycombs (located upstream from the nozzle)

renooved. This was intended to address a concem that the honeycombs made the flow

more uniform and, therefore, more stable than the flow produced by the full scale jet

engine.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Overview

Results of the experimental investigation, including acoustic and flow data, are

presented below in the form of graphs and Schlieren pictures. Pitot probe traverses, static

pressure ports Gocated on the diverging nozzle's upper and lower surfaces), and Schlieren

flow visualization are used to characterize flow conditions such as jet symmetry. Since

data was collected for more than 200 separate cases, results have been consolidated for

a more concise presentation. Peak sound amplitudes and their associated frequencies have

been extracted from the spectral data recorded on a Hewlett-Packard 3582A Spectrum

Analyzer and are presented in a variety of plots that allow for comparison of different

cases. The frequency bandwidth is 30Hz, and there is a 1% margin of error for the sound

amplitude measurements. The error margin for the static and total pressure measurements

is also estimated to be 1%.

5.2 Conical Nozzle

The conical nozzle was tested first to confirm scaling principles employed in the

subscale facility's design. The frrst series of tests were conducted without the test cell

ingtallMt so that ivsults could be compared to those reported in reference 10. Since there

was some concern that the jet's acoustic field might interact with the large circular flange
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to which the nozzle was mounted, several tests were conducted with a foam insulation

cover over the flange.

Acoustic data was collected at pressure ratios ranging from 2.1 to 7.8

(corresponding to jet Mach numbers of 1.1 to 2.0). The jet's flow field was videotaped

over this entire range of operating pressure ratios using a Schlieren system. Pitot probe

traverses were taken along the vertical plane of the nozzle axis at distances of 0.14D,

1.14D, 2.14D and 3.14D downstream of the nozzle exit (D = nozzle exit diameter).

Figures 5-1 and 5-2 are the Schlieren pictures of the flow for jet Mach numbers

of 1.3 and 1.6, respectively. There is a continuous succession of expansion and

compression waves visible in each picture, as expected for such underexpanded nozzles.

Three shock cells are visible in figure 5-1, while only two are visible over approximately

the same distance in figiue 5-2. As discussed in sections 3.4 and 3.5, the discrete tone

frequencies for shock noise and jet screech are inversely proportional to the shock cell

spacing, L. Since the pictures show shock cell spacing to increase with increasing jet

Mach number, it can be anticipated that the discrete tone frequencies will decrease with

increasing Mach number. This is consistent with the screech tone data reported in

reference 10. Perhaps nawe important, figures 5-1 and 5-2 reveal a high degree of jet

symmetry. The total pressure profiles, shown in Appendix B (B-1 through B-4), show

the jet to be very symmetric even at more than three diameters downstream of the nozzle

exit

Figure 5-3 shows the discrete tone frequencies as a function of nozzle pressure

ratio for the conical nozzle. As expected, these frequencies decrease with increasing
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pressure ratio. A dynamic pressure transducer, located 2.5 diameters above the center of

the nozzle exit, provided the acousdc data when the test cell was not installed. The

circles, representing data collected when the test cell was installed, (Mily cover the

pressure ratio range from 2.8 to 4.2, since this was the range containing the highest

amplitude peaks. In fact, there were no distinct peaks at pressure ratios below this range

with the test cell installed; above a pressure rado of 4.2 there was a drop in peak

amplitudes. Figure 5-4 shows the amplitude (in pressure dB) of the discrete tones whose

frequencies are given by the circles in figure 5-3. The A and C ports on the diffuser,

referred to in the figure, are those ports shown in figure 4-1.

With the test cell absent, the most distinct peaks (which were accompanied by an

audible screeching sound) occurred at pressure rados between 3.5 and 5.7. Hence, the

data points which lie outside this range in figure 5-3 probably do not represent jet

screech. The discrete tone amplitudes for all the data points in figure 5-3 are shown in

figure 5-5. The test cell had two effects on the jet noise produced by the conical nozzle;

First, the discrete tone amplitudes were about 25dB higher when the test cell was

installed. Second, the disdnct peaks, characteristic to jet screech, occurred at a lower

range of pressure rados when the test cell was installed (i.e. 2.8-4.2 instead of 3.5-5.7).

Again, though data is only shown over the range of pressure rados between 2.8 and 4.2

(since this range contained the highest amplitude peaks), tests were conducted over a

broader range which included the range (3.5-5.7) containing the highest amplitude peaks

observed with the diffuser absent The discrete tones' shift to lower pressure rados with

the test cell installed seems consistent with the experimental work described in secdon
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3.6 (although the two cases arc not completely parallel). The experimental woric of

Abdel-Fattah and Favaloro showed that the duct resonant modes were shifted to lower

pressure ratios when the duct diameter was reduced. Hence, it is not surprising that the

discrete tones associated with jet screech would occur at lower pressure rados when the

jet is encompassed by a diffuser than would be the case when there is no diffuser (i.e. a

diffuscT with an infinite diameter). However, the discrete tone frequencies observed when

the diffuser was installed do not exhibit the staged variation with pressure ratio which

characterizes duct resonant modes. As shown in figure 5-3, the tonal frequencies

observed with the diffuser installed exhibit the same continuous variation with pressure

ratio as those observed with the diffuser removed. This can be seen clearly in figure 5-6,

where only the circles of figure 5-3 are displayed. This continuous variation of tonal

frequency with pressure ratio, characteristic to jet screech, indicates that there was no

coupling between the jet and the acoustic modes of the diffuser. Hence, the higher

amplitudes observed when the test cell was installed arc probably the result of the jet

noise simply being confined within the diffuser.

Figure 5-7 illustrates a comparison of the data collected at U.T. Space Institute's

(UTSI's) subscale facility with that reported by Dr. J. M. Seiner [11]. The regions

bounded by the solid lines represent three modes of jet screech which Seiner had

observed (Seiner's data represents jet acoustics exclusively, i.e., there was no test cell

apparams). The vertical axis is a non-dimensional frequency parameter (Co/fD), where Cq

is the speed of sound, f is the discrete tone frequency (cycles/second) and D is the nozzle

exit diameter. The discrete tone frequencies are taken from the data presented in figure
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5-3 up to a pressure ratio of 5 (corresponding to a Mach number of 1.7). The data

collected at UTSI's facility shows reasonable agreement with that reported by Seiner with

rrx)st points falling on the second or third noode.

All the acoustic data reported above for the conical nozzle without the test cell

was taken with a dynamic pressure transducer located 2.5 nozzle diameters above the

center of the nozzle exit (position 1). Also, when the test cell was rennoved, foam

insulation covered the flange to which the nozzle was rrx>unted for the data reported

above. Figure 5-8 shows data taken with the insulation removed and with the dynamic

pressure transducer located 11.5 diameters above the center of the nozzle exit (position

2). No distinct peaks were observed when the foam insulation was covering the flange

and the dynamic transducer was located at position 2. Hence, the flange appears to have

amplified the sound (at least in the far field), but the absence of the insulation had no

clear effect on the tonal frequencies.

S.3 Rectangular Nozzles (RNl and RN2)

After testing the conical nozzle to confirm the facility's ability to reproduce

published acoustical data, tests were conducted on the rectangular nozzle (RNl) which

had been the object of the previous phase of experimental work (referred to in section

4.1). These tests were done with the test cell removed, since RNl had been tested with

the diffuser installed in the eariier study. RNl's area ratio was set at 1.2 for all the tests;

the operating pressure ratio ranged from 2 to 3.2 (the full scale facility's highest

amplitude sound peaks occurred while operating within this range of pressure ratios).
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Figure 5-9 shows P/Pt (P is the static pressure measured along the nozzle's upper

and lower surfaces; Pt is the total (stagnation) pressure upstream of the nozzle) as a

function of x/L (x is the distance from the nozzle throat to the static pressure port; L is

the distance from the throat to the nozzle exit). Surface pressure distributions are plotted

for cywating pressure ratios (total/ambient) of 2.0, 2.4 and 2.8. In all three cases the

nozzle is operating in an overexpanded noode, as indicated by the sharp rise in static

pressure which signifies the presence of a shock wave. Although there appears to be

some asymmetry at a pressure ratio of 2.0, generally the plots reveal a high degree of

symmetry between RNl's upper and lower surfaces.

The test cell was absent for the initial series of tests on RN2. Tests were

conducted with the exit-to-throat area ratio set at 1.2 and for pressure ratios from 2.0 to

5.1. This was followed by a series of tests on RN2 with the cell/diffuser installed. Tests

were conducted at pressure ratios ranging from 2.0 to 5.2 and for area ratios of 1.2, 1.5

and 2.266.

The variation in pressure ratio with distance from the nozzle throat for RN2 is

displayed in figure 5-10. The two static pressure ports closest to the nozzle exit were

removed to accommodate installation of the test cell. The plots shown in figure 5-10 (for

the sanvt pressure ratios as those of figure 5-9) reveal significant asymmetry between

RN2*s upper and lower surfaces. Comparisons of surface pressure distributions for RNl

and RN2 operating at pressure ratios (total/ambient) of 2.0, 2.15, 2.4 and 2.8 are

illustrated in figures 5-11 through 5-14.
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Figures 5-15 and 5-16 arc the Schlieren pictures of the jet produced by RNl

operating at pressure ratios of 2.15 and 3.18, respectively. The shock waves visible in

these pictures reveal a high degree jet synunetry downstream from the nozzle exit. The

collected from pitot probe traverses, shown in Appendix B (B-5 and B-6) provides

further evidence of jet symmetry for RNl.

Schlieren pictures fw RN2 operating at pressure ratios of 2.0, 2.15, 2.3 and 3.5

are shown in figures 5-17 through 5-20, respectively. All of these pictures were taken

with the test cell absent The asymmetry in RN2's jet is especially noticeable in figure

5-20 (for a pressure ratio of 3.5). Data collected by the pitot probe for operating pressure

ratios of 2.0, 2.15, 2.3, 2.8 and 4.75 is shown in Appendix B (B-7 through B-11). The

asymmetry in the total pressure distribution along the vertical plain of the jet axis, evident

at pressure ratios of 2.15 and 2.3, reflects the asymmetry in shock pattem apparent in the

Schlieren pictures. Figures 5-21 and 5-22 are the Schlieren pictures of RN2's jet with the

cell/diffuser installed. Although it is difficult to view the jet through the plexiglass

window, shock waves are visible through the crevice at the nozzle exit. Oblique shock

waves, emanating from the upper and lower nozzle surfaces, arc visible converging on

a normal shock wave.

Figures 5-23 and 5-24 summarize the acoustic data collected at lower pressure

ratios for RNl and RN2 with the diffuser/cell absent The plotted points represent a

sampling of discrete tone data observed in multiple tests of RNl and RN2 at each of three

pressure ratios (2.15, 2.3, 3.2). For example, the four circles at a pressure ratio of 2.15

represent four peaks observed during two separate tests, while the two triangles also
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represent data collected during two tests. Con^aring figures 5-5 and 5-24, RNl and RN2

produced sound levels 8-lOdB higher than the conical nozzle (with the diffuser absent)

at pressure ratios ranging from about 2 to 3. RN2 produced a relatively high amplitude

peak (158dB) at a pressure ratio of 3.2.

Figure 5-25 displays the data for RNl with the area ratio set at 1.2 and with the

diffuser installed (observed by Caruthers et aL [2] during the earlier investigation). Since

the same discrete tone frequencies occurred at all three pressure ratios, it is apparent that

the tones are not shock noise or jet screech (each of which exhibits a continuous variation

of tonal frequency with pressure ratio). As reported in section 4.1, these frequencies are

associated with the resonant noodes of the diffuser/cell. However, the amplitudes, ranging

from 122 to 140dB, are about 30dB lower than those observed in the full scale facility.

Coir^aring figures 5-23 and 5-24 with figure 5-25 reveals that more low frequency tones

were observed when the diffuser was installed. Figure 5-26 shows similar data observed

when the nozzle exit-to-throat area ratio set at 1.5. The tonal frequencies are the same

as those shown in figure 5-25. However, the amplitudes are slightly higher for an area

ratio of 1.5.

Spectral data for RN2 operating at an area ratio of 1.2 (with the diffuser installed)

is illustrated in figure 5-27. Comparing figures 5-25 and 5-27, both RNl and RN2

produced spectral peaks at about 9(X) and 14(X)Hz. However, the amplitudes observed for

RN2 were higher than those observed for RNl. Also, the spectral peaks at 1120 and

1280Hz (observed at pressure ratios of 2.15 and 2.4) are exclusive to RN2. This may be

the result of differences in the two nozzles or simply because data was not available for
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RNl at these pressure ratios. The first cause seems more likely, since the spectral peaks

observed fOT RNl at a pressure ratio of 1.5 occur at about the same frequencies as those

observed at pressure ratios of 2.7 and 4.0.

Figures 5-28 through 5-30 summarize the effect of the diffuser/cell on RN2 at

pressure ratios of 2.15, 2.3 and 5.1, respectively. The diffuser/cell appears to have

created more tonal frequencies. Also, at frequencies where there is data available for both

cases (with and without the diffuser) the tones observed while the diffuser/cell was

installed have about the same amplitudes compared to those observed with the diffuser

absent This unexpected result contrasts with the data recorded for the conical nozzle,

illustrated in figure 5-5, where the diffuser had the effect of increasing amplimdes by

25dB.

As stated above, RNl's tonal frequencies remain constant over a range of pressure

ratios which indicates that these tones are associated with the normal acoustic modes of

the diffuser/cell. The discrete tone frequencies observed while RN2 was installed are

similar to those observed for RNl, except at pressure ratios of 2.15 and 2.4. However,

as figure 5-31 shows, the amplitudes are higher over a similar range of pressure ratios

when RN2 is installed.

The implications of the preceding discussion are illustrated clearly in figure 5-32.

While RN2 produced higher amplitudes, the discrete tone frequencies were very close to

those observed with RNl installed. A noteworthy exception, again, is the 1120 and

1280Hz tones observed fw RN2 at pressure ratios of 2.15 and 2.4. The discrete tones

occurring at about 9(X) and 1400Hz correspond to the nnodes observed in the full scale
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facility. However, the amplitudes observed for RN2 at the lower pressure ratios (similar

to the operating pressure rados of the full scale nozzle) are still at least 20dB lower than

those observed in the fiill scale facility. The phase angles (measured across the diffuser

from top to bottom) corresponding to the figure 5-32 data are shown in figure 5-33.

5.4 Boundary Laver Study of RN2

Since the discrete tones produced by RN2 had lower amplitudes than diose

observed in the full scale facility (although the amplitudes for RN2 were higher than

those observed with RNl installed), attempts were made to destabilize and/or thicken the

jet's shear layer. The first attempt involved constructing a ridge along the upper and

lower surfaces of the nozzle throat, as described in section 4.4. After a series of tests at

pressure ratios ranging from 1.2 to 4.5, gaps were cut into the ridge giving it a jagged

appearance. Tests were conducted with this jagged edge on the upper and lower throat

surfaces at pressure ratios ranging from 2.35 to 4.5. The effect of these "upstream"

boundary layer manipulations on the diverging nozzle's upper and lower surface pressure

distributions is illustrated in figure 5-34 (for a pressure ratio of 2.35). As figure 5-34

shows, these alterations in the throat surface had no significant impact on diverging

nozzle's boundary layer.

Figure 5-35 shows the effect of the "triangle blocks" which were distributed along

the nozzle's upper and lower surfaces frtHH the throat to the exit This "downstream"

manipulation apparently affected the surface pressure distribution more than the

"upstream" manipulations described above. Figure 5-36 illustrates the surface pressure
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distributions recorded after sand was glued to the diverging nozzle's upper and lower

surfaces. The sand appears to have snooothed out some of the variability seen when there

was no boundary layer treatment This may be a reflection of a thicker boundary layer

which weakens the compression waves befne they reach the nozzle surface. Rgure 5-36

also shows the results obtained when the tfiree htmeycombs (located in the plenum

upstream of the nozzle) were removed. The sand was still present for this case.

Renwving the honeycombs appears to have had little effect on the surface pressure

distribution.

Figure 5-37 displays the acoustic data observed at a pressure ratio of 2.35 for the

four boundary layer manipulations (ridge, jagged edge, triangular blocks and sand), as

well as the data collected with the three honeycombs removed (with and without the

sand). All the spectral data for the boundary layer study was collected from a transducer

located in port A of the diffuser, since the second transducer had been destroyed by this

time. Surprisingly, the boundary layer manipulations generally resulted in lower

amplitudes. However, renwving the honeycombs resulted in a higher amplitude (150dB)

at a frequency of 1250Hz. Figures 5-38 and 5-39 illustrate the results at pressure ratios

of 2.8 and 4.55, respectively. Again, generally the boundary layer manipulations resulted

in lower amplitudes except at frequencies higher than those corresponding to the noodes

of primary interest for the full scale facility.
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CHAPTER 6

CONCLUSIONS

6.1 Review of Experimental Findings

Acoustic data recorded with the conical nozzle installed showed reasonable

agreement with published results (figures 5-7 and 5-8), confirming geometric scaling

principles employed in the facility design. The cell/diffuser had the effect of amplifying

the discrete tones and shifting them to lower pressure ratios (figure 5-5). However, since

the tonal frequencies exhibited the same continuous variation with operating pressure ratio

as when the cell/diffuser was absent (figures 5-3 and 5-6), the higher amplitudes

apparently were the result of the noise simply being confined to a small area rather than

being the result of coupled resonant phenomena.

RNl produced a highly synunetric jet (figures 5-9, 5-15 and 5-16), while RN2's

jet showed some asymmetry (figure 5-10, and figures 5-17 through 5-22). When the

diffiiser was absent, RN2 produced a higher amplitude sound peak than RNl at a pressure

ratio of 3.2, while there was little difference between the two nozzles at pressure ratios

of 2.15 and 2.3 (figure 5-24).

The discrete tone firequencies observed for RNl and RN2 with the diffuser/cell

installed were similar over the entire range of operating pressure ratios (figures 5-25, 5-

26, 5-27, 5-32), indicating that the modes observed were those associated with the test

cell geometry. The diffuser had the effect of increasing the number of tones observed,
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particularly at the lower frequencies. However, the diffiiser did not amplify the tones

already present for the jet operating without the diffuser (figures 5-23, 5-24, 5-25, 5-27,

5-28, 5-29 and 5-30). This unexpected observation contrast with the results obtained f«

the conical nozzle, where the diffuser/cell had the effect of increasing an^litudes by about

25dB.

The discrete tone an^litudes associated with RN2 were higher than those

associated with RNl (figures 5-31 and 5-32), indicating that the jet's mean flow stability

could be an important factor to its acoustic output RN2's discrete tone amplitudes (with

the test cell installed) were still about 20dB lower than those observed in the full scale

facility, while RNl's were about 30dB lower those observed in the full scale facility.

The "downstream" boundary layer manipulations, especially the sand, resulted in

less static pressure variability along the upper and lower surfaces of the nozzle (figures

5-35 and 5-36). Such smoothing of the static pressure variation is indicative of a thicker

boundary layer which weakens the compression waves as they reflect off the nozzle

surface. However, the boundary layer manipulations generally resulted in lower

amplitude tones, except at frequencies higher than those corresponding to the modes

observed in the full scale facility (figures 5-37 through 5-39). Hence, differences in the

boundary layers of the scaled model and the real facility were not critical to the lower

amplitudes recorded fw the model. Renooving the three honeycombs upstream of the

nozzle did result in a higher amplitude peak (150dB) at 1250Hz for a pressure ratio of

2.35. This indicates that a less unifOTm and, thus, less stable flow could increase the jet's

acoustic output, which is consistent with the comparison of RNl and RN2 reported above.
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The most important findings of the investigation reported herein can be

summarized as follows:

(1) Acoustical data collected for the conical nozzle showed agreement with
published data, thereby confirming scaling principles employed in the
facility design.

(2) When the conical nozzle was installed, the presence of the diffuser/cell
resulted in amplitudes approximately 25dB higher than those produced by
the jet alone.

(3) When RNl or RN2 was installed, the presence of the diffuser/cell resulted
in more observable tones, particularly at the lower frequencies.

(4) When RNl or RN2 was installed, the tones observed with the diffuser/cell
absent were not significantly amplified by the presence of the diffuser/cell.

(5) The acoustic amplitudes observed for RN2, while the diffuser/cell was
installed, were higher (by about 10-15dB) than those observed for RNl.
However, the amplinides produced by RN2 (with the diffuser installed)
were still about 20dB lower than the high amplitude tones observed at the
full scale facility.

(6) Efforts to thicken RN2's boundary layer generally resulted in lower
amplitudes.

(7) Removing the three honeycombs located in the plenum immediately
upstream of the nozzle resulted in a relatively high amplitude peak
(ISOdB) at 1250Hz for a pressure ratio of 2.35.

Findings (5) and (7) indicate that, while flow unifOTmity and, hence, mean flow

stability may be important factors in jet noise, it is likely that there are other reasons why

our model did not fully reproduce the phenomena observed in the full scale facility.

Finding (6) dispels the notion that a thinner boundary layer in the subscale model was

responsible fw the lower amplinides.
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6.2 Recommendations

The real engine produces a very hot jet As stated in chapter 4, consideratitm of

the temperature influence on the jet's acoustic output was not included in the subscale

investigation due to the prohibitive cost of producing a hot jet However, it is clear, ftom

the discussion in section 3.7, that a temperature gradient in the jet's shear layer could

have a significant impact on the jet's acoustic output and the acoustic interaction between

the jet and the diffuser. Hence, a subscale investigation using a hot jet is needed for a

more complete simulation of the full scale facility.

Additionally, since the natural acoustic frequencies of the test cell geometry

depend on the size of the test cell, it would be useful to run experiments on the same

geometry but with different scaling factors. Such an examination of scaling influences

would also provide information on the impact of test cell size on sound wave attenuation.
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