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annular effect. To the best of the authors' knowledge these are the first solutions demonstrating either
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transfer from the acoustic flow field), and the formation of a large new downstream directed axial velocity zone
at the edge of the acoustic boundary layer, a phenomenon never reported before. Acoustic energy losses and
mean pressure and axial velocity shifts were significantly higher for this test case than for the previous two tests
due to the addition of flow turning losses. Though the present research was able to verify the existence of flow
turning loss phenomenon, more theoretical and experimental research efforts are needed to help quantify flow

_ turning loss and the several flow phenomena observed in this investigation.
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NUMERICAL STUDY OF FLOW TURNING PHENOMENON

INTRODUCTION

The growth or decay of random small amplitude pressure oscillations in combustion

systems is determined by a delicate balance between the driving and damping (i.e., sources

and sinks) of oscillatory energy in the combustor. When the driving mechanisms outweigh

the damping effects, small amplitude oscillations that are indigenous to the combustor

chamber (i.e. random noise produced by the combustion or turbulence) can be amplified; a

condition known as combustion instability. In solid or liquid propellant rocket motors, these

sustained oscillations may affect guidance systems and alter the thrust time characteristics

of the motor, or, in extreme cases, may result in significant overpressures and motor case

failure.

The determination (both by theoretical predictions and experimental measurements)

of the various acoustic energy sources and sinks in the combustion chamber is critical

to our ability to predict a priori the stability characteristics of proposed solid propellant

motor designs. The processes which dissipate acoustic energy include convection and ra-

diation of acoustic energy through the nozzle (nozzle damping), the viscous and thermal

losses produced by interaction of the condensed phase combustion products with the com-

bustion gases (particle damping), the nonlinear viscoelastic characteristics of the grain

and case (structural damping), viscous losses in the gas phase and at inert surfaces, gas

phase vibrational relaxation effects, radiation of energy through the motor case and in-

elastic acceleration of combustion products leaving the propellant surface (flow turning).

The primary source of oscillatory energy considered to date has been the response of the

propellant combustion zone to acoustic pressure and acoustic velocity oscillations (termed

pressure and velocity coulpling, respectively). Other sources of energy include the corn-

bustiom of incompletely reacted products in the chamber, distril)uted coinblustion of metal

droplets in the gas phase. and conversion of inean flow energy to acoustic energy due to

vortex slic(ldiin The objective of the present research project is to seek an understanding

of the physical miechanismis by which energy is exchanged 1between the nan and acoustic

flow fields ill resonant col)ustion chambers (in particular. soli(l rocket iotors), processes

MItnu,cr lt tppro e d Juh IS 1996
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that have been the subject of much speculation in the past, but which have never been

thoroughly investigated. Specifically, the phenomena to be investigated are the interaction

between the acoustic field in a chamber and a free shear layer (i.e., vortex shedding) and

the so called "flow turning" effect.

FLOW TURNING

The term flow turning is commonly used to describe the loss of acoustic energy by the

acoustic field in a combustor resulting from the inflow of combustion products through the

lateral boundary of a combustion chamber containing longitudinal acoustic waves. The

mean flow of solid propellant combustion products entering normal to the surface must

turn to the axial direction parallel to the boundary in order to exit through the nozzle;

simultaneously, each fluid element of the mean flow must acquire acoustic energy. It is

this second process, involving the irreversible action of the unsteady field in the chamber

upon the entering flow, which has been hypothesized to be a loss of energy for the existing

acoustic field. This energy loss is often referred to as flow turning loss because mean flow

turning is necessarily involved. However, it is really a rate of energy loss, proportional to

the velocity of the incoming flow perpendicular to the boundary.

The modeling of flow turning involves multi-dimensional; rotational and viscous flow

effects on widely varying distance scales. These effects only increase the difficulty of model-

ing this problem due to difficulties in both analytical and numerical procedures. Lack of a

basic fundamental theory of mean flow-acoustic interactions has resulted in disagreement

among researchers about a very basic point; namely, is flow turning a surface effect, a

volume effect or a combination of the two? The experimental measurement of this acous-

tic energy loss mechanism is difficult since this effect usually appears in conjunction with

other gain and loss mechanisms and cannot be easily isolated. The pioneering theoretical

work of Culick" 2 utilizing a one-dimensional, inviscid approximation is qualitative at best.

The logic behind these approximations was challenged by several researchers working in

the field 1,4. Flandro's model3 is locally two-dimensional and laminar. However, Flandro

chose to neglect effects of rotational core flow and mean flow viscosity and to limit the

imodel to small Mach numbers and small disturbance amplitudes. Chung's5 formulation

utilizes a three- dimensional, viscous analysis. The result of this analytical approach has

not yet been compared to experiments. Culick6 has qualitatively demonstrated the exis-

tence of this flow turning phenomenon, but due to the very low Mach number facility used

to conduct the experiment, quantitative information could not be obtained.

2
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Hersh7 conducted an experimental investigation of the flow turning losses associated

with the injection of steady lateral flow of cold air into a rectangular duct containing

longitudinal acoustic waves. This experiment was designed to simulate injection of hot

combustion products into a combustion chamber. The results indicated that the flow turn-

ing process absorbs sound (i.e., damping of acoustic energy). A one-dimensional model

developed by Hersh' seriously underpredicted the measured acoustic energy losses. Hersh

speculated that in addition to the flow turning absorption, there is another energy ab-

sorption mechanism related to acoustic refraction. Due to refraction by the mean flow

velocity gradients, the sound pressure near the side wall increases, thereby enhancing the

acoustic energy absorption by the finite adnittance valls. Nevertheless, Hersh concluded

that "most of the sound absorption appeared to take place witLin the fluid interior in

support of Culick's ideas, but final interpretation of the data requires the development of

a two-dimensional model of the flow turning process".

It is important to recognize that in addition to flow turning and refraction, several

other physical mechanisms may have to be considered when an attempt is made to properly

model acoustic-mean flow interactions. It had been demionst ra ted through analysis 9 - 1 2 and

experimentsl 3 - G that the interaction between the mean and acoustic fields may (a) mod-

ify the turbulent structure of the flow: (b) accelerate transition to turlulence; (c) cause

flow reversal during a portion of the wave cycle: and (d) inhibit or augment heat trails-

fer to the boundaries. It has been demonstrated 1 7 that oscillating flows in a tube, even

without mean flow, exhibit fullv turbulent behaviour for Reynolds numlers higher than

3000. Richardson 9 " I nicasured the root mean square (termed here rmns) velocity field in a

S', circular tube in the absence of mean flow and identified the overshoot of the axial veloc-

ity at the edge of the acoustic boundary layer, a plhenoienon now commonly referred to
as Richardson's aimlilar Effect. \Iohajery'3 and Bogdanoff'" observed, utilizing hot-wire
measurements, that eddy viscosity increases significantly near the wall for acoustic wave

propagation in the presence of mean flow at Reynolds numbers up to 10'. More recently,

Clamen' conducted a series of experiment s using an hydrogen bubble technique to study

water flow in a vil)rating tube for low Reynolds numbers for a range of amplitudes and fre-

quencies. Among the theoretical analyses. Sexl 2 ° obtained a solution for wave propagation

uein a tuIe ith no ean flow, U'hida 1° extendl'd his results to include laminar mean flow,

iian(i e I investigated harmonic wave ri'rpagati i in lainiiar pipe flows for the study

of heat transfer mechanism. More recentlv. Barnet t2 l investigated the effect of longitudi-

-nal pressure oscillations 1n the velocity distrilition in laminar and ful' developed pipe

flows. Barmiett's analysis solved the iicc,,lpressible., 1eyolds-averaged, linearized Navier-

'; ,Stokes eqIia tions. The solutioln was al)plie , only to low Reynolds iiminber flows. Barnett
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demonstrated the existence of Richardson"' annular effect and showed that: (a) acoustic

boundary layer thickness is strongly influenced by mean flow Reynolds number and by

the frequency of oscillations. For frequenlcies of interest in this research. but for signifi-

cantly lower Reynolds nuinlers, the analysis predicted (biased on a miodel developed 1)y

Richardson2 2 ) the acoustic boundary layer thickness to be within 0.0063 radii (for 1000 Hz)

to 0.0026 radii (for 6000 Hz); (1)) acoustic boundary layer thickness anl maximum axial

velocity overshoot vary during a cycle; and (c) the overshoot at the edge of the acoustic

boundary layer varies directvy with frequency.

To proporly resolve energy transfer between the acoustic and mean flow field, it is

necessary to utilize a numerical integration scheme that has very small diffusive and dis-

persive errors. In addition, the numerical scheme chosen has to handle very fine grid

resolution near the wall in order to resolve energy transfer within the acoustic boundary

layer, and a coarse grid resolution near the centerline. These grid variation requirements

can be best satisfied by utilizing iml)licit integration schemes'l . .A dirawack of the implicit

codes is that they often utilize artificial viscosity to stabilize the solution. In addition, the

truncation and splitting errors of the algorithms ma'y act as artific'A energy dissipation

mechanisms. These numerically induced energy dissipation mechanisms cail be inimized

by reducing the artificial viscosity coefficient value used in the calculations and reducing

the numerical integration time step. Nevertheless, these erroneous dissipationi mechanisms

cannot be e'iinated entirely.

-.* The primary objective of this research is to calculate the so called flow turning loss.

This is done by calculating the axial and radial acoustic energy distributions for a down-

stream propagating wave as it traverses the length of a tube in which the mean flow

is introduced into the tube through its perimeter. Before calculating acoustic energy it

is necessary to distinguish between acoustical properties (properties that travel with the

speed of sound) from properties that are convected by the flow. The separation of these

properties in a flow that involves multi-dimensional rotational and viscous flow effects has

never before been extensively studied or resolved. The most important question namely,

the exact definition of acoustic energy in a rotational viscous flow, is left unanswered for

the time being. Previous analytical work on this subject is currently beeing evaluated

and its application to this specific problen will be made in the future. In the meantime,

acoustic pro)erties will be defined here as the difference between the time dependent and

the steady properties. In order to get an approximate idea about acoustic energy losses

in the system, the concept of acoustic energy that was derived for plane wave propagation

in irrotational, inviscid flow (i.e. the time averaging of pf(") was adopted. This paper will

concentrate on the description of the comlputational results obtained to date. Analysis of

4
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* the separation of the calculated properties and exact calculation of acoustic energy transfer

will be the subject of future research.

The first case to be described is acoustic wave propagation in a tube with a coexisting

sheared mean flow. Acoustic energy was expected to diinimsh due to both acoustic energy

transfer to the mean flow, and through artificial energy dissipation (lue to the numerical

errors of the integration scheme. To hell) quantify acoustic energy dissipation due to

numerical errors, the calculations were repeated with significantly more mesh points both

in the radial and axial directions simultaneously with a reduced integration time step.

Acoustic wave propagation in a tube without mean flow will be described next. This

test case was investigated to provide a baseline for evaluating the amount of erroneous

- numerical dissipation present in the solution. Though Richardson's annular effect and

acoustic streaming had been observed for acoustic wave propagation with no mean flow' 8 ,

it was expected that for this test case, energy t. ansfer between the acoustic and mean flows

would be significantly reduced and most of the acoustic energy dissipated would result due

to numerical errors.

The third test case to be described will be acoustic wave propagation in a tube with a

coexisting sheared mean flow, where the mean flow was injected into the chamber through

part of its lateral boundary. Comparison of axial and radial acoustic energy distributions

for the three cases investigated should enable us the determination and quantification of

the various acoustic energy dissipation inechanisms.

-I.>
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ACOUSTIC REFRACTION

Whlen sound waves propagate in a moving mediul (i.e., with a coexisting mean flow),

the main physical processes affecting its propagation, in the absence of viscosity and ther-

mal conduction, are convection and refraction. The sound is convected by the moving

medium at its local velocity. In the presence of a sheared mean flow, local convection

velocities are a function of position. This results in pressure gradients in the direction

normal to the flow direction (i.e.. in the radial direction, for the case of flow propagation

in a hard-wall tube), which, in turn. results in the excitation of velocities normal to the

flow. Thus. for the case of flow in a rigid tube, when the sound wave travels with the

mecan fo dwsra)thefetoveoiygradlients is to refract the sound toward the

wall. Vhen the sound propagates against the mean flow (upstream) the effect of radial

velocity gradient is to refract the sound toward the centerline. Schematics of downstream

and upstream sound propagation are shown in Figs. la and lb, respectively.

Previous research efforts to model and understand acoustic refraction l)henomenon
utilized2 linearized models- 2 7 . For initially planar acoustic waves propagating down-

stream in a hard wall duct. the calculation indicated that the acoustic pressure at the wall

is 100 db larger than at the centerline. This study also indicated that acoustic refraction

effects increase with mean flow velocity and with the frequency of the oscillations. In

succeeding studies- 5-27 , the linearized treatment has been extended to treat sound prop-

agation upstream in a long rigid tube as well as the effect of varying shear layer thickness.

* These studies indicated that for centerline Mach numbers in the range of 0.03 to 0.10 (flow

_. velocities which are typical in solid motor chambers), the acoustic pressure amplitude near

the propellant surface may be twice as large as the pressure amplitude at the centerline.

Although nonlinear effects call be expected to significantly reduce the actual refractive en-N
hanccment of the near wall pressure. these results indicate that acoustic refraction, which

has ben virtually ignored in solid rocket stability analyses, may actually have quite im-

portant effects. This results from the fact that both the steady and transient response of

the )nrniigsolid l)ropellant are dependent upon the ailplitilhde of the pressure and velocity

',, oscillations ner" the burning surface.

Ali ex c'i-ini'it to ineasure acoustic refiactioll effects' (ti'licm iitly il i'ogrs'eS .28. In

this experimemit air is 1 h wl thro ,nilh a long rigid tul)e in which a 1ilale wave is excited at

the inlet. The mass flux through the tube was varied, resultinig iIn a centerhiie Mach number

variation from 0.03S to 0.10. The results, to date, indicate that the acoustic pressure is
ampl)lifie(l near -he pipe wall: the degree of aliplification ilicreases with Mach number.

6
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With a centerline Mach number of 0.1 (Re = 2.7 x 105) the measurements indicated a

near wall acoustic pressure aml)lification of 40%. Such an increase in acoustic pressure

amplitude may be critical for motor stability analysis. The discrepancy between the linear

theory and the experimental data may possibly result from nonlinear mean flow-acoustic

field interactions, which will tend to damp acoustic pressure growth near the walls. These

processes are not modeled by the linear analysis.

NUMERICAL SOLUTION

Under the current research program, the MINT code was acquired and modified for

the investigation of acoustic refraction and flow turning. The code solves the compressible

Reynolds-averaged Navier-Stokes equations using an efficient, non-iterative time depen-

dent Linearized Block Implicit (LBI) scheme. 2 9 -3 . The current model utilizes either a

turbulent kinetic energy-algelraic length scale (K - 1) model3 or a transport turbulence

(K - e) model 3 . The later includes modifications 3 that allow the K - c model to be utilized
throughout the entire viscous sublayer without any wall function assumptions. The result-

ing code was verified by comparing the predictions to experimental data 4 for flat plate

boundary layer flows with and without wall transpiration. For a complete description of

the equations solved and the turbulence models used see Reference 33.

... The study of acoustic refraction utilizes a tube with a radius of 0.05 m (two inches)

and a length of approximately five acoustic wavelengths (for any frequency studied). The

temperature and the axial and radial components of the velocity are specified at the inlet

plane, while com:stant static pressure was specified at the outflow plane. The calculation is

initiated with a one-seventh power law velocity profile at the inlet plane, having a centerline

Mach number of 0.1. After convergence to steady state, the pressure and axial velocities

at the upstream boundary are perturbed continously to produce a system of downstreamn

traveling waves in the computational domain. An exhaustive study of non-reflective bound-

arv conditions demonstrated the inadequacy of all currently available models for low Mach

number sheared flows. Thus, the solution was terminated when the front of the initial

wave started reflecting from the downstream boundary.

Initial results for the refraction study were presented in Reference 23. These results

were calculated on the Air Force Veapons Laboratory Cray 1-S computer. Many of these

calculations were repeated on the Naval Research Laboratory Cray X-MP computer that

'- has twice the online memory storage (core) and twice the speed of the Cray 1-S. The repeat

calculations were conducted with allroxinately twice as many mesh points per wave

length; a larger total number of points in the axial direction (currently about 250) which

, .
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in turn enabled integration over more wave cycles before the computation was terminated

due to suspected wave reflection from the downstream boundary2" (currently up to 6 wave

cycles); more points in the radial direction (currently a pproximately 100) and a better

distribution of mesh points next to the wall (the first mesh point a distance of only 4.2/;im
away from the wall); and finally, to help overcome the first order accuracy of the MINT

code, twice as many time steps per wave cycle are utilized (400 tille steps compared to

200 previously). In addition, Scientific Research Associates of Hartford CT, graciously

made available to the authors a partially vectorized version of the MINT code which is

both faster (approximately 3.8 times faster) than the scalar code and due to improved

code architecture, requires less storage for the identical grid size. The computational mesh

for the flow refraction study utilizes 250 mesh points uniformly distributed in the axial

direction and up to 100 points in the radial direction. Very fine mesh distribution is utilized

near the wall, with an exponential growth of mesh spacing toward the centerline.

NU'MERICAL RESULTS

The first test case utilized a frequency of 6000 Hz and centerline Mach number of 0.1.

The time evolution of the radial distribution of acoustic pressure is shown in Fig. 2a. The
initial plane wave is rapidly distorted as the wave propagates downstream. After 600 time

steps, the amplitude of the acoustic pressure at the wall is 39.5% larger than at centerline.

The correspoiiding tine evolution of the radial distribution of the axial acoustic velocity
is shown in Fig. 21). The initial plane wave is distorted in time. After G00 time steps.

the amplitude of axial velocity oscillations near the wall is 31',/c larger than at centerline.
It should b)e pointed out that the amplitudes of both trhe acoustic pressure and the axial

acoutstic velocity were decreased as the wave propaga ted (ownistream.

J Tse calculations were 1)erfol'mcd both on the Cray 1-S coinliter and the Cray X-
IP coipu ter. The calculations on the Cray X- MP colnputer were performed with a

'sig.ificant increase of mesh points per wave cycle and niesh points in the radial direction.

uiiil iiied with a significant decrease in the initegration t iie step. Nevertheless. the repeat
CialIlations resulted ini lressure and axial acoustic vehcity values (aid thus. based on

tle definition of acoust i(c (Iergy as J)N acoustic energy) that were not siginificai: ly differ-

(nt (witli:i a fe v 1)ercelit ) f.n l tile results obtaie(l 1h utilizing the Cray 1-S coiiiluter.
Thiis ol)-,(,rvatioi (!os hot iiiil1 tllt ;atificial mui:,'ical (1)i.sipatiou (ff',cts ]i(d 1eeii coiii-

,ll t,'l ('linii1m ttc.d. I. tl,,, . I , I,-- i't t1it ied, ist di iieti,, ( , i t1.( orely aim
iii.i11iJificalit p;,t ,,f ti, to ht; w, .tie (Ierry lisiptd as tlw, watve tr -v( ,.se's t ie lelitli

of the( colipllitatioli'l (4ouiiaiui.
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Several other tests with different frequencies and centerline Macli nuibers indicated

that acoustic refraction effects: (a) increase with frequency; (b) increase with centerline

Mach number; and (c) are higher for upstream wave propagation than for downstream

wave propagation. In this connection it should be mentioned that linear theory results

indicated the same trends. Nevertheless, the large refraction effects predicted 1)v linear

analysis are, as expected, significantly higher than those obtained via a solution of the

Navier-Stokes equations.

Based on the classical solution for acoustic wave prop)agation in the presence of mean

flow, the acoustic boundary layer thickness was calculated to be 330 in for a frequency

of 1000 Hz and 132 im for 6000 Hz, for a fully developed pipe flow with centerline Mach

number equal to 0.1. The additional (over previous calculations) number of mesh points

distributed in the radial direction enabled better resolution of the acoustic boundary layer

and better simulation of processes that describe transfer of information in the radial direc-

tion, especially inside the acoustic boundary layer. A wealth of information was obtained

and several processes have been observed. Due to space and time liitatiois, only a few

of these will be highlighted. Discussion of other results and further analysis of the results

highlighted here will be deferred to future )ulfications.

Figures 3 and 4 show the radial distribution of the acoustic pressure and axial velocity

* at an axial station located 1.32 m downstream from the left boundary, for the complete

radius of the tube, and for an narrow zone near the wall, respectively. This test was

conducted at a longitudinal frequency of oscillations of 1000 Hz. The radial distance is

nondimensionalized by the radius (0 05 in), with the origin at the centerline. The results

in Figs. 3a and 3b show typical radial distribution of acoustic pressure and axial acoustic

velocity. These figures show the radial distribution of acoustic pressure and axial velocity

at time equal 5.32 milliseconds (abbreviated henceforth to nis) and t= 5.72 ins, when the

acoustic wave is near its iaximuin and iniminumin, respectively, at this location. Notice

that the change of the acoustic pressure across the tul)e is relatively small at this time

Ii the cycle. In this connection it should be mentioned that in a previous study23 it was

- shown that the maxinmum variation of acoustic pressure across the tube cross-section for a

downstream propagating wave at 1000 Hz was less than 1%. Figures 4a through 4f describe

the transition of the acoustic pressure and axial acoustic velocity from the positive to the

negative sign of waveform, where the positive wavefoirm corresponds to a )ositive acoustic

pressure and axial acoustic velocity (downstream directed) and a negative wave corresponds

to negative acoustic pressure and axial acoustic velocity (upstream directed). At t=4.75 ins

(shown in Fig. 4a) the acoustic wave just started decaying from its inaxiium value.

9
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Notice the increase of acoustic pressure across tile acoustic boundaiy layer (approximately

150 pm at this time) that results from acoustic refraction, and the overshoot of acoustic

axial velocity at the edge of the acoustic boundary layer (Richardson's annular effect).

Figure 4b shows that while the amplitudes of the acoustic pressure and axial velocities

are decreasing, a further decrease is observed near the wall (within the acoustic boundary

layer). This phenomenon is further enhanced at t=4.96 ms (Fig. 4c), at which time the

axial acoustic velocity near the wall becomes negative. At t=5.03 is (Fig. 4d) the acoustic

pressure across the tube is still completely positive, while the axial acoustic velocity is

positive everywhere, except near the wall. At this time the thickness of the newly formed

acoustic boundary layer is only 6S pim. It should be noticed that sinmltaneously with

the formation of a new acoustic boundary layer near the wall (with a negative velocity

sign), the previous acoustic boundary layer (with a positive sign and its own overshoot)

is propagating further into the core flow, with a thickness of approximately 500 pm (at

t=5.02 ins). The acoustic pressure and axial acoustic velocity become negative only at

t=5.05 ms, as shown in Fig. 4e. At a later time (5.25 ms, shown ill Fig. 4f) the acoustic

pressure profile across the acoustic boundary layer and across the tul)e diameter decrease

in value, in accordance with refraction theory for upstream wave propagation.

The transition from a. positive waveform to a negative waveforni, shovn in Figs. 4a

".¢, through 4f, demonstrates that acoustic refraction effects result in increase of the absolute

value of the acoustic pressure with distance from the centerline, independent of the sign

of the wave. When the wave is positive, the acoustic pressure value near the wall is higher

than the acoustic pressure value at centerline. When the wave is negative negative, the

acoustic pressure value near the wall is, again, higher (ill absolute value) than the acoustic

pressure at centerline. Another phenomenon which is observed is the time variation of the

acoustic boundary layer thickness. When the wave is near its maximm value (Fig. 4a),

acoustic boundary layer thickness is approximately 150 pmo. As the wave changes its sign,

the acoustic boundary layer thickiless starts growing friom a zero value to 68 pm (Fig. 4d)

and finally (Fig. 4f) reaches the same thickness as when the wave was at its maxinmum

value (i.e., about 150 pm). Richardson's annular effect at the edge of the acoustic boundary

layer, which is somewhat diminished in Figs. 3 due to scaling, is better observed in Figs. 4.

In this connection it should be mentioned that the transition from a negative to a positive

wave is of similar nature. i.e., the waveforil transition occurs for the first time near the

wall.

Another transition of interest is that of the radial acoustic velocity from a velocity

directed away from the wall (negative sign) to a velocity directed toward the wall (positive

sign). Before analyzing these results it should be mentioned that the analysis predicts
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that the radial acoustic velocity leads the acoustic pressure and axial acoustic velocity by

90 degrees and that the maximum value of the radial acoustic velocity is approximately

two orders of magnitude smaller than the maximum value of the axial acoustic velocity.

The transition of the radial acoustic velocity is demonstrated utilizing results obtained

for an acoustic wave propagation downstream (centerline Mach number equal to 0.1) at

a frequency of 6000 Hz. Figures 5a through 5e show the radial distribution of the radial

acoustic velocity for several times at a tube cross section located 0.158 m downstream from

the left boundary. At t=0.5 is the radial acoustic velocity has a mininmm at approxi-

mately 0.60 radii. At later times the wave is distorted with the minimum approaching the

wall while the positive component of the radial acoustic velocity starts growing near the

centerline, at approximately 0.3 radii (as shown in Figs. 5b through 5c). During this time,

the acoustic pressure and axial acoustic velocity are approaching their minima value, which

they reach at t=0.56 ins. At this time the radial acoustic velocity is completely positive

with an almost perfect symmetric distribution across the tube cross-section (Fig. 5f). The

physical implication of the scenario depicted in this set of figures is that during the half

wave cycle at which the acoustic pressure and axial acoustic velocity transition from a

maximum value to their ininmiiin value, the flow is pushed away from the wall towards

the centerline (i.e. negative radial acoustic velocity). During the other half wave cycle,

when the radial acoustic velocity is positive and the acoustic l)ressure and axial acoustic

velocity transition from a minima values to their maxima values, the flow is pushed toward

the wall. It is postulated here that acoustic refraction phenomenon is strongly influenced

by the directie'i of the radial acoustic velocity. As the mass of the fluid is driven toward

the wall by the positive radial acoustic velocity, the acoustic pressure at the wall becomes

higher than the acoustic pressure at the centerline. Vhen the flow is driven toward the

centerline, the reverse accurs. Since radial velocity values are approximately two orders

of magnitude lower than axial acoustic velocity values, the effect of refraction is small. In

this connection it should be mentioned that for downstream wave propagation (for either

1000 Hz or 6000 Hz). it was found that the maximum value of the radial acoustic velocity

is approximately twice as large as the mininnm value.

2 To better correlate the results obtained with results available in the literature'8 , results

that are typically in the form of rms values, a computation of the acoustic values obtained

at 1000 Hz were perforrmed. A typical result is shown at an axial station located 0.515 m

downstream of the left bouldary. Figure 6 shows the near wall radial distribution of the

acoustic pressiure and the axiMl and radial comiponents of the acoustic velocity. The axial

acollst ic velocitv figure delnost rates 1 ichardsn's annular effect. The rms calculated value

for the acoustic boundary layer thickness is approxiiiiately ISO pmo. iill good agreement
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with approximate analysis predictions20 and experimental trends i". In this connection

it should be mentioned that, to the best of the authors knowledge these are the first

solutions demonstrating either Richardson's annular effect or refraction effects that are

obtained through solution of the complete Navier-Stokes equations.

As noted in the introduction, it was expected that the part of the acoustic energy of

the waveform will be converted to mean flow energy. It was also expected that the planar

wave introduced at the left boundary will exhibit an increasingly larger mean pressure and

axial velocity shifts (indicating increase of the mean pressure and axial velocity values,

respectively) as the wave propagated downstream. Only small mean pressure or axial

velocity shifts is observed close to the left boundary. The phenomenon becomes more

significant as the wave propagates downstream. Figures 7a through 7c show the time

evolution of the acoustic pressure, axial acoustic velocity and acoustic energy for axial

stations 35, 95, and 155 located on the centerline at distances of 0.291, 0.806 and 1.321 m,

respectively, from the left boundary. It is shown that at station 35 (Fig. 7a) there is

virtually no mean acoustic pressure or velocity shift and that the velocity and pressure

are in phase. The situation changes as the wave propagates downstream. At station 95

(Fig. 7b) there is an observed mean pressure shift of approximtely 0.15% and a mean

velocity shift of 0.1%. In addition, due to the mean pressure and axial velocity shifts,

their nminima are slightly out of phase, as observed in the acoustic energy information

(i.e., negative acoustic energy). It should be noted that since the definition of acoustic

energy was adopted from 1)lane wave theory, negative acoustic energy simply implies that

the acoustic pressure and axial acoustic velocity have opposite signs at a given instant of

time, and cannot be interpreted as acoustic energy production or dissipation. At axial

station 155 (Fig. 7c) the mean deviations are even larger. The mean pressure is shifted by

approximately 0.25% and the mean axial velocity by 0.2%. The phase shift between these

quantities is larger than before, as shown in the acoustic energy plot. While these numbers

seem small they correspond to a significant percentage of the initial acoustic energy in the

system. A disturbance with an initial pressure amplitude of 4.0% contains only 4.92% of

the total energy. Thus, a mnean pressure shift of 0.25% and a mean velocity shift of 0.2%

represent a transfer of 9.1% of the initial acoustic energy to the mean flow energy. The

increase in mean pressure remains apl)roximately constant across the tube cross section

at a given axial location. The mean axial velocity shift increases only slightly across

.C most of the tube cross-section and starts changing considerably only within approximately

120 jim away from the wall, inside the acoustic boundary layer. Within this zone the axial

velocity shift increases significantly and so does, consequently, the phase shift between the

12



axial acoustic velocity and the acoustic pressure. At a distance of 60 pm from the wall

the mean velocity shift increase to 0.32% and at a distance of 17 pm from the wall, the

mean velocity is shifted by approximately 0.57%. It is of interest to notice that inside

the acoustic boundary layer the phase differences between the acoustic pressure and axial

acoustic velocity increase toward the wall. At the wall, the axial acoustic velocity leads the

acoustic pressure by approximately 30-40 degrees. The time evolution of acoustic pressure,

axial acoustic velocity and acoustic energy at a point located 4.72 Iim away from the wall

is shown in Fig. 7d. While the time evolution of the acoustic pressure is almost identical to

that observed at the centerline (Fig. 7c), with an identical mean pressure shift (0.25%), the

axial acoustic velocity exhibits a nonlinear waveform with a mean shift of approximately

0.6%. These values imply that approximately 18% of the initial acoustic energy in the

system had been converted to mean flow energy. The l)hase shift between the acoustic

pressure and axial acoustic velocity is large enough to obtain negative acoustic energy

values (i.e. the acoustic pressure and axial velocity have different signs) over a significant

number of time steps.

ACOUSTIC WAVE PROPAGATION

WITH NO MEAN FLOW

pThe com ttational mesh in the radial direction utilized for this test case was identical

to the one used for the refraction test case. Since the objective was to integrate the solution

for only three wave cycles (as opposed to 5 or 6 wavecycles in the refraction study), only

132 mesh points were used ill the axial direction. The number of mesh points per wave

cycle was held constant at 44. The longitudinal acoustic frequency was 1000 Hz.

NUMERICAL RESULTS

After propagating downstream for approximately three wavelengths, the amplitude of

the acoustic pressure was reduced by about 12%, while the amplitude of the axial acoustic

velocity was reduced by about 10%. This corresponds to roughly 8% acoustic energy

reduction over three wavelengths.

As pointed out in the introduction, previous experimental"' 18 and theoretical21 inves-

" tigations demonstrated that when an acoustic wave propagates in a hard wall tube, with

or without inean sheared flow, there is an excitation of a mean flow component at the edge

of the acoustic boundary layer (i.e. Richardson's annular effect). The energy contained in

the newly developed mean flow has to be taken out of the oscillatory field. This transfer

of energy from the acoustic to the mneaii field by excitation of mean flow field velocity,

often referred to as acoustic streamiming. results ill iiet energy gaiii to the mean flow in the
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clhmlber ( t hat iav or i1ia, Ia t e'xist t here jijit6i1lly) 'IndI a liet lo ss to lie oscllat ( v field

" inl the cliaiiiber.

F±irens Sit thrlouigh Sl si1mv thle ratdial (1i.t ribult ionl of thle aciust ic pressure. axial aid

radlial acoustic velocit ies acr'oss thle t ilbe Ci055-scct loul ;11d expalidcdl views iiear th liewall

at anl axial station located a distiice of 0.37S in dovviistream from the left b~oundlary.

Figures Sit aid Sb) slhow~ the rad~ial variation at the time when the acoustic wave is near' its

minimum1111 at this location ( t =1.S ins), while Figs.Sc- and Sd show the radhial distribution

half at wave cycle later, at t=2.31 ills. At this time the acoustic wave is near its nuiaxniimii

at this, location. The ramlil distrib~ut ion of acoustic Pressure demonstrates small refraction

effect. As mentioned p~rev'iously, when 501111(1 waves prol)acvate inl a coexisting sheared

iuieaiil flow,. the effect of veoitradients is to refract the sound. Since the solution was

initiated wvith no mecan flowv, tie smnall refraction effect ob~served indicates excitation of a

shevared mneliii flow by the a~coustic fieldl. The steeper iilcr~ease (in ab~solute vialue) of acoustic

pressure iiiside the acoustic lbounary layer is attributed to the lage xial acoustic velocity

gradlient at t his 1hwa t (i n.

The acoustic lboui(lary layer thuickiness is observed to vary inl time during the cycle

with a iimumiiii vatlue att the time the iicouistic wave changes its sign and a niaxinum vailue

at the tine the acoustic wvave is near its mnaxiimm or iiiiinii value. Figures 9a through

9(1 showv the radial variat ion of the atxiatl acoustic velocity near the wall at four tine iiistaints

(luring the transition of the wv fiomi a muegative waveform to a positive waveform. Figure

9a shows the radti distrib~ution of the axial acouistic velocity at t =2.01 ins, *lust before

the wave transitions fromt a negative to a positive wvaveforiii. The acoust ic boundary layer

thickness is 203 vim. Figure 91.) (at t= 2.07 lins) showvs that a iiev downistrein directed

acoustic lbouiilarv laiyer has been formied iieair the waill, while the aixial aicoustic velocity

everywhere else is still dlirectedl up~stream (negative signi). Notice that the overshoot at the

edge of the acoustic boundary layer is p~rop)agatiing towardl the core flow as the acoustic

boundary layer is growing. At t.=2.09 ins (Fig. 9c) the (lowist ream dlirected aIcolusti(l

boundary layer contiiiues to grow iii valuec and expaiids (leepe r inito thle (core flo)w, while

the edlge of th li pstreaml (directed 1 anvarv laiyer is now\ b )catcl 320) pin froii thle wall.

Fiinally. --t t =2.12 ins, (Fig. 9d) the aIxi a1couistic vecloci t wrao ss thle compillete t imiw is

positive, wvit l thle large overshoot at the edge of th li comst ic born iry layer, located a

(distance of 65 pinl froi the wall1.

The rmns calculated valuies at this Axial locition are shiown in Fig. 10. The figuire showvs

the- acoustic bounda~hry Layer to have an averalge tluicknesss of 250 pilii. while Richardson 2 2

p~redlicts a value of 330 pin. Since it is suspected that Richardson couldl not account for the
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type of variation inl acoustic bounldary layer thickness depicted inl Figs. 9a tlhroughl 9d, it

is postulated that tile value of 330 lm is tile nmaximlunm thickness of the. acoustic boundary

layer. This nmaximum value will yield anl rmns value of 233 pmn. ini good agreenlent withl

tile computational p)redictionls. Ill this connection it shouldl b)e mentioned that tile rins

acoustic boundary layer thicknaess witih 110 flow is thicker tihain acoustic boundary layer

thickness with mean flow (230 pmn vs ISO /111), inl agreement with theoretical predictionls 2 1

and experimiental dlata"5 tilat sho0w boundary layer thicknless to decrease withl increase of

Reynolds lnumb~er.

FLOW TURNING STUDY

The only test case conlducted unlder this studly was acoustic wave propagation down-

stream ill a tuibe where the m~ean flow is inljected into the tub~e through its lateral boundary

(i.e. tube walls). Tile driven longitudinal acoustic frequency of oscillations was 1000 Hz.

Tile geom-etry used for tilis test case is shown in Fig. 11. The length of the injection zone

is 1.167 m, a distance that corresponds to approximlately three wavelenigths at a frequency

of 1000 Hz. There are 137 poin~ts distributed unliformly ill tile axial direction alon~g tile

blowing zone; yielding approximnately 45 points per wave lenlgthI. Tile inljection MaclI nu--

ber is equal to 0.0021. After a steady state flow solutionl was ob~tainled,. the pressure anld

axial velocity at tile up~streaml (left) bounldary were perturb~ed sinusoidlal1y to produce a

system of downstream traveling waves inl the comnputatioilml domainl.

NU'MERICAL RESULTS

acoustic velocity aild radhial acoustic velocity at two iinst ;iits liiiin a single wave cycle.

Data are shownl iil the two figures for- the coi1 )let e radius" and1 fo anl expainded view of

tile radial variationl near the blowin~g wall. Thiese resuilt s were ob)tainied at an axial stationl

located 1.004 n- downstream from the left Loundlary and 0.163 in uipstrevaii from the endl of

the blowing zone. Figures 12a and~ 13a show the radlial variation of the acoustic properties

at t=4.24 1115. At this timne the acouistic presSure and~ thle axial acoustic velocity are ab~out

to reach their iiniiiiia values while thle radial ac( list ic vecloci t is ab ouit to transit ion from

a velocitv directed toward the centerlinle (niegative sign) IAo a veclocity dlirectedl toward the

wall (positive sign). It is noted that for ac~oustic wvave propagatilonl downstream withi wall

blowing, the radial acoustic velocity leadis tie acouistico pressuire by90 dlegr'ees, as Iva ob-

served for the previous two stuldies. The figuries (demlonst rate t hat dule to blowiing from the

wall, the acoustic boundary layer is significantly thilcker thian for acotisti(' wave propagation

wit o without mean flow. The acouistic botiliIdary layer thin(iess varies b)etweenl 260 to

ap)proximately 500 pin, as compared to rmns valutes of 1ISO pin for the refraction test case
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and 250 in for the no mean flow case. The axial acoustic velocity overshoot at the edge

of the acoustic boundary layer (Richardson's effect) is observed again. However, for the

wall blowing test case this phenomienon is overshadowed by formation of an adjacent large

positive (i.e., downstream directed) increase in the axial acoustic velocity. This positive

increase has its maximum value at a distance of approximately 700 pim away from the in-

jection wall. The axial acoustic velocity decays from this maxinmum overshoot value to its

centerline value only at a distance of approximately 5000-6000 pm away from blowing sur-

face. The value of the axial velocity at the maximum is 0.115 nondimensional units larger

than the centerline value. In this connection it should be recalled that acoustic properties

are defined here as the difference between the time dependent and the steady properties.

Thus, they include. in addition to true acoustic properties, the temporal changes of the

mean flow field.

Figures 121) and 131) show the radial distril)ution of acoustic pressure, axial, and radial

acoustic velocities at t=4.67 ins; a differcnce of approximately half a wave cycle from the

time for which the results presented in Figs. 12a and 13a were obtained. At this time

the acoustic pressure and acoustic axial velocity are about to reach their maxima values

while the radial acoustic velocity is about to change from a wall directed to a centerline

directed (i.e. from a positive to a. negative value). The variation of acoustic pressure

across the acoustic boundary layer (dae to refraction) is demonstrated in Fig. 131). The

overshoot of the axial acoustic velocity at the edge of the acoustic boundary layer is not

immediately obvious in this figure, since the overshoot of the axial acoustic velocity and the

larger value axial acoustic velocity positive overshoot that was also described 1)reviously,

are now merged (since 0both are positive.) It is important to notice that the value of the

axial acoustic velocity at the inaximnui of the --large positive overshoot" is again 0.115

nondimensional units higher than the value of the axial acoustic velocity at the centerline.

An examination of several other radial distributions of the axial acoustic velocity at other

times reveals that this large overshoot exists at any iistanit. Moreover, the maximum

axial acoustic velocity value is consistently 0.115 1!m)",,limensional units higher than the

value of the centerline axial acoustic velocity. In adhition, although the centerline axial

velocity changes sighs every half wave cvcle'this lrge scale axial velocity increase is always

oriente(l dowist rca In (i.e.. iii the phlis (lirecton). This iidicat es an a(diti(m to the mean

aIxial velocity. am(l thlis. an addition to the mneai tlb" eoncrg'. ill a zoi(' extelm(dimig from the

edg-'e of the acouistic 1)mun(lary layer t( a (listatice of alppurxima t ely 5000-6000 pin away from

the injection wall. The value and the location of the nmximum value of this mean velocity

shift (recfer-red to henceforth as axial velcoitv mieanl, or dic, shift,) vaie wvith distance froml

the left boml dry, as will b( shown later. Nevertlhm.less, it should lbe emphliasized that at a
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given location in the tube, the value of the axial velcoity dc shift is constant, independent

of the value or the direction of the axial acoustic velocity at the centerline. To the best of

the authors knowledge, this p~henomenon has never been reported before.

The transition from a positive wave to a negative wave that was examined for the

wave refraction study is significantly more complex for this case and involves information

exchange between the radial acoustic velocity, pressure and axial acoustic velocity. A

complete description of this transition would occupy several pages of discussion and figures

and, due to lack of space, will be left for future papers. In this paper only the transition of

axial acoustic velocity near the surface will be examined. Figures 14a through 14g show the

radial distribution of the axial acoustic velocity near the blowing wall at several instants

of time. at an axial station located 1.004 m from the left boundary. At t=4.19 ms (shown

in Fig. 14a), when the axial acoustic velocity is near its minimum value, the thickness

of the acoustic boundary layer is approximately 250 pim, and the overshoot of the axial

acoustic velocity at the edge of the acoustic boundary layer is large. As the acoustic

pressure and axial acoustic velocity values increase from their minima, transitioning to

their maxima values, the overshoot is slightly diminished (as shown in Fig 14b). Figure

(14c (at t=4.40 ins) shows that as the value of the centerline axial acoustic velocity is

further increased (though still negative), the axial acoustic velocity near the wall becomes

positive. An intriguing situation is further developed as a new acoustic boundary layer is

developed inside the old acoustic boundary layer; the axial acoustic velocity at a zone near

the wall is directed downstream while further away from the wall, inside the old acoustic

boundary layer (with a thickness of 410 pm), as well as in the core flow, the velocity is

still directed upstream (at time equal 4.43 ms and 4.45 ins, as shown in Figs 14d and 14e,

respectively). The axial acoustic velocity is directed downstream across the complete tube

only at t=4.51 ins. The downstream directed acoustic boundary layer thickness now starts

growing with time. The overshoot at the edge of the acoustic boundary layer reaches a

limiting value while the axial acoustic velocity everywhere else increases. Finally, as shown

in Figs. 14f and 14g (for t=4.53 and t=4.61 ms, respectively), the large axial velocity dc

shift merges with the overshoot at the edge of the acoustic boundary layer.

As stated earlier, this discussion is merely an indication of the complexity of the

processes by which the acoustic signal changes its sign. For a full understanding of this

process, the acoustic pressure and the axial and radial acoustic velocities need to be ana-

,lyzed simultaneously at a region very near the wall as well as across the tube cross section.

Nevertheless, even with the limited amount of information shown, it was clearly demon-

strated that the transition is initiated at the blowing surface. The core flow transition

occurs only after the transition inside the acoustic boundary layer had been completed.
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ROOT MEAN SQUARE AND TIME AVERAGED CALCULATIONS

The root mean square calculations were expected to show the acoustic boundary layer

thickness and Richardson's anular effect. The radial (listribution of the root mean square

(rmis) calculated values of the acoustic pressure and axial and radial acoustic velocities are

shown in Figs. 13a and 151. for the coml)lete radius and for an enlarged view of a zone near

the wall. respectively, at a station located 0.377 i from the left boundary. The acoustic

pressure data shows a small positive refraction effect across the tube diameter, a small

undershoot at the edge of the acoustic boundary layer and an added acoustic pressure

increase across the acoustic )oundary layer. The rms axial acoustic velocity information

deionstrates Richardson's annular effect with a significant overshoot at the edge of the
acoustic boundary layer. The calculated rms thickness of the acoustic boundary layer is

330 tm. It is of interest to note that the radial acoustic velocity also has an increase at

the edge of the acoustic boundary layer. unlike the rms calculated value for the mean flow

claculations and similar to the results obtained "or no mean flow. In this connection it

should be mentioned that the radial acoustic velocity values for the wall blowing test case

are significantly larger (at maximum or minimum) than the corresponding values obtained

%2, for the refraction test case, due to mean flow injection in the radial direction. In addition,

it is noted that the maxima valies of the radial acoustic wave were approximately twice

as large as the minima values, as was observed for the flowv with no wall injection.

Since mass is injected into the computational domain only through the forward part

of the tube. downstream of the blowing zone the flow reverts slowly to the same flow

pattern olserved for acoustic wave propagation in the presence of mean flow but no wall

blowing (i.e. the refraction test case). Figure 1.5c shows the radial distribution of acoustic

)ressure and axial and radial acoustic velocities near the hard wall at a station located

0.112 i downstream from the end of the blowing zone (1.279 m from the left boundary).

The acoustic boundary layer shrank to approximately half the thickness predicted for the

blowing zone (rms vlue of 190 pm vs. 330 pr in the blowing zone). and the undershoots and

overshoots of acoustic pressure and radial acoustic velocity, respectively, at the edge of the

acoustic boundary laver that were observed near the blowing zone, had now disappeared.

A potentially significant new plhenond'fon that was observed during the analysis of the

transient results. namely, the axial velocity dc shift that started at the edge of the acoustic

"boundarv layer, was not evident in the rms calculations. It is a do- pienoilienon an(I as

such cannot be evident in rmns calclations. However. this type of phenomenon should be

evident in tinie averaged calculations. Figures 1Ga through 1f. show the radial (listribution

of the axial acoustic velocity at six axial locations: stations 31, 51. 71, 91, 111 and 131

are located at distances of 0.237 m, 0.429 mi. 0.600 in, 0.772 i. 0.944 i and 1.115 mi
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from the left boundary, respectively. All stations are located within the blowing zone.

The mean axial velocity shift maximum is initially located at a distance of approximately

2250 pim away from the blowing wall (Fig. 1Ga). As the acoustic wave (initiated at the left

boundary) propagates downstream over the blowing zone, the location of the time averaged

mean velocity shift maximum is approaching the wall. At axial location 131 (Fig. 16f),

the maximum is located approximately 660 /pi away from the wall. In addition, as the

acoustic wave propagates downstream along the blowing zone, the maximm value of the

axial velocity dc shift increases. At station 31 this maximumn value is 0.006 nondimensional

units higher than the centerline time averaged acoustic axial velocity (Fig. 16a). 0.015 at

station 51 (Fig. 161)) 0.026 at station 71 (Fig. 16c), 0.035 at station 91 (Fig. 16d), 0.042

at station 111 (Fig. 16e) and 0.048 at station 131 (Fig. 16f). In addition to this important

increase in the maximum value of the axial velocity dc shift, these figures also demonstrate

another very important fact; namely, the time averaged axial acoustic velocity at most

points has a positive value. This implies that acoustic energy had been converted to mean

flow energy even at the centerline; again demonstrating acoustic streaming effects.

The results obtained for the wave refraction study demonstrated mean pressure and

axial velocity shifts, indicating transfer of energy from the acoustic field to the mean flow

field. A similar investigation was conducted for the acoustic wave propagation in the

presence of wall injection by analyzing both the spatial and temporal evolution of the

acoustic waveform in the chamber. Figures 17a through 17c show the spatial evolution of

acoustic pressure, axial acoustic velocity and acoustic energy, at t=4.20 ms, as a function of
axial distance from the left boundary, for radial surfaces located on the centerline. 735 pm

and 118 11m1 away from the wall, respectively. The spatial decay of both acoustic pressure

and axial acoustic velocity as well as the growth of the mean pressure and axial velocity

shifts are shown at all radial surfaces. It should be noticed that the disturbances observed

in the axial acoustic velocity spatial evolution figures for radial surfaces near the wall (Fig.

17b and 17c) result due to the adjustment of the flow near the wall from a flow over a

bloving wall to a flow over a hard wall (the blowing zone ends 1.16 m downstream of the

left boundary). The continuous growth of the axial acoustic velocity (shown in Fig. 17b)

is another demonstration of the continuous spatial growth of the axial velocity dc shift

discussed in the previous paragraph, since this radial surface is located within the axial

velocity dc shift zone.

Analysis of the time evolution of the acoustic pressure and axial acoustic velocity at

several mesh points demonstrates that: (a) the mean pressure shift increases with distance

from the left boundary and is approximately constant across the tube cross section (at
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any given axial location); (1)) the meianl shift of axial velocityv increases 1)oth InI the axial

and radial directions; and (c) the dc shifts of both pressure and axial acoustic velocity

result in the growth of the negative com)lponient of the aeouistic enlergy (i.e.. the zinnil n'r of

time instants in which the acgiustic prssr anld axial velocity have opp)osite' signls) bothdl

in the axial and radhial direct ionsi. Figures 18a t hroutgh lSc slimy the t inie vv)llitio( i of

axial acoustic velocityv at a tithe cross- sct a ut locatedl 1.039 111 dilist tea in fro un thle l(eft

bovililarv: thle thlree s'tat a ns are located at thle ceniterlinie. 624 pil from the 1 1 wing surfitce

(close to the inlaxinuilitl of thle axial "vh cit y de shift ) and- 96 //InI froiii the 1 1 wi ig sur-filce

(withinl the 'Acoustic boiidarv layer). The ieali pred'ssure shift at thins axial locat ion is

-v0.23"X. The nialaxial velocity shift is il OV athecnrfl ad

grows toward the wvall. Figure 181b shows that the shift in axial acoustic velocity still

grows after onle wave cycle. Based on experience gainled in analyzing results obtained at

points at the samie radiuis b~ut (closer to the left boundaty. points that experienced 4 or

5wave cycles, it wvas concluded that the axial Velocity meianl shift stop)s growing after

approximately tNvo wave cycles. Aftet two wave cycles the mean axial velocity shift at this

location is approximately O.9XA. These values of mnean lptessiirCo and axial velocity shifts

imply that at this location ap)proximnately 23 percent of thle initial acoustic energy had

been converted to mnean flowv energy. Inside the boundaryN layer (Fig. 18c) the mecan axial

velocity shift is approximlately O3 /X, while the waveformni nonllinlear.

ACOUSTIC ENERGY CALCIULATION S

Figure 19 shows lie conipa tison of normialized t ilie aver geIl (.,Iacolist ie eiiergy as a

function of axial (list ance froiii t he left 1 oiiiidarv for thlree calcuila t ions: urn imelv: acou~stimc

wave projpagaton wvith no iiaii flow, acouist ic wave pr)t( paat io IIIii thle 1)t(s('ii('( of meianl

flow (acoustic refract ion st udy ) and acotist ic wave propiaga tion In a t ilbe InI which thle mleanl

flowv is injected throuigh thle wvall., of lie tube (flow t urim stud~y ). All ca Icimlat ins Were

N 1)performied for anl acoustic wave frequency of 1000 liz. The time averaginig calclilat ions

were performed for a (listmaice of only one wavelengpth for the rio-meian-flowv results, and for

three wavelengthls ( thle lenigt Ii of thle bilowi ng Zone) for lboth thle refract ion and wall b~lowinig

test cases.

- The figurte shows that as thle wave propagacts downst ream.II techict ioul of acotust ic

eiiergy is hlighecr with Ii mneaii sheared flow Ot mwith l i( I iea flow and1( evenl higher withl

.vall inject ion . A-oiist ic enlergy is redli eedi III thle ilo mleaii flow casem (Ilue to 1 Imthl art ificial

inumerica 1d(issip~at io a ad trma isfer. of ac' aist iC iie(rgv to thle iieam1 flow~. as \Vii5 showni

cli irinig thle discussion of thle tesulht s. sinlc thle exacI(t defilitioi of ;mcoulst ic enleigv for
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\ scous iotationial flows has not beenl formulated yet, attempt to quniy outceeg

tr ansfer to the mleanl flow, and,. by suibtracting tlicse losses fromn the total acoustic eniergy

loss evaluiate the numllerical errors. will be left for fulture analysis. Nevertheless, it is

showni that losses for the nlo-mleanl-flow test are sigificanitly lower thanl losses for either

the refraction or wvall injection test cases. Higher acoustic energy losses for tihe refraction

test case mlay inidica te thiat (a) mlore acoustic Cleegy had oen converted to mewan flow
energ,. as Observedl inl the anlalysis of the timle depenldenit resullts: andl ( b) acouistic energy1

(hisslilpa tloll mlay inicase due to the mevan sheared flow. Finially, the figulre shows that

whenl the mleanl flow is injected through the wvall, acoustic eniergy losses increase. As was

*noted previously, signiificanitly 1larger meianl pressulre andl axial velocity shifts wvere observed

%%- thlroiu-hiout the compult atijonal dlomain for the flow turining, test case than for the refractionl

test case. .In addoition. anl even larg-er meani flow enhancement was ob~servedl at the edge

of the acoustic bounidary laver. PresenCltly, it is not immediately apparent hlowN to qulanitify

acouistic energy' coniv(rsionl to mlean flow energy In a viscous, rotational field. -Nevertheless.
iti emntated that wvall inject loll resulted in1 a i,,Iiificalt lv larg~er acoustic emiergv loss,

p~art of which was conlvertedl to mleanl flow enlergy while the rest 'was dissi1patedl.

CON CL USIGNS

TIhis paper repor ts Initial results obt ainedl ini a numiierical Invest iga t ioll of acoustic

ellergyenhag betweenl the mleanl anld acous-tic flow, fields through acouistic refractionl.

flow\ turiiii" anld acoustic st reaming. The timie- dependent colmpfressib~le Navier-Stokes

mavoswre s(olved it iliziig anl impllicit, non-itera tive Linearized Block Imiplicit scheme.

Three tc(St casesC wereI'( invest iga t ed: acoustic propagation iii a tiul w, with1 a coexisting sheared

inea 11 flow (referrecd to as a refractio n st udvy), acoustic propaga tionl III a till e with ii o meianl

flow mid a 1( muuist i( li( paga 1tiC )1l InI a tulbe where tihe C( existilgo mean;Il flow is iject ('( into

the tulu tlu-omgli part of its later-al boimidarv (recferrecd to as flow tummlimim stu ly).

Th lcsiilts of t ha'rfac m stuidy deinlonsiia ted thle effect of a Uainst ic r-efract 1( un

Severa1l tes.-t casecs were repeat edl oi a more powerfiml colait er (,1I\ ('ayN\I P ) with i mmhlicedl

spattial a id t emmporal errors. The results Indica t ed thait acolst ic refiact iouefec (a ) InI-

Crease' Wvithl frequexI(lcv-: (b increase with1 MaIch1 ni' )('hr; (c are ingui.1er foC w tpstivaml wave

pro quagt' 10)1 th ii i fo Cdowlst Iva mn wave~ propagvat ion: a111(l ((I) arme sign-IificanIt lv lower t hanl

IpiO(lieCtc~i Iy hiiicim hioiy Sinice acouistic refractomi (1IIcCts ha;ve tihe otitial to iulialice

Imhot p;aui(1 wujeamtI the propellanlt and( sinlc tihe pU)1)ehiamlt tiaiusiemint burn iatrc' is stroingy de-

pelvlcilt on th fle ow 10)v al1)" )(' thlrolgil p)r('sure1( aitot \C IC Ity V U 111ihii ('lied .it a p~Y

that acoulstic rofractiomi effects shouldl be includled illii1( sold on stali~lty Nal.s
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The results obtained in all tile three studies deimnistratel Richardson's annular ef-

fect. The magnitude of the overshoot at the edge of the acoustic boundary layer and the
boundary layer thickness changed in time during the wave cycle and changed from one test

case to another. The acoustic boundary layer thickness was largest for the wall blowing

case, as sh(ould )e expected. The boundary layer thickness was larger for the no-miean-flow

case than for the refraction test case since acoustic lboundary layer thickness decreases with

"" increase in Reynolds number.

All three cases demonstrated acoustic streaming effects. The largest mean pressure

and axial velocity shifts were o,1)tained for the flow turning case. The' mean pressure shift,.o0 -

increased with downst.ream lpropagation along the tube and was alpproximiately constant

-at any axial cross-section. The mean axial velocity shift also increased with distance from

the left boundary. In addition, the axial velocity shift increased signi.cantly within the

acoustic boundary layer. For the flow turning test case, an even larger mean axial velocity

dc shift was observed within a zone adjacent to the acoustic boundary layer, extending

a distance of up to 0.1 radii away from the wall. The distance between the wall and the

location of the maximum value of this mean axial velocity shift was reduced with increase

of (ist ance frlom the left boundarv while. simultaneously, the maximum value increased in

value. Based on initial calculations it appears likely that a significant amount of acoustic

eliergy is converted to mean flow field energy within this zone.

Complex flow l)henomena occur as the acoustic field at a given location transitions

from l)os;itive acoustic pressure and axial acoustic velocity to negative values, or from a

radial acoustic velocitv directed toward the wall (positive) to a radial velocity directed

toward the centerline (negative velocity). It was shown that the radial acoustic velocity

leads the acoustic pressure and axial acoustic velocity by 90 degrees and that near the

wall. the axial acoustic velocity leads the acoustic pressure by approximately 30 degrees.
The results den a ,istrated that acoistic energy is diminished with distance from the

inflow Imnidt iry. For ac ,nsti wave propagation with no mean flow, this acoustic energy

decrease results friii to I,,oth acoustic energy transfer to the mean flow and artificial

*..,." ) t ( y1 (11i to inuimerical errors. Acoustic energy losses increased significantly

whl i"ei4a rd nmean ii,, fw was i )tr (ice(l. as acoustic dissipation increased due to wave

.,1(,l;u vait in ia viscou1. lot at ima tf1" field. Finally, when the mean flow was injected
int,, tle t 1 t lii ,gh the Literal 1,a nutdary, fliw turning effects resulted in a significant

mm ai ;r.a e ,f acwltic euer'rv hwsses. Tho ugh the present research verified the existence of

flow ti nmi igl ho-l. 1,1men<,meun u. muoreo theoretical amd experiiental effrts are needed to help
.., lttify flow tirsim ; loss amd(l tlie ,,veral flow lte('uouiieia (t)served in this invest igati .
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