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locked i'n-phase with the oscillations of the thin shear layer, which is forced
~pto roll into large eddies at the resonance frequency ¢y Furthermore', the X
experimental data revealed the following interesting results: (1) The total :
1 period of the feedback loop is aan integer N times the resonance period, N being
§ constant over a resonance frequency stage. A jump from one frequency stage to
anotherccurring at certain nozzle-to-plate separation distances), takes place
; through a quantum unit change in N, so as to preserve the phase lock between

the two oscillations at the nozzle. (11) As the wavy shear layer evolves into f
large vortices, a strong interaction develops among the initial instability i
vortices. This phenomenon {s referred to as "collective interaction', and is
believed to be the mechanism responsible for the sharp drop in the passage
frequency of the vortices near the nozzle exit. The frequency drops from the
high instability frequency an)to that of the resonance frequency p y=Visual
observations in a forced two-dimensional free shear layer by Ho an Huang (1978)
3 further support the collective interaction concept. The mechanism of noise

i generation is also investigated using far field measurements at 900 to the jet

4 axis. The measured far field power spectra exhibit both high and low frequency
peaks. These peaks are the signature of a well organized flow field between
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5 the nozzle and the plate. The high frequency noise sources are confined to a
3 short distance from the nozzle exit (due to the effect of the collective
interaction), and radiate sound directly to the far field. The enhanced large C
scale structures (due to the feedback and vortex stretching) radiate low i
frequency noise when they impinge on the plate. o
: [
2 i
: [
! b
F b
4 s
' :
B
¥ ! k
b
f
: 79 [ACCESSION tor }
3 REs AFOSR-TR-1263 NTIS Whate Section
. Page 99 in this document is not mi 5- oDe Butt Section [)
: sing but is misnumbered per Ms. Chris- UNANNOUNCLD o
: tiani, AFOSR/XOPD JUSTIFIGATION __
"N
. By . . —
L UlSTRIBUIlUH/AVMlABIlI"A cpn_t_s_*
E Bt vl odor SPIGIAL
i
! R
|
!
v
; UNCLASSIF{gp
2 SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered) ,
¥
2R B e ot :

N i \-
. .
iﬁ‘!ﬁ&ﬁ:ﬁﬁﬁlﬁ&&ﬁka,ﬂﬂ_JﬁﬁnamuiﬁizliEamLLJ;mM; B B o T T



RGeS
> T o 3 T St S

T R TP R Y, T, TS RGeSOy TR S e = = ¥ oV AT

TSR STRUTEY Easica T 7 b3

1 ¥ : i
: X 4
i * !
: =
5
Lot
B
i
i ON THE FEEDBACK PHENOMENON OF AN
b3 IMPINGING JET
g
10 :
Lo el
v é ' } t;
1 Nagy Sabet M. Nosseir, and | 4
* Ho, Chih-Ming f !
3 I 's
e § G
s Department of Aerospace Engineering ! ,§
4 4 University of Southern California ‘ 'i
3 Los Angeles, Califoernia 90007 % "
k A
i )
i ’ o
3 .
] September 1979 Py
3
J
’ [
 § Prepared under Contract No. F 49620-78-~C~0060 j
% US Air Force Office of Scientific Research

The views' and conclusions contained in this document are
those of the authors and should not be interpreted as neces- )
sarily representing the offfcial policies or endorsements, 1
either expressed or implied, of the Aflr Force Offi{ce of Sci-
entific Research of the U.S.

Apprdvnd for pabdblic release]
distribution unlimited.

79 12 10 027




ACKNOWLEDGMENTS

The Authors would like to express their thanks to Dr.
J. Laufer for many valuable discusafons concerning this
work. Generous help from Mr. D. Plocher during the course
of the research was highly appreciated. Thauks is also due
to Drs. P, Weidman and P. Huerre for their comments on
this research. Finally, we would 1like to tharnk Me.

Celestine Holguin for typing the text.

One of the authors (Nagy S. M. Nosselr) based bhis

Ph.D. Thesais on this work.

The support by the Air Force Office of Scientific Re-

search under Contract No. F 49620-78-C-0060 {s gratefully

acknowledged.

T 0
Y f e . T

\
L

fochuaical luce o tren Offrecer

11

[ §
e < ke

FORPUGS S

DI T

A ke L B R

P p———
PN PN TR T

IR S-SV IPICI L TRV £ 30



- TR W T TN
- e e T ST TWRAR L T T Y TS T Y ¢ o T o ‘N
e gemegn e e AR T W R ST o 7 4 v

I

; ABSTRACT f
1
£
The resonance phenomenon which occurs when a high
speed turbulent jet impinges on a large flat plate, 1is ex-
‘ ' nerimentally studied. The far field noise i3 also inves-
b .
3 tigated for a wide range of impinging jet speeds. The ; )

study involves far field, near field, and surface pressure

measurements.

.
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A feedback of pressure waves between the nozzle and
the plate is found to be the mechanism responsible for the '

resonance. The feedback loop 1s formed by downstream :
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travelling large coherent structures, and upstream acous-

tic waves propagating in the necarby stagnant region around

RV

the jet. The upstream acoustic waves are generated by the

impingement of large scale structures on the plate. Near

the norzle exit these waves are locked in-phase with the

oscillations of the thin shear laver, which 18 forced to

roll i1nto large eddies at the resonance frequency f
Furthermore, the experimental data revealed the following

interesting results:

(1) The total period of the feedback loop 1s an in-
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teger N times the resonance period, N being constant

over a resonance freaquency stage. A jump from one
frequency stare t+ apother (occuring at certain.

nozrle-to-plate separation distances), takes place
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through @& quantum unit change in N, so as to preserve
the phase lock between the two oscillations at the
nogzle .

(11) As the wavy shear layer evolves into large vor-
tices, a strong interaction develops among the initial
instability vortices. This phenomenon is referred to
as "collective interaction”, and is believed to be the
mechanism responsible for the sharp drop in the pas-
sage frequenzy of the vortices near the nozzle exit.
The frequency drops from the high instability frequen-
cy fin to that of the resonance frequency fr' Visual
observations in a forced two~dimensional free shear

layer by HRo and Huang (1978), further support the col-

lective interaction concept.

The mechanism of noise generation is also investigat-
ed wusing far field measurements at 90.to the jet axis.
The measured far field power spectra exhibit both high and
low frequency peaks. These praks are the signature of a
well organized flow field between the nozzle and the
plate. The high frequency noise sources are confined to a
short distance from the nozzle exit (due to the effect of
the collective interaction), and radiate sound directly to
the far fi21d. The enhanced large scale structures (due
to the feedback and vortex stretching) radiate low fre-

quency noise when thev impinge on tte plate.
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CHAPTER 1

INTRODUCTION

The impinging of a turbulent jet on a surface 1is an
interesting fluid mechanics research subject. The problenm
has a diverse flow field that includes a free turbdulent
jet Dbefore impingement, augmented vortices interacting
with the surface, and a developed wall jet. Furthermore,
at high subsonic impinging jet speeds, the flow develops
self-sustained oscillations accompanied by an intense
screech tone. The main motivation of the present study is
to arrive at a better understanding of the feedback me-
chanism responsible for the resonance phenomenon at high

Jet speeds.

The jet impingement process is also important in many
applications. For example, short take-off and landing
(STOL) aircraft utilizes an extermnally blown flap techni~-
que. Hot gasses that exhaust from the engine at high

speeds are deflected by direct impingement on the flaps to

. amod amean
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in this design include heat transfer and fatigue due to
+ excessive 1loading on the flaps, and high levels of noise

radiation.

1.1 REVIEW OF PREVIOUS INVESTIGATIONS

According to Refs. 1 to 4, the flow field of an imp-
inging Jjet is divided into three regions. A free jet re- g 5
gion, where the mean jet characteristics remain unchanged ”
despite the presence of the plate, an impinging region,

and a developed wall jet region.

o Donalson, et al. (1971) scaled the heat transfer and o
pressure gradient at the impinging region with the mean |
properties of the free jet at the impinging plane, as 1if
the plate was removed. Giralt, et al. (1977) preferred
to use the free jet properties in a plane upstream of the

plate to scale the impinging region properties. The plane

e LD o S iV

was chosen such that the centerline velocity is 987 of its ¢ *\+
free value. In this way, they accounted for the change in i

entrainment at the region of strong interaction near the

© s e Aty =

plate, as compared to the scaling of Donalson, et al.

-

(1971). Preisser and Block (1976) noted that the surface
pressure fluctuations normalized with the dyramic head in

the wall jet region are independent of the !ach number and

~ 2 .
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the distance from the nozzle to the plate. Gutmark, et
al. (1976) measured velocity fluctuations in a plane jet
near {ts impingement on a flat plate. Spectral measure-
ments showed that the plate plays the role of a 1low-pass
filter for the turbulent energy. A neutral scale was de-
tected at which turbuleni energy is neither augmented nor
attenuated. At higher frequencies the turbulence is at-
tenuated due to viscous dissipation, while at lower fre-
quencies the turbulence 1is augmented due to vortex
stretching as the plate {s approached. The convection
velocity of turbulent vortical eddies on the plate was
measured by Strong, et al. (1967) via two-point
cross-correlation. The velocity of convected eddies was

found to vary along the plate.

For high subsonic impinging jets, an audible screech
tone was reported in Refs. 7, 8, and 9. Westley, et al.
(1972) observed the screech tone and speculated a similar
mechanism to that of an under-expanded supersonic jet.
Wagner (1971), and later Neuworth (1973), reported that
the screech tone occurs at jet Mach numbers greater than

+6 when the plate 1s less than six diameters fron the noz-

zle.

Supported by visualizations, Wagner (1971) and Neu-

worth (1973) adopted the folilowing model to explain the
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feedback mec anism responsible for this resonance phenome-

non. The observed standing wave in the jet core was as-
sumed to result from the superposition of a downstreanm
convected wave due to the large turbulent eddies, and an
upstream propagating wave emanating from the stagnation
region of the plate. The jet core simulated an acoustic
wave-guide, with the shear layer as its boundaries. The
upstream acoustic wave was assumed to propagate in a di-
rection inclined to the jet axis, and to reflect from the
shear layer with phase reversal. The upstream waves re-
ached the nozzle and forced the shear layer there to form
a new series of eddies that convected downstream. A mini-
mum jet Mach number for the resonance to occur was found,
at which the shear layer acted as a sound hard boundary,
which means the forcing of the shear layer near the nozzle
was not possible. Alsc, a minimum limit for the resonance
frequency was derived below which, the acoustic waves were
so inclined to the jet axis, that no upstream propagation
towards the nozzle took place. Irrespective of the Mach
number or the frequency, resonance disappeared when the
plate was one to two diameters beyond the potential core
of the jet. The reason for this, was the disintegration

of ring vortices at these downstream locations.

Wagner (1971) and Neuworth (1973) showed that the re-

sonance frequency decreases as tihe plate is moved down-

4
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stream until it renches a minimum and jumps to a higher
L
value. VWagner predicted that the decrease in frequency is
due to an increase in the spacing between the vortices,
and the frequency jump occurs due to the addition of a new
z

vortex in the flow field between the nozzle and the plate.
In a similar fashion, Neuworth speculated that the sum of
the individual periods of the vortices and the wupstreanm
waves is a number that remains unchanged between consecu-
tive jumps. The jump takes place as a result of an incre-

ase by one of the total number of periods in the loop.

The resonance frequency jumps and the observed en-
hancement of large coherent eddies furnish a striking re-
senblance to similar shear layer-induced self-sustained
oscillations 1in the flow over cavities and edge tones. A
close look to theoretical and experimental work 1in these

areas would be helpful.

Most of the models for flow over <cavities and edge
tones seem to have the following general features
[Rockwell and Naudascher (1979)}: the shear layer inter-
acts with the solid boundary (a corner or a wedge) down-
stream; acaoustic or hydrodynamic disturbances are gener-
ated and trigger the instability of the shear layer up~-
stream. Powell (196la) modeled the acoustic source at the

downstream boundary as a distribution of dipeoles. Later
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(1961b) he showed that the radiated field of dipoles and

vorticity are equivalent. The flow field was presented as
[ a control system with a complex transfer function. For
self-sustained oscillations, the magnitude of the transfer
function i{s unity, and the phase angle is 2NR. Rossiter’s
(1964) empirical model suggested that the vortices inter-
act with the downstream wall of the cavity and the gener-
-t ated acoustic waves propagate upstream inside =he cavity,
causing the shedding of new vortices near the wupstream
edge. The sound source in the mathematical model of Tam
and Block (1978) was chosen proportional to the fluctua-

tions of the shear layer at the downstream corner.

Consequently, the acoustic waves are generated due to ghe

interaction of the inviscid flow with the downstream
corner. The model accounted for finite shear layer thick-

ness effects, and acoustic reflections from the bottom and

upstream cavity walls in calculating the cavity pressure

oscillations. Sarohfa (1976) adopted a different model |

ahtuitly

for the low speed flcw over cavities. Here cavity oscil~

i
lations result from propagating disturbances which get am- i

Y.

plified along the cavity shear layer, rather than f{rom

acoustic feedback. Hot wire measurements and visualiza- .
tions showed that the shear layer deflects in and out of o

the cavity near the downstream corner. This lateral mo-

tion of the shear layer resulted in a periodic shedding of f

vortices from the downstream corner at the resonance fre-
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quency. The shedding of vortices at the downstream corner
vas rather shown as "clipping" and "nonclipping" of vor-

tices in the pictures of Rockwell and Knisely (1978).

Flow visualizations [Rockwell and Naudascher (1979)]
showed that the presence of a downstream solid boundary
tends to organize and enhance large scale structures 1in
the turbulent flow. This enhancement takes place mostly
through a feedback, or sometimes just through stretching
of vortices due to the diverging streamlines. A study of
large coherent structures in turbulent shear flows 1is,

therefore, essential.

The visualizations of Brown and Roshko (1971) showed
for the first time that large scale two-dimensional vor-
tices make up the fully turbulent two-dimensional mixing
layer. Laufer (1975) suggested that these quasi-ordered
structures are deterministic, in the sense that they have
a characteristic shape, s8ize and convection motion that
can be determined within a relatively small standard devi-
ation. A somewhat different picture of turbulence, there-
fore, emerges that reflects the double~structured nature
of turbulent flows: time dependent quasi-~ordered large
scale structures, and fine-scale random structures.
Numerous experiments have been conducted to document the

characteristics of these deterministic orderly structures.
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Lau, et al. (1972) reported results from different
experimental investigations that consistently yield a
value of 0.6U for the convection velocity of large scale
structures. They modeled the shear layer as an axial
array of discrete vortices spaced at about 1.25d (where d
1s the nozzle diameter). Measurements were made in the
potential core, shear layer and entrainment region of the
jet., Their model helped to explain the phase relation-
ships between measured fluctuating pressure and components
of fluctuating velocity., Petersen (1978) measured the
convection velocity of 1large scale structures from
cross~correlation of near field pressure signals. The
convection velocity was found to be constant and equal to
+6U over the first five diameters. It then decreased con-
tinuously further downstream. The spatial stability theo-
ry of Michalke (1972) showed that the wavelength of the
initial instability is determined by the {nitial shear
layer thickness, which depends on the exit Reynolds
number. The most unstable wave has a frequeu-y which cor-
responds to fSI/U = ,017 (where $ is the momentum thick-
ness) and a phase velocity equal to .6U (same as the value
measured for the convection velocity of the large scale
structures downstream). Crow and Champagne(l1971) observed

visually the instability waves of the thin laminar bounda-

ry layer leaving the nozzle lip, and orderly large scale




&t

s

L el G L A AR g e e TV Y

ot m——

puffs further'hdownstreagl ’ The instability waves acaléd
with the thickness of the boundary layer [Michalke(1971)]).
In contrast, the large puffs scaled with the nozzle diame-
ter, and were forming at a constant average Strouhal
number fd/U=0.3 . They observed that the jet was most

unstable when the forcing frequency corresponded ¢to a
Strouhal number of 0.3.

The growth of the shear layer is attributed wainly to
"pairing" between consecutive large vortical structures as
was first pointed out by Winant and Browand (1974).
Laufer (1974) hinted that turbulent energy production
which 18 the energy transfer from large structures to
small s8cale turbulence, is phase related to the pairing
between large eddies. 1Indeed, that was observed later in
the disintegration of large vortical rings and the produc-
tion of small scale turbulence during the pairing, espe-
cially near the end of the potential core of a round jet

(Browand and Laufer (1975)).

This review is now completed by a discussion of the
far field noise of impinging jets. The far field noise,
as described by Curl’s equation [see Ref. 23], is the sum
of a volume integral of Lighthill’s stress tensor over the
flow field, and a surface integral of pressure fluctua~-

tions over the plate. Powell (1967 gnplied Curl’s equa-
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;ion ;ovbothuthe ;eal £iov system and an image system.
The result is that the volume integral over the image pro-
vides the same contribution to the far field noise as does .
the surface integral over the actual surface. Since the
image system is a pure reflection of the real flow,
Powell’s model indicates that the role of the plate is

passive, 1i.e., merely reflecting the sound generated by

the flow.

Preisser and Block (1976) reported levels of measured
far field noise higher than those pertaining to the free
jet. The increase in the noise level is a function of the
angle and the nozzle-plate distance. Cross=-spectra
between the surface and the far field showed that the
outer portion of the impinging region (between d and 3d
from the stagnation point) i{s8 the major contributor of
noise., It is worth mentioning here that the present study
will show that large coherent structures d{impinge on the
plate surface in a region between one to two nozzle diame-
ters from the stagnation point. Preisser (1979) showed
later that far field spectra peaks at Str = .3. These
peaks have higher levels than those in the spectra of a
free jet. He suggested that the presence of the plate en-

hanced the noise generated by large coherent structures.

The experimental studies of Preisser and Block (1976)
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‘ and Preisser (1979) could only localize the impinging re-
iA. gion as a major apparent noise-producing region. The
question of whether the noise is originating in a flow re-
gion near the surface and is being reflected by the sur-
¢ face, or 1f it is being generated by the surface itself,
f could not be answered. The exact role of the plate in the
; noise production can only be determined by evaluating the :
ig volume integral over the flow in Curl’s equation. Such a R
3 calculation requires near field as well as surface meas- j }
é urements [Pan (1975)]. F”
EQ
; 1.2 MOTIVATION AND SCOPE OF THE PRESENT STUDY ‘ o
£
; The first objective of the present investigation was
to study the resonance phenomenon that occurs in a high
E & subsonic impinging jet. The goal was to explore a possi- ;
ble feedback mechanism between the nozzle and the plate, %
and to determine the role of large coherent structures in §
’g that mechanism. The second oﬁjective was to study the far ; N\;
field noise of the impinging jet in general, i.e.,for both | ‘
resonant and nonresonant jets (covering a range of %
éA. +3<M<. 9, and 3<x0/d<7.5). Our goal was to locate major i?
‘ nolse-producing regions, and to study the noise-generation ‘;
mechanisms. j
t. I

The present work is buscd on pressure measurements ,
11 "
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taken in the far field, near field, and on the surface of
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the plate. Fig. (1-1) shows the coordinate system wused

for the jet-plate configuration along with a schematic di-

agram of the pressure trancsducers. Visualizations 1in
water were used to study the general behaviour of coherent
vortical structures during impingement, and are presented

in the first section of Chapter 3. The rest of the dinves-

ke v

tigation deals with measurements in air. Data pertaining

JUERN

to pressure loading and eddy convection velocity on the .
plate are included in Chapter 3. Conclusive experimental i
evidence for the existence of convected large scale struc- :
tures, and upstream acoustic waves generated from the im-
pingement of these structures on the plate is presented in
Chapter 4, Also, a simple mathematical model purporting
to explain the particular behaviour of measured near field ]
] ; correlations is included in Chapter 4. A phase lock near i

the nozzle exit between the two waves necessary for

i self-sustained flow oscillations is established in Chapter
: 5. A new phenomenon named "collective interaction" is
also described in connection with the forcing of the shear
layer near the nozzle by the upstream acoustic waves. The \
chapter is concluded by a mathematical analysis of the
respective efficiencies of acoustic forcing, when the
shear layer is excited from the ambient region and from

i the jet core region.

12

5
§ N c o - s - ——— B
ok e e bR b o d e i i s Bl i B .




2l N A b it s R T

FEQ
£
t
£
t
'y
3
3
‘4
k
]
{
3
,i
i
3
2

s AR 1 At e

M ”, u
St 7 o I3 a2 N, A

oMo e e e e eme - - e e v e e

The role of coherent flow including both the
high-frequency shear layer instability waves near the noz~
zle and the downstream impinging large scale structures,

in the noise generation 1s discussed in Chapter 6.
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CHAPTER 2

EXPERIMENTAL FACILITIES

The experimental facilities and data processing meth-
ods used iIn the present investigation are discussed in

this chapter. A description of the 1low speed impinging k

water jet and associated visualization techniques are pre-

sented first. Then the high speed air jet facility where

most of the measurements were taken will be described. i
The analog and digital data processing will be discussed

in the last section.

2.1 WVATER JET

The water jet set up is shown in Fig. (2~1a) and
schematically 1in Fig. (2~1b). The nozzle assembly con-
sisted of a stilling chamber and a detachable nozzle. The |
flow enters the stiiling chamber through a conical %
diffuser with three screens, then passes through a honey- ; ;
comb straightner to the nozzle. The axisymmetric nozzle

has a contraction ratic ¢f 1.:. and an exit diameter of

14
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1.5 in. The jet exit velocities ranged from 5 in/sec. to

15 in/sec. with the corresponding Reynolds numbers, Re =
Kud

j:" of 5000 to 15000, The turbulence level was measured

on the jet centerline just upstream of the nozzle exit and .

is reported in Ref. 24. The rms longitudinal fluctuation
level 18 about .5% at a jet speed of 5 4in/sec., and is

lower at higher jet speeds.

In operation, the jet is immersed vertically in a 32
x 32 x 48 in. plexiglas tank. A centrifugal pump capable
cf providing 0.55 gal/sec. against a head of 30 feet of
water 1s used to circulate the water in this closed sys-
tem. The jet impinges on a 23 x 23 x 1/2 {in. plexiglas
plate. The ratio of the surface area of the plate to the
tank’s cross-~sectional area is approximately 1:2. The un-
iform diffusion of the dye over the whole tank, above and
under the plate, indicated no significant plate Ddlockage
effect on the jet flow. The plate is supported from its
corners by four 1.0 in. PVC rods, which are connected to
a wooden frame on top of the tsnk. The wooden frame {is
also used to support the nozzle assembly. The nozzle to
plate distance 1is changed by lowering the plate through
1/2 in. steps. After impingement, the flow is collected
in an exhaust diffuser at the bottom of the tank. The
flow rate 1is monitored by a Fisher-Porter flow meter with

a gate valve providing the required throttling.
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The flow was visualized in two ways:

3 1. Colored shear laver

Dye was introduced {nto the nozzle wall boundasry
layer through a series of fine slots. The dye used was

&

i
common red food coloring. This is & convenient coloring a
i
agent since it can be cleared by ordinary laundry bleach. ;

St1l1l photographs and films were taken. Back-lighting 4
’ through a transluscent screen was used, and was found to F }

give the best lighting conditions.

é . 2. Hydrogen bubble technique i

; Hydrogen bubbles were generated from a thin platinum

A

i wire that was stretched across the exit plane of the noz- "

. 5

zle. The wire was a cathode in an electric circuit, and

was connected to a pulse generator and a power amplifier.

- e s
sid it o ade.

The anode was a long rod immersed in the water near the

wire. An electrolyte, table salt, was added to the water

in a quantity selected to maximize the production of hy-
drogen bubbles. A .002 in. diameter platinum wire and

voltage pulses of approximately 40 volts in amplitude were

il o, s e M 5K e ek i :

used to produce a sequence of hydrogen bubble lines. The

wire was small enough to produce the desired bubble size )
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and yet strong enough to withstand drag forces due to the
Jet flow. The axial slice of the Jjet was 1lluminated

using either a commercial spot lamp with a vertical slit

cal slit. The stroboscope was triggered by the pulse gen-
erator, and this setup was used for multi-exposure still
pictures. The room was completely darkened to provide
good contrast between the bubbles and the background. The
level of 4{llumination was minimal for photography. The
negatives of both the still pictures and movie films had

to be pushed to as high as ASA 3000 in the developing pro-~

cess.

2.2 AIR JET

2.2.1 Anechoic Chamber

The anechoic chamber at the University of Southern
California was constructed by Eckel Industries. The inte-
rior walls are faced with fiberglas wedges which have a
depth of 16 1/2 in., resulting in a lower cut-off frequen-
cy of 150 Hz. The interior measures 15' 8" wide by 20 4"
long and by 11' 11" high. Eight inches above the floor
vedges a tensioned cable is suspended from the walls to

permit easy access to the chamber. The jet flow is vented

- R — 5

L]

1
1
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or a stroboscope lamp and a system of lenses with a verti~ |

{
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to the outside by a & x 4' opening with a baffled cut. At
various convenient locations in the chamber threaded cou-
plings for standard 1 1/2 in. 1I1.P.S. pipes are mounted
to provide a base for mounting the flat plate and its tra-
verse mechanism. The chamber is mounted on large coil
springs to assure a complete isolation from any vibra-
tions. A schematic of the chamber and jet facilities is

shown in Fig. (2-2).

22,2 Jet Facilities

The air supply system consists of a 2500 psi, 142
ft.3 /min., Chicago pneumatic air compressor which sup-
plies air to five storage pressure vessels. The compres-
sor has two mechanical filters and a chemical dehydration
system which provides dry air with a dew point of <-48 F.
The compressor 1s wused to fill the storage tanks and is

not operated during test runs.

The air flow from the pressure vessels is controlled
by a low-noise, self-drag valve built by Control Compo-
nents Inc. of Irvine, California. The valve 1s opened by
a Moore 3-15 psi positioner which receives a pneumatic
pressure signal from a Honevwell Batch-0O-Line Controller.
The controller was operated manually, while the settling

chamber pressure time history was recorded on a strip

18
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chart. A>¢6uld Brush Model 220 dual channel chart record-

er was used, which was connected to a Validyne Model DP .

15TL pressure transducer. The variation of the stagnation '

pressure during the measurements was maintained to within

22 of the mean guage pressure. The above setup provided
excellent monitoring of the mean flow pressure and this
proved to be critical for the present investigation: we
observed, even audibly, that relatively small fluctuations
in the stagnation pressure {in the order of 6 to 9% can
significantly alter the resonance at high subsonic jet

speeds.

After discharging from the control valve, the air
flows through a 500 KW Hynes Radi-Fin electric heater.
The heater was not wused in the ©present investigation.
Immediately after the heater the flow passes to the set-
tling chamber through a diffuser that 1s fitted with
screens to prevent flow separation. To reduce turbulence
five screens and a 4 in. layer of steel wool are in-
stalled inside the 16 15/16" diameter settling chamber.
The turbulence level downstream of the 1lact screen has
been measured to be 0.4%2., This 18, of course, further re-

duced by the contraction downstream of the settling

chamber.

For the present study a subsonic axisymmetric nozzle

19

e ek litin. ot R
- T e -
/ et e e a2




- R [V NI VO W —

of 1" diameter was us;d, ylelding a contraction ratio of
approximately 17:1. During this 4investigation the jet
M2ch naumber was restricted to the range 0.3 to 0.2, More
details about the jet facilities, the contraction section

1ownstream of the settling chamber, and the nozzle are re-

ported in Ref. 29.

2.2.3 The Flat Plate and the Supporting Mechanism

A flat steel plate (30"x30"x.25") provided a large
surface for the impinging jet. Fig.(2-3) shows a pilcture
of the nozzie and the plate inside the anechoic chamber.
First holes were drilled in the plate at dynamic and stat-
ic pressure measurement sites. The details of these holes
and their approximate locations are shown in Fig.(2-4).The
exact locations of these holes are shown in Table-l. The
plate surfuace facing the jet was then ground to a commer-
cial mirror finish (16 microinch surface finish). Finally
the surface was treated with black chrome for corrosion
resistance. The unused dynamic pressure holes in the

plate were filled by dummy transducers.

The holes of the pressure taps had clean sharp edges
at the surface. With both pressure and dummy transducers
flush mounted on the plate, it was believed that the re-

sulting smooth surface would not interfer with the flow

20
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4 ’
[
E No. Toin| ¢ No. ro m.| o
F 1 0 0 24 2 135
B 2 1 0 25 2.5 135
- 3 1.5 0 26 3 135
A 4 2 0 27 .5 180
i 1 s 2.5 0 28 2 180
6 3 0 29 5 180
_ 7 5 0 30 7 180
ot 8 7 0 3l 1 225
| 9 9 0 32 1.5 225
10 .5 45 33 2 225
11 1 45 34 2.5 225
12 2 45 35 3 225
- 13 3 45 36 .5 270
: & 14 1 90 37 1 270
: 15 1.5 90 38 1.5 270
: 16 2 90 39 2 270
17 2.5 90 40 2.5 270
18 3 90 41 3 270
19 5 90 42 5 270
20 7 90 43 .5 315
21 9 90 44 1 315
22 1 135 &6 3 315
23 1.5 135 46 3 31s

Table (2=~1) Locations of d

plate (looking
side)

ynamic pressure holes on the
at the plate from the nozzle
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near the plate.

The plate was mounted on a traverse mechanism as
shown in Fig.(2-5). The vertical motion was provided by a
motor that slides the plate over a Thomson Linear Ball Be-
aring (Type SPB~12-0PN) with shaft assemblies Type
SA12-30. The plate could rotate in a pitching mode,and bde
fixed at any angle to the jet axis between 90'to 180: In
the present study, normal jet impingement only was wused.
The plate was connected by a simple truss to a base. The
base was connected to eight 1.5 in. 1.P.S. pipes that
were screwed tightly into the floor of the chamber. The
base allowed manual horizontal transverse motion and mo-
torized axial motion. The axial motion was used to vary
the nozzle-to-plate distance Xge The plate can move from
xO-O to x0-25 in, The vertical and axial motions were re-

motely controlled.

The plate and its supporting mechanism were examined
for structural vibrations during jet operation. The am-
plitude of the vibrations of the plate was measured by an
accelerometer(Bruel&Kjaer 4324). With the highest speed
jet, M=.9 ,the amplitude of vibrations was only l.lleo"5

in.
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1 2.3 DATA PROCESSING -
] , ‘

=) i
3 2.3,1 Measuring and Recording Equipment i
Dynamic pressure pickups i
3
¢ i
The surface pressure fluctuations were measured by ¥
% 1/8 in. Rulite XTE-1-190-25 plezoresistive pressure k
k.

transducers with type B screeus. From previous experience
difficulties were anticipated during installation and re-
moval of the trausducers. The screen was glued to the
F : transducer’s tip and frequently would be pried during re-
‘ moval because it has the same diameter as the traunsducer

tip and precise aligument was difficult. A pressure port

for the transducer was designed. The transducer aund {its

£, ; * e
U | W SR SPOV- VI ALWMA.“A\M_ PRSPPI < ST VL Y .

port [Fig. (2-6)) were always used as a single piece dur-

ing the mounting and removal from the plate. In this way

the transducers were protected from possible damage.

The natural frequency of the Kulite transducer is in

excess of 100 KHz. A preamplifier circuit was built for

each Kulite and 1is shown in Fig. (2-7). The first stage

T
= .

of the circuit is a voltage follower to reduce the output

impedance of the transducer. The second stage is an am-

-
Y

plifier which provides a gadin of 200, 500 or 1000.
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Near field microphones

Four 1/8" B & K Type 4138 condenser microphones were
used., They had a frequency response from 7 Hz to 140 KHz

and a range of 76-185 dB.

Far field microphones

A 1/4" B & K Type 4135 condenser microphone was used.
It had a frequency response from 4 Hz to 100 KHz and a

range of 59-164 dB.

Microphone preamplifiers

Five B & K Type 2618 preamplifiers were used with the
near field and far field microphones. The frequency res
ponse of these preamplifiers were 2 Hz - 200 KHz and could

provide a gain of -20, 0, or 420 dB.

Microphone power supply

A 7- channel B & K Model 222 power supply was used.

A gain of up to +40 dB can be provided by the power supply

for each channel.
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Microphone calibrator

B & K Type 4220 pistonphone calibrator was wused to

calibrate the B & X microphones.

Magnetic tape recorder

During each run, the data were recorded on a 14~

channel Hewlett-Packard Model 39554 type recorder.

Measurements of surface pressure fluctuations were record-

.y
x wiaml

ed in FM mode with frequency bandwidth from DC to 20 KHz . F

at a tape speed of 60 ips. The near-ficld and far-field

NPICE S -

data were recorded in direct mode with response from 300 -

Bz to 300 KHz at the same tape speed.

On=-line equipment

it Kk Bwloed | wa Ghe

o
e

During and after the run the signals were displayed

on the screen of a two channel Hewlett Packard Type 1217A

v oscilloscope. The rms of the pressure signals were mneas- ?
ured from & Hewlett-Packard 400C AC Voltmeter. A ' ;N‘€
Hewlett-Packard 3721A correlator was used to give on=line j

jC* autocorrelation and cross-correlation of the recorded sig- ; é
nals. The delay offset provided in the <correlator was % ‘

] helpful for observing long optimum tine delays in the : ;

cross-correlation between near~fiecld and far-field sig-

nals. 25
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2.3.2 Digitsl Data Procersing

Digitization

Most of the analysis in the present study was done
1IN digitally. The analog data were digitirzed and processed

on a Digital Equipment Corporation PDP~11/55 minicomputer.

The subsystem used for digitization consists of 16 sample

q. and hold circuits and an analog to digital converter in- K

X

terfaced with the minicomputer. The maximum sampling rate

attained in this study was
h = 13 x (number of channels) + 20 microseconds

A The maximum sampling rate was found to depend on many par- :

ameters including how busy the computer was during digiti-

zation, the block size of digitized data written to mag-

netic tape, and the quality of the digital tape. However,

an effective faster sampling rate could be obtained by ?

slowing down the analog tape during the digitization pro- j i
{
i

cess. A slow factor (SLF) as much as 32 was used for some

cases, by using an analog playback tape speed of 1 7/8 ips

during digitization. As rentioned before recordings were

performed at 60 1ips spec<. , |
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‘ The high frequency cutoff from digitirzation [Ref.
& 30] 1is
'
*E = (SLF) Tl
€
where fc is the Nyquist folding frequency. The frequency
resolution is
C 8 = (SLF)_—-————N?.‘ n ’ (2.1)
where NT is the number of points per channel in the record
being processed. The equations above show a trade off
t between the frequency range and the frequency resolution.
(SLF) = 32 was used to look at the high frequency compo-
, nents of a signal, such as in measuring the shear layer
- initial instability frequency in Ch, 5 and the

high-frequency far field noise in Ch. 6. Otherwise, slow

factors of 1 and 8 were used.

Data analysis procedures

Figure (2-8) shows a block diagram depicting most of
the digital data analysis procedures used in the present
study. The limitations on the available computer storage
required that =the Fast Fourier Transform (FFT) and the
evaluation of the power spectrum components be carried out
over omne block of digital data and then be summed and

averaged over the total number of blocks digitized. This

27
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is, in effect a high frequency filter with a low frequency
cutoff equal to the frequency resolution B given by Egn.

(2"1)0

The spectra and correlation functions

Most of the following analysis is based on defini-
tions and notations given in Ref. 30. The cross spectrum

function for two time-signals 1(t) and j(t) is by defini-

tion
G = G —iQum (2-2a)
where
T
C‘:" "F) = i’-'--a—-‘° (“t,f} be) J(t’#_’ B‘) dt ’ (2-25)

which is called the coincident-spectral density function
and
T
Q. (f) = 2 J ot,f,8,) 3°(¢,4', Be) dt , (2.2¢)
J T8, °

which 18 called the quadrature-spectral density function.
In Egn. (2-2) i(t,f,Be) and J (t,f,Be) are the signals
passed through a narrow band-pass filter with bandwidth Be
and center frequency f; j.(t,f,Be) is 90-degree phase
shifted from j(t,f,Be). T is the record time of both 1i(t)

and j(t) and is equal to 1/B.
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A more useful form of Eqn. (2-2) is

Y2
G = ——[ciwyaunl ;

6O) — - i
R REXD)
) (2.3)
-‘ “ s
ﬁ;ﬁ#): tan {~_Q_'-’_(.Q.. 5 )

Cij &)

where Gi j(f) is a normalized spectrum satisfying
’

;f G ) df = t

ty)

and‘*?i j(f) i1s the phase angle function.
’

The cross-correlation function is given in normalized

form by

R (T)s — Ut) Jit+T) , (2.4)
> T —
{ e {J'(t +7T)
where
T
U g T) = __%__oj L) jleaT) dt

Eqn. (2-4) is evaluated, as shown in Fig. (2-8), by an

Inverse Fourier Transform of the cross-spectrum Gi j(f),
H

i.e,
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If the input signals in Fig. (2-8) are the same, say

both are i(t), Eqn. (2-2) gives the power spectrum Gi(f)’

and Eqn. (2-4) the autocorrelation function Ri i('r)
na
G = - [ fe,f 8 dt (2-s)
ity TBe ©
T
R i(T= — L J (t) iltyT)dt . (2-6)
’ 2 T 0
ci)

A rough estimate of the s8pectrum can be evaluated
from Eqns. (2-2) and (2-3) for Be = B and is referred to
in the text as G(f). 1If the signals were of a limited
band-width white noise, the standard normalized error of
the spectral estimates would be Cr = 1.0, which means that
the error is of the same order as the estimate itself.
However, most of the signals measured in the present study
are of a narrow~band random noise type and L is expected !
to be less than unity. This proved to be true when G(f)
was compared with the smooth spectrum estimates in the

j(f), which 1s defined
’ !
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The barred quantities are the samooth spectral estimates
averaged over frequency band of width Be = nB., The
changes in spectral estimates for different values of n
were studied for different samples of signals and were
found to be negligibly small for n38. The value for n = 8
was, therefore, chosen in calculating Ki’J(f) in the pre-

sent study.

The prewhitening technique

As we shall see later, at high subsonic jet speeds
the pressure signals take the form of distorted sine
waves. The spectra then are dominated by a peak at the
resonance frequency, while the cross-correlation function
would show a sinusoidal behavior with no distinguishable
optimumn peak. The cross-correlation functions in these
cases do not provide much information. A data processing
method called prewhitening is quite useful for analyzing
small random signals superimposed on a high amplitude pure
tone. A conventional prewhitening technique [Williams and
Purdy (1970))] separates the random signals from the pure

tone by subtracting an in-phase sine wave from the origi-
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nal signal by analog methods. A prewvhitening technique
was developed here using digital methods, and was found to
be much simpler. A cross-correlation function of two
prevhitened signals was obtained by the following sequence

of operations:

1. Compute the individual power spectra Gi(f) and

(f).

G,(f) and also the cross~-spectrum Gi
?

3 3

2, Remove the pure tone from the above three spectra

by replacing the high spectral peak with the averaged

value of the two neighboring frequency components. This
Ay ~ ~r

results in a prewhitened Gi(f), Gj(f) and Gi j(f).

1 ]
3. Inverse Fourier Transform Gi(f) and Ej(f) to pget
~ -~

the autocorrelations Ri i(‘r) and RJ J(‘r). Note that
1 2 ,

L o~

Ri i(r) and Rj J(‘r) are the mean square values of the ran-

’ ]

dom signals remaining from i1(t) and j(t).

-~
4. Inverse Fourier Transform Gi j(f) and normalize
]

to obtain
¢ o
(o d e #
R (1= I {G"J( )} : (2-T)
"J {~ (N
. R. .
R; (® i,it0)
Results derived from .. =~rovhitening method are shown in
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CHAPTER 3

GENERAL CHARACTERISTICS OF THE IMPINGING JET

A general idea about the common properties of an imp-
inging Jjet 1s presented here before discussing specific
detalls of the feedback mechanism and the noise radiation.
In the first part, visualizations in water are used to
describe the general behavior of large vortical rings dur-
ing their {impingement on a flat plate. The water jet is
limited to a low Reynolds number range, Re = 5000 to
15000, In the second part, surface pressure loading, eddy
convection velocity on the plate ,and the stability modes
of the impinging jet are discussed for air jets with a Re-

5

vnolds number range of 1.8 x 10° to 5.3 x 105.

3.1 VISUALIZATION OF JET IMPINGEMENT~-WATER JET

As mentioned in Chapter J, the flow field of the imp-
inging Jjet 1is divided into three regions: the free jet
region, the impinging recgion, and the wall jet region.

From the dye and hLvircgen bubble techniques, coherent
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structures in the free jet region and the impinging region
were clearly visible. Both the dye and the hydrogen bub-
ble lines lost their coherent features due to the develop-

ing turbulence in the wall jet region. '

The flow field between the nozzle and the plate {is
shown in the dye picture of Fig. (3~1). The flow is ini-
tially laminar for approximately one diameter downstream
of the nozzle exit. The shear layer rolls into axisymme-
tric vortical rings. These rings are convected downstream
until they impinge on the plate. For the same flow param-
eters, a similar pattern is shown in Fig. (3=2) except
that both the initfal laminar column near the nozzle exit
and the spacing between the vortical rings are larger.
The 1larger spacing between rings takes place through
"pairing" between two consecutive rings. Observation of
the wmovies showed the flow intermittently jumping between

the two patterns of Fig., (3~1) and (3-2).

The two patterns described above are further shown by
the cohernt flow motion presented by the x-t diagram of
Fig.(3-3). The diagram is constructed from a frame by
frame analysis of a movie. Each curve in the figure
starts when a "bulge" in the initial laminar column {8 de-
tected. These "bulges" evolve into vortical rings down-

stream. Both the bulge and its corresponding toroidal
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is refered to here as a vortical ring. Hence,each

vortex

curve in the figure represents an individual ring path or~

iginating just downstream of the nozrle exit and terminat-

i

ing near the plate before impinging. The of the time axis

is arbitrary and 1is not indicative of the first ring ob-

served in the run. For t>2 sec. pairing does not occur

in this x-t diagram. A vertical line at t=2.4 sec.,for

example, Iintersects ring paths at points corresponding to

the 1instantaneous locations of the rings. A snap shot at

t=2.4 sec. would give a flow pattern similar to that of

Fig.(3-1). During the period .5 sec.<t<2 sec. pairing

takes place. Here intersections between ring paths and

the vertical 1line at t=1.6 sec. give instantaneous ring

locations which correspond to the pattern displayed in

Fig. (3-2). Based on the intersections between vertical

lines and ring paths, the following remarks can be made:

!« The rings are approximately evenly spaced between

the nozzle and the plate.

2. Through pairing, the flow reorganizes itself into

a different pattern, where the spacing between consecutive

rings 18 almost doubled.

Browand and lLaufer(1975) and later Petersen(1978)

have shown that wvoriical rings were quasiperfodically
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spaced in a free jet. A comparison between their x-t di-
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agrams and Fig.(3-3) showed that the rings seem to be more
regularly spaced for the impinging jet. Furthermore, vor-
tices are shed at a rathar constant frequency as one would

deduce from intersections between ring paths and a hori-

zontal line at x/d<1.0 in Fig.(3-3). This indicates that ‘
the presence of the plate, especially near the nozzle,

tends to organize the flow field between the nozzle and

T

AT e R

the plate. A possible "hydrodynamic" feedback could exist

-
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at such low subsonic speeds [Ho and Nosseir(1977)).
However, further 1investigations are needed before one

could make a definite conclusion in that matter.

Winant and Browand(1974) were the first to observe i

pairing between vortices in the two~dimensional shear
: ‘ layer. They pointed out that the shear layer growth is %

due to pairing between these vortical structures. Q‘“
i Petersen(1978) argued that rings coalesce when the local :

mixing layer attains a critical thickness which scales

EI with the wave length of the vortex pair. Pairing hetween g\J
consecutive rings is shown in Fig.(3~4)and is described as
follows: the downstream ring slows down and grows slight-
ly in diameter, while the upstreanm ring increases its vel-
ocity and shrinks. The upstream ring is then "swallowed" o

by the downstream one and they both form a larger ring.
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The pairing process is also shown in the hydrogen

bubble picture of Fig.(3-~5). The bubble lines near the

nozzle exit are equally spaced indicating a constant flow

speed, and form horizontally straight lines indicating a
uniform speed; these effects are characteristic of the
potential core. Each line curves at the outer edge of the
Jet due to the retarded velocity in the shear layer, In _
this region the hydrogen bubbles approximately provide in- .E
stantaneous u-velocity profiles. Two lines are shown
curved 1in opposite directions near the plate. The upper f
curvature indicates a high convection velocity in the F ¥

“ecurved" shear layer. In fact, this is the high velocity

o
N

upstream ring as 1t catches up with the slow moving down-
stream ring as mentioned before. Browand and Laufer(1975)

described an identical pairing process based on the vor-

—

tices mean velocity from their x-t diagram. TFig.(3-5)

further provides the shape of the velocity profiles of the g

]
i
i

vortices during pairing. In the present experiment the ?% ‘
convected rings stretch as they impinge on the plate.The .
!
!

ring cores impinge at locations 1.0< rO/d <1.5 depending 4

on the plate distance from the nozzle. Fig. (3-6) shows
the survival of vortex rings as they stretch to more than
two nozzle diameters after impingement. Ho and Kovasznay
(1974) described a similar process for the impingement of ;
isolated vortical rings on a plate. They observed that ;

the ring radius increases rapidly on the plate to & limit-
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ing value. The vortex ring then disappears by dissipa-

tion, The 1limiting radius was found to be a function of

the downstream location of the plate. The process is sim-

ilar in the case of the impinging jet. The difference is
that the jet rings are superimposed on a mean flow.
Therefore, the vortical rings continue to stretch on the
plate because of mean flow velocity, until they disinteg-

rate by dissipation.

The slope of ring paths of Fig. (3-3) gives the con-
vection velocity of these structures. The average convec-
tion velocity of 40 rings was found to be .67 U, which is
approximately the same value measured by Browand and
Laufer (1975) in the free jet. Furthermore, it was ob-
served from the movie that the velocity of ring cores
along the curved shear layer near impingement does not
change significantly. At the mean time, the potential
flow in the jet core decelerates as it approaches the
stagnation point on the plate. This 1s shown in Fig.
(3~7). The distance between bubble lines decreases as the
flow approaches the plate, which indicates a decelerating
flow near the jet axis. The convex curvature towards the
plate side of the two lines nearest to the plate indicates
a8 slower speed near the center of the jet as compared to

the outer shear layer.
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The shear layer growth is shown in the multiple expo-
sure hydrogen bubble picture of Fig. (3-8). The rate of
increase of the shear layer thickness 1is faster near the
plate. Note that ©bubbles produced by the platinum wire
outside the jet column in Fig. (3-7), display nicely the
particle paths of the ambient entrainment in the multiple
exposure of Fige. (3-8). These entrainment lines appear
clearer in the left hand side of the jet because of its
closer proximity to the light source. ~The lines indicate
that most of the entrainment takes place near the plate,
especially at the outer edge of the impinging region ,i.e.
at the end of the curved shear layer 1.5 <r0/d< 2.0,
Pairing between vortices on the plate was observed to take
place 1in this region . The high turbulent energy produc-
tion associated with the pairing [Laufer (1975)] is the

cause for this high level of entrainment.

¥idnall and Sullivan (1973) and Maxworthy (1976) ob-
served azimuthal instability of 1solated vortex rings.
The amplitude of the instability waves grew in a direction
45.to the direction of ring propagation. The number of
waves was determined from the condition of zero
self-induced rotation of the waves around the filament
axis in the theoretical model of Widnall, et al. (1974,
Maxworthy (1976) s8howed that the number of instability

waves, which 1is inversel; proportional to the ring core

~
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diameter, increases monotonically with the ring Reynolds

it anBnres et b aen L e

number. Browand and Laufer (1975) noticed enhanced azimu-

thal instability during the pairing of two rings in the

27 e i G e, s WS 3

free jet. They argued that this secondary instability ex- !
plains the breakdown of the rings’ coherence downstream of
the potential core. Azimuthal instability was also ob-
served in the impinging vortex ring and is shown in Fig.
(3-9). However, the presence of the plate and the associ-
ated stretching of the vortices during impingement seems
to prevent or at least delay, the breakdown of the coher-

ent rings due to these waves.

At Re > 8000 a higher instability mode was observed.
At Re = 8000, Fig. (3-10) shkows a spiral mode that was

observed to occur iIintermittently with the axisyometric

sndisd)

1 mode. This was also observed in the free jet by Browand
b and Laufer (1975).
3
w 3.2 PRESSURE MEASUREMENTS - AIR JET
The study of the water jet presented above was predo~-
¢ minately qualitative in nature. The remaining part of the
present investigation deals with quantitative results der-
ived from the study of an impinging air jet. Surface
.y pressure fluctuations due to the irpingement of a turbu-
€
lent jet are generally random with respect to time for low
41
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Jet Mach numbers, M. As an example, the raw signal from a

surface pressure transducer at M = ,5 is shown in Fig.

(3-11). However, the pattern of the signal changes com=-

i

pletely for M>.6 and xo/d<6. At M=0.9 the signal can be

described as a slightly distorted sine wave as shown in
the figure. This behaviour was usually accompanied by a
screech tone that was clearly audible , especially for
M3.8. A resonating field between the nozzle and the plate
is believed to be responsible for that screech tone re-
ported in Refs. 7, 8 and 9. The resonance phenomenon is
also observed in the normalized power spectra of Fig.
(3-12)., The energy is substantially reduced at different
frequency bands, and is increased in a narrow band around

the resonance frequency.

3.2.1 Surface Pressure Loading

The rms of surface pressure fluctuations along the
plate, normalized by the dynamic pressure q is plotted for
M =.5and .9 in Fig. (3-13). At xO/d<5, p’/q has a peak
at ro/d.l.S. This 1s the approximate location where vor-
tex rings impinge on the plate, as was shown earlier in
the water Jjet ([see also Ho and Kovasznay (1974)]. For
ro/d>3, p°/q 1s independent of the plate location, which

is8 a characteristic of the developed wall jet. The nor-

malized pressure levels are higher for M = .9 than for M =
42
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«5 at locations ro/d<3.0. This is shown for several Mach

numbers in Fig. (3-14). At resonance, M = .8 and .9, the

surface loading 18 generally higher. The reason for

higher pressure levels at M = .8 than at M = .9 s dis-
cussed later in connection with changing the plate loca-

tion xold.

As mentioned before, the plate is divided into two
regions, the impinging region and the wall jet region.
Based on the surface pressure fluctuations, the impinging
region is further divided into two regions: an inner imp-
inging region (0<r0/d<.5) and an outer impinging region
(.S<r0/d<2). The wall jet region i{s at ro/d>3. These
divisions and their boundaries are rather arbitrary arnd
are made for convenience in the future discussion of dif-
ferent flow characteristics. The effect of plate location
xO/d on p’/q for these regions 1s presented in Figs.
(3~15) and (3~16). 1In the inner impinging region, p°’/q
increases as the ©plate moves away from the nozzle [Fig.
(3-15)). Strong, et al. (1967), showed that p°/q reaches
its maximum ~value of 0.12 at xO/d-7. Fig. (3-15) also
shows that p°/q in the wall region is8 independent of both
M and xO/d. The flow there is so dominated by the wall
through the viscous forces that it tends to '"forget" its

past history.
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The behavior of the ©pressure fluctuations in the
outer impinging region is different between the resonant

and nonresonant jets. In the resonant case of M = .9,

Fig. (3~16a) shows that the pressure fluctuations p‘/q
goes through jumups as it decreases with increasing xold. I
These jumps are similar to jumps in the r ~onance frequen-
cy observed when xO/d changes as reported later in Sec.
5.2 [also see Fig. (5=4)]. At M = .8, Fig, (3-16D)

shows that p’/q remains at a value .115 up to xo/d = 2,7

and then decreases with no jumps as xold increases. The
reason is possibly due to a "weak" resonance at M = .8 “
(see Sec. 5.2). The surface pressure loading in the
outer impinging region is due to the impingement of the
large scale structures and is strongly dependent on both
the jet Mach number M, and the plate location Xqe The va-
lues of p’/q seem to fall between two limits in fig.
(3-16c): a lower limit of a non-resonant case at M = .5
and an upper 1limit of the resonant case at M = .9. The
pressure at M = .9 is shown to jump between the two lim- f

its, passing through an intermediate stage with values :

corresponding to the "weak" resonant case of M = .8, The "~

jumps 4in p’/q at M = .9 is, therefore, the reason for the o

lower levels of pressure observed in Fig. (3-14) at xo/d

= 2.0 compared to the M = .8 case.
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3.2.2 Eddy~Convection Velocity on the Plate: Comparison
of Different Techniques

The convection velocity C is usually evaluated from

the correlation function R by either of two ways (Ho and

Kovasznay (1976)): constant separation distance §1 with

varying the time delay T, where C satifies the condition
R(}.T)/ 37 = ©

or constant time delay T1 with varying the separation dis-

tance x, vhere C satisfies the condition

e~
"

aRf},";)/ag.: 0

The calculated values by the two methods are generally
different. Wills (1964) indicated that they are only
equal if the turbulent flow satisfies Taylor’s hypothesis

in which the "frozen" eddies are convected unchanged. To

remove the ambiguity in evaluating a single convection f\g
velocity, he argued that C has to be expressed in terms of :
either a wave number k or frequency f. He derived the ; é
convection velocity C(k) as a function of the wave number, 3 ;
and defined an overall convection velocity as the propaga-
tion wvelocity of the peak of the turbulent energy, integ-

rated over different wave nunhers k. This method is suit-
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able whenever the convection velocity of different wavel-

ength is needed as in water-wave generation.

In the present study the frequency 1s <chosen as a
parameter in the evaluation of convection velocities. The
calculation of convection velocity at any frequency C(f),
especially at the resonance frequency, is more appropriate
in studying the feedback mechanism. The group velocity
Cg(f) is defined as the velocity of energy propagation at
frequency f, which is relevant to the condition wused by
Wills (1964) to evaluate C(k). Naturally, for nondisper-
sive waves the convection velocity C(f) of the present

study and C(k) of Wills (1964) are the same.

In this section the convection velocity along the
plate will be calculated by different techniques discussed
earlier in Sec. 2.3. Values calculated f£from space-time
correlation functions are compared with those using con-
stant-separation correlation functions. The narrow-band
convection velocity, which 1is called the phase velocity
C(f), evaluated from cross-spectra function is also pre-
sented., The prewhitening technique is used to calculate

convection velocities for resonant cases.

The phase velocity, or the narrow-band convection

velocity C(f) 1is calculated from the relaticn
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CH) =(zn4‘)§/¢(f) > (3-1)

where v (f) is the phase angle between two signals at po-
ints separated by 3. The group velocity is proportional

to the slope of the phase angle and is given by
- dv{f)
Ci) = zn}/T . (3-2)

For a nondispersive wave the slope of the phase angle 1is

constant and hence

Cq @ = C(f) = constant.

An example of the cross-spectrum and phase angle
functions between two points on the plate is shown in Fig.
(3-17a) for M = .8 and xO/d = 6, The cross-spectrum G (f)
has a broad peak at f=3200 Hz. The Strouhal number of
this peak, fd/U = .30, corresponds to the frequency of
large scale structures at the end of the potential core in
a free jet. The phase angle ¥ (f) fluctuates around a
straight 1line, indicating a nondispersive convected wave.
Misleading data appear in both CG(f) and §{(f) st 1low fre-
quencies (£<700 Hz) and are attr..ated to the low frequen-

cy cutoff in evaluating the sp.c->.- =v-= =z 1. .ite digital
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T for the case of M = .8 in Fig. (3-19). The characteris-

i a3 = it

record length [Eqn. (2-1)1]. Fig. (3~17b) shows the

coherence function W(f) for the same flow parameters of
FPig. (3-17a). The coherence ¥(f) takes a similar shape

as G(f). The phase angle function in the figure is evalu- '

ated from smoothed frequency components as mentioned ear-
lier in Secs 2.3 (with n =~ 8). The phase angle function
has a clear constant slope over the shown frequency range.
Eqn. (3-1) is used to calculate the phase velocity from
V(f) of Fig. (3-17b) and 1is shown in Fig. (3-17c). As
expected from the constant slope of ¥(f), the phase velo-
city 18 the same for different frequencies and equal to
«62 of the jet exit velocity U, which is indicative of the

nondispersiveness of the convected eddies on the plate.

At low jet Mach number (M = .5), Fig. (3-18) shows a
similar cross-spectrum function and a constant-slope phase

angle function.

The correlation coefficients are presented in Figs.
(3-19) and (3-20). The correlation coefficients are plot-

ted as a function of separation distance and time delay

tic forms of these correlation <curves are {n agreement
with those of Refs., 3 and 6., The correlation coefficient
wag very small (<5%) betwecen any point Iin the dinner dimp-

inging region and the rest of the plate. This is possibly

48




due to turbulent flow circulation in the "stagnation bub-

ble" reported by Donalson, et al. (1971). Point 2 (rO/d

- 1.0) is chosen as a fixed reference point. Ttis point

48 in the region where the vortex rings were obrerved to
impinge on the plate in the water Jet experiment. The
figure shows a 50% correlation coefficient which is almost
constant over the outer impinging region (1<ro/d<2). The
correlation coefficient drops for larger separation dis-
tance, since convected eddies tend to lose their didenti-

ties due to viscous dissipation and the development of

small scale turbulence.

At low jet speed (M = .5), the correlation coeffi~
cient was found to drop sharply for a separation distance
larger than one nozzle diameter. The reason is that large
scale structures are less coherent for a weak feedback at
such low jet speed. The correlation function is, there-
fore, shown in Fig. (3-20) as a function of T with con-
stant separation distance equal to d/2. The <correlation
coefficient between two points in the inner impinging re-
gion RO'I(T) 1s again small and of the same order of mag-
nitude as the noise. It increases as we enter the outer
impinging region where the large coherent structures im-

pinge on the plate.

At high subsonic jet speed and small nozzle to
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distance, resonance occurred and the prussure signal was a
distorted sine wave. The correlation funation also took a
"sinusoidal pattern with no clear optimum peak to evaluate
eddy convection velocity. The prewhitening technique re-

ported in Sec. 2.3 was used.

T o raw surface pressure signals at different loca-
tions on the plate for a resonant jet at M = .9 and xo/d -
4,5 18 shown in Fig. (3-21). The signal at rold = 0., {is
almost a pure sine wave owing to the induced field of the
impinging coherent eddies. This is supported by the rela-
tively 1low rms value of the pressure fluctuations at to/d
= 0, 1in Fig. (3-13). The signals at the outer impinging
region exhibit rather distorted sine waves because of the

small scale turbulence.

The power spectra of these signals are presented in
Fig. (3-22)., Most of the energy is concentrated in a
narrow band around the resonance frequency at the location
ro/d = 0. 1In the outer impinging region other frequency
components appear in the spectra. It is noticeable that
at rO/d = .5, the energy is more evenly distributed over a
wide band of frequencies due to the random flow in the
"stagnation bubble", In all the spectra, a smaller peak
is observed at the first harmonic of the resonance fre-

quency.
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The cross-spectrum between two points 18 shown in
Fig. (3-23a). Two peaks at the resonance frequency and
its first harmonic is shown. A narrow-band digital filter
(bandwidth = 312 Hz) was used in the prewhitening process
to average out these two peaks. The resv*t 1s shown in
Fig. (3-23b) with the corresponding phase angle function.
The real gain from prewhitening is shown in the correla-
tion functions of Fig. (3-24). As expected, the correla-
tion functions before prewhitening are sinuscidal with
respect to the delay time , while the prewhitened corre-
lation function shows a distinctive peak. The delay time
of this peak is used to evaluate a broad-band convection
velocity C for resonant cases. Fig. (3-25) shows a
space-time prewhitened <cross-correlation functions of a
resonant case (M = .9 and xO/d - £.5). The
cross-correlation function for the inner impinging region
is plotted separately in Fig. (3-25a). The correlation
between point O and ] shows' a negative time delay peak,
indicating a reversed flow towards the stagnation point.
This is consistent with flow circulation in the stagnation
bubble as reported by Donalson, et al. (1971). The
correlatfion coefficients in the outer impinging region are
shown in Fig. (3-25b). Here, the <correlation coeffi-
cients show a continuous decrease with increasing the sep-

aration distance and time dclsy, which is different from
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the behaviour of those in Fig. (3-19). The reason is

that the coherent part of the signals used to produce the
correlation functions has been reduced substantially dur-

ing the prewhitening process.,

The convection velocity C along the plate 18 plotted
in Fig. (3-26). Except for a negative value near the
stagnation point, the convection velocity increases to =&
pesk at rO/d = 1.25 and then decreases asymptotically to a
value of .45 U. The higher convection velocity near the
outer impinging region (=.65 U) agrees with observation of
pictures and movies [see Figs. (3-3) and (3-7)]) of the
impinging water jet. The shear layer was observed to
curve as it approaches the plate. The deceleration 1is
balanced by the acceleration due to shear layer curvature,
and the vortex rings were seen to maintain thefir free

speed (or even accelerate) during impingement.

The data points in Fig. (3-26) for M = .8 are evalu-
ated from the separation distance and the optimum time
delay of two different correlation plots. The convection
velocity C is plotted at the half point of the separation
distance. The values of C at ro/d = 1.75 and 2.5 are eva-
luated from a constant separation distance correlation
function (with} = d/2) similar to those of Fig. (3-20).

These points are in accord with others calculated by the
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variable separation distance correlation functions of Fig.
(3-19). As previously noted, this should not happep un-
less Taylor’s hypothesis is satisfied. Lin (1952) has
shown that Taylor’s hypothesis is valid only if the turbu-
lence level 1is low, viscous forces are negligible, and the
mean shear 1s small., It is, therefore, unreasonable to
expect the hypothesis to apply to the flow of an impinging
jet on a plate. Hence, the concept of convected "frozen"
eddies is excluded as a reason for the agreement in the
velocity calculated by the two methods. To understand
this result, the expected difference in the calculated va-
lues of C by the two correlation function plots must be
discussed first. As the separation distance increases,
small eddies are bound to lose their identity and become
uncorrelated in comparison with larger size eddies. This
is 1in effect a lowpass filter with a cutoff frequency de-
creasing with increasing x, added during the evaluation of
correlation coefficients. With a fixed }, the correlation
estimates are most sensitive to the convection of eddies
with a size corresponding to the fixed bandwidth filter.
The consistency of the calculated convection velocity {ir-
respective of the effective filter used indicates that ed~
dies with different sizes convect at the same speed. In
other words, {1f one uses the methed proposed by Wills
(1964), the calculated convection velocity for different

wave numbers C(k) would be constant. This, the flow over
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the plate for ro/d>1.25 satisfies the relationw/k = C(k)

= constant, which upon differentiation gives

g = Cs = constant .

This is another way of showing the nondispersiveness of
the convected eddies on the plate as observed earlier in

Figo (3"‘1 7C)c

3.2,3 Stability Modes of the High Speed Jet

H
It was shown in the pictures of Sec. 3.1 that the

coherent structures have a vortex ring shape. At high Re-

ynolds number (Re>8000) a higher instability mode, namely
a helical mode, appeared. Browand and Laufer (1975) ob-
served both the axisymmetric and helical modes in a free
jet at Re = 5000 to 20,000. Fuchs and Michel (1977) used;
a set of near field microphones placed in a plane petpen-'
dicular to and at equal distances from the jet axis. By !
Fourier analyzing the real part of ¢the cross-spectrum '
between these microphones, they were able to determine the
azimuthal constituents of the turbulent energy at any fre-

quency. For a range of 104<Re<2x107

(.3 <M< .7), they
found that the energy was mostly contained in the axisym~
metric mode, although higher modes were present. Neuworth

(1973) observed that, while at M = ,5 pictures showed an
54
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axisymmetric coherent structures, at M = .9 a helical mode
appeared in the free jet. However, when the plate was in~
serted his pictures and those of Wagner (1971) showed that
only the axisymmetric mode remained. Neuworth predicted
that waves reflecting from the plate were responsible for
the axisymmetric excitation of the free shear layer near

the nozzle.

In the present study the stability modes were exam-
ined by placing five pressure transducers at equal dis-
tance from the stagnation point on the plate. Gross fea-

tures of the stability modes of the impinging jet were ex-

amined from the correlation function between points on the
plate at different azimuthal angles. An example of the
correlation function between two points separated by A¢° =
270.18 shown 1in Fig. (3-27). The correlation for this
resonant case has a maximum atT= 0, which suggests that
= the axisymmetric mode is dominant. The prewhitened corre-
lation function is also shown with a peak at7= 0, indi-
cating that the turbulent portion of the surface pressure
fluctuations are also dominated by an axisymmetric mode.

Similar results are shown for different azimuthal angles

in Fig. (3-28). Furthermore Fig. (3-29) shows that the
! phase angle 1is approximately equal to zero over all fre-

quencies, which s8suggests that the existing turbulent

scales are axisymmetric.
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Similar snalysis was carried out to ensure axisymme-
try in the flow field between the nozzle and the plate.
Fig. (3-30) shows the cross correlation function before
and after prewhitening between two transducers at the exit
plane of the nozzle. Axisymmetry is i{indicated by the

peaks at T= 0,
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CHAPTER 4

THE TWO BRANCHES OF THE FEEDBACK LOOP

In the previous chapter, general characteristics of
the impinging jet were presented. The validity of differ-
ent digital data techniques was examined. The convection
velocity on the plate was found to be consistent when eva~
luated by these techniques, and to agree well with results
from Refs. 3 and 6 . Finally, the flow field of the imp-

inging jet was found to be dominantly axisymmetric.

As mentioned earlier in Chapter 1, a conjecture for
the feedback mechanism causing the resonance could take
the following form: coherent eddies are <convected down-
stream and impinge on the ©plate; waves are generated
which propagate upstream and excite the shear layer near
the nozzle; the shear layer rolls into new coherent ed-
dies and the feedback loop is closed. In this chapter,
pressure measurements are used to detect waves projpagating
in the near field between the nozzle and the plate. The
characteristics of tr-e~ v-v¢e gre studied and the rela-~

tion between them at : « 1y jrvesc:igated.
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4,1 CORRELATIONS OF NEAR FIELD PRESSURE MEASUREMENTS

Power spectra of signals from near field microphones
are shown in Fig. (4-1) for M = .8 and xo/d = 7. The
spectra do not show a distinguished high peak, indicating
no resonance. The correlations of these signals are plot-
ted in Fig. (4-2) as functions of separation distance and
time delay T. For positiveT, the correlation coefficient
peaks Iindicate a downstream convected wave., On the other
hand, other peaks at negative time delays are also pre-
sent. While the peak in RX,II (T) at negative time delay
may appear as a result of normal oscillations in the
correlation function, the one in Rgtn(r) does not. These
peaks, therefore, indicate upstream propagation, and the

behavior of the correlations suggest the possibility of

two waves propagating in the near field.

At resonance the correlation functions are sinusoidal
with respect to T and provide no information about wave
propagation. However, the presence of the two waves 1is
observed in the cross-spectra and phase angle functions in
Fig. (4~3). The cross-spectrum between two microphones

near the axis of the jet (f) is dominated by two

G
Lo

strong resonance peaks. The presence of ¢two Tresonance

peaks instead of one is attributed to the tendency of the
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Jet to intermittently jump between two resonance frequency
stages in this specific case (M = .9 and xo/d = 5). These

frequency jumps are discussed later in Sec. 5.2. The

phase angle vx I (f), despite some discrepancies at 5.5
£ >
KHz< f <6 KHz, increases with frequency. These discrepan-

cles may be due to very low levels of energy at this fre-

quency band [Gt (f)<10-l‘]. Here the noise signal is ex-

LT
pected to be of the same order of magnitude as the meas-

ured signals. However, the positive slope of 91' (f) in-
5] i

3 dicates a downstream convected wave. Although G (£) )

] 0,y !

S shows peaks at the same resonance frequencies, (f) be-
2

haves differently. The negative slope of 9m (f) for
o .

these microphones located further away from the jet axis -""j

indicates the existence of an upstream wave.

The cross-correlations between microphones I & II be- ;
fore and after prewhitening are shown in Fig. (4-4) and , '
1
the corresponding cross-correlations between [ & {f are i
shown in Fig. (4-5). The correlation functien RI,n(‘r') is 4

k a sine wave as expected from two resonant signals.
1

L
However, the prewhitened correlation RI lI(‘I') shows two op-
>

timum peaks at positive and negative time delays. This {is

in agreement with earlier observations in the non-resonant

2 case of Fig. (4-2). In Fig. (4~5) the correlations

L4

- R (r) and R (T) measured at locations further away
R o, o,v

from the jet axis show only negativce uiz. delay peaks, in=-
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dicating predominant upstream propsagation.

The above two-point measurements provide evidence for

the presence of two waves propagating in the near field.
Furthermore, the upstream propagating wave is shown to be
dominant 1in the near field away from the jet axis. This
provides an opportunity to study one of the ¢two waves,
namely the upstream wave, through measurements taken away

from the jet axis.

4.1.1 Characteristics of the Upstream Wave

The pressure fluctuations, p'z, measured in decibels
by a microphone moving outwards in a plane perpendicular
to the jet axis at the nozzle exit is plotted in Fig.
(4=6). The figure shows p'2 for a free jet at M » .8 com=-
pared to an impinging jet at M = .8 and .9. In a free
jet, p'2 drops sharply from r/d = .5 to r/d = 1.0 (not
shown in the figure) and then descends at a rate propor-

tional to r-1'6

. This is in agreement with Chu (1975),
who also showed that the near field of the present jet ex-
tends to r/d= 30 at @ = 90°. For the impinging jet p'2
has higher levels, but behaves like the free jet up to r/d
= 3, These high 1levels are mainly due to added energy

¢ 2

from the upstream wave. At large radii, p increases for

3 <r/d< 6.5 and the: decreases at a rate proportional to
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r-z. This indicates that the energy is dominated by the

T T

upstream wave for r/d>3, and that the far field of this
wave is reached at r = 6.5, after which p'2 follows the

3 inverse square law.

The phase difference at the resonance frequency
between two microphones 1in a plane perpendicular to the
jet axis at the nozzle exit is shown in Fig. (4-7). One |
of the microphones was fixed near the nozzle lip at r/d=
+5, while the other was allowed to move radially away from {
the jet axis. For r/d>3, the phase angle increases almost
3 linearly with r. In this region the upstream wave was
g shown to be dominant from the pressure measurements of
Fig. (4-6), and also from the spectra and correlation
functions of Figs. (4-3) and (4-5). Therefore, the phase
angle plotted against r for r/d>3.0 represents an almost

plane wave front propagating in the upstream direction.

The direction of propagation is the perpendicular to the

average slope din (ft) /dr |

For r/d<3.0, Fig. (4-7) shows that the two signals
are in phase except for a "bulge" around r/d = 2. This
bulge is believed to be an erroneous deviation from a zero <3
phase value (a zero phase at the nozzle exit is discussed i’
further in Secs 5.1), The deviation is due to the fact L

that signals around r/d = 2 contzin random frequency com-
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) ponents [Fig. (4-8)), and that the phase angle was calcu-
& lated at &a single frequency fr by averaging over a long

3 time record. The appearance of random high frequencies in

the signals at 1r/d = 2 is possibly due to the following

[

two reasons:

1. The acoustic waves radiated from the stagnation
region of the plate to this region suffer (as will be

shown later) from random scattering as they travel through ’;“

a thick turbulent shear layer, and/or

i
2. A microphone in this vicinity 1is sensitive to ; ‘i
pressure {ntegrated over the whole flow field. ?
:
Fig. (4-8) shows that a resonant sinusoidal signal
dominates close to the edge of the shear layer at r/d=.5, '.é
and away from the jet axis at r/d = 6.5 where the upstream
wave 1s strong

.

In order to evaluate the speed of the upstream wave,

e s A+ e it e i

a third microphone fI is placed downstream of the moving
one. The phase angle %ﬂ (f) is plotted in Fig. (4-9) as
[P 4
a function of frequency f. Three samples of (£f) at ;
gnslI
different rn /d are shown in the figure. The phase angle |

increases linearly with £. Since Jy 1s delayed, the con-

stant positive slope {' "!.-tes & nondispersive upstream
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propagating wave. It {s also noticeable that fluctuations

in9m (f) around its mean decrease as r_ /d incrcases,

I
owing’ to the dominant contributions of the upstream wave
over the pressure signals in the near field away from the
jet axis. It is now clear that the upstream wave can be
treated as a nondispersive [Fig. (4-9)], plane ([Fig.
(4=7)] wave. Furthermore, the angle ea between the jet
axis and the direction of propagation, can be calculated

from the mean slope of the wave front according to the re-

lation

- Y50/ T (4-1)
d(r/4)

©

() =

o
From Fig. (4-7) a value of 93-35 i8 calculated using
Eqn. (4-1). This value {8 further confirmed from the
prewhitened cross correlation functions between II and III.

(T.) are
m,x e
plotted versus o /d in Fig. (4-10). A broad peak of

The correlation coefficients optimum peaks R

(7)) shown around r_ /d = 3.3 corresponds to a propa-

R
o, P I

)
gatl n direction Qa- 33 . This is in good agreement with

the value calculated above.

The speed of the nondispersive upstream wave C, can
be calculated from the slope of the phase angle between

two microphones (e.g. I &IIT ) by the following relation
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G =fam(y . §) domatl) |, (42

il e

where aa is the unit vector in the direction of wupstream
wave propagation inclined by an angle.ea to the jet axis .
Eqn. (4-2) 18 used to plot the magnitude of the upstream
wave speed normalized with respect to the ambient speed of
sound a,, for different ' /d 1in Fig. (4-11). It 1is

shown that the upstream wave travels with a speced that is

equal to the speed of sound age

°
A constant value of Ga- 35 from the mean slope

d?(fr)/d(r/d) of Fig. (4=7) was used in Fig. (4-11).
However, Fig. (4-7) shows that the wave front {s slightly
' curved and that dQ(ir)/d(r/d) increases as r/d increases.
Thie resulted in smaller values of 02/30 for larger rn'/d,

which {8 the trend one observes in the figure.

The diyection of the upstream wave propagation for
different plate locatioas X is presented in Fig. (4~12).
It {s shown that as the plate moves closer to the nozzle,
the upstream wave propapgstes at a larger angle relative to

the jet axis.

| ST

e e,
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4.2 A SIMPLE MATHEMATICAL MODEL

The correlation and cross-spectra functions of the
measured pressure signals have shown a downstream and an
upstream propagating wave. The upstream wave can be tre-~
ated as a plane sound wave propagating along a path in-
clined at an angle ea to the jet axis. The following sim- f
ple meathemnatical model presupposes two counterpropagating i
waves in the near field of the jet. This model will help F
to explain the feedback mechanism through analysis of !

measured correlation functions.

The pressure at any point in the near field between

the nozzle and the plate is the superposition of two parts

e

Nh?): d(t:-i) +f5(t,-§), (4-8)

where,

oy
t
4

v

is the position vector with respect to the center

o i St s it WA gl AW wn e m £

ey ——— % M— 3 S

of the nozzle exit plane [see Fig. (4-13)], ando(andﬁare

the two parts of the signal due to the downstream and the

[PPSO

upstream travelling waves, respectively. Egcn. (4=3) is

e S b 1

also expressed as a pair of travelling waves, i.e.

. e '; . -l .-l.
-~ l(“"t "k; M o \?u\ . - I(UJt-.-kzo‘ )

P(t,?) =all)e + b5 e y  (4-4)
65 :
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O
where a(}), b(}) are the wave amplitudes,

i
kl:fé are the downstream and the upstream wave numbers

B

respectively, and

9b i8 a constant phase shift between the two waves.

The following assumptions are made in order to sim-

plify the model:

1. The two waves are assumed to be plane waves. It
is anticipated that the downstream wave, which is due to
the convected large scale structures, is travelling along

the jet axis. The upstream wave propagates in a direction

making an angle Ba with the jet axis.

2. The waves are monochromatic, i.e. only one fre-

quency component at the resonance frequency (or the domi-

A
S

nant frequency in a non~resonant case) 1s considered. The

two waves are also assuned to have the same frequency
since the upstream one i{s generated from the incidence of

the downstream wave on a solid surface, 1.e.

w, (k) = «72(;,) = w e

Eqn. (4~4) then takes the fo-r

e
fot-kx+7.) L t4 k. ¥)
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By definition, the phase velocity of the downstream wave

in the x~direction is

C = wr 3 (‘-‘)

and the phase velocity of the upstream wave is

s A
C, = W & - (4-7)

1% |

»

The phase shift 90 in Eqn. (4-5) can be evaluated by
applying the Dboundary condition at the plate. Since the
upstream wave is assumed to be generated by the downstream
wave as it impinges on the plate, the phase difference
between the two waves should be equal to zero there. The

phase difference between the two waves at any location is
- iy
9 :-k,x_Kz.'f.Q. qoo (4-—8)
The boundary condition is

i olin
veo at % =§, , (4.9)

where Es is the position vector of an apparent sound
source on the plate {Fin. (4-13))., Substituting (4-9) in

(4-8), one obtains




ol

Vo = Kixo 4+ K,,.}s . (4.10)

Hence eqn. (4-8) may be written

Y = K (xg-X) "“R-Z‘(}s"‘g) > (d-11)

which represents the phase difference between the two

waves at any location in the near field between the nozzle

and the plate.

4.2.1 The Correlation Function

From Eqn. (4-5) the pressure at points I and JIT are

‘.(“"‘t"'leI"‘Vo) cwtﬂ? -?

i

O

=9« + b B
N - (4-12)
i(0t-Kxpevp)  i(@tekpe T
- o
,;_oze + b, e
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wherec( pl’ °‘2’P2 are the signal components due to the

:

3 e
E :

%

’ two waves.

The correlation function of two signals, each is the {
F sum of two stationary processes 1is given in Ref 30.

. Similarly, the correlation function of the two signals of

Eqn. (4-12) is

RI,I‘IT) =aa, R lr).,.b QR (T)+a b‘, P )-|,bo2 (7')

) (4.13)

54

The above equation shows the correlation function l?rn_(T)
>

as the algebraic sum of the individual component correla-

W

tion functions. The correlation functions of these compo-

nents are by definition:

-
LY

¢[u> T-K, (xn-x )]
R (T) = (4-14a)
oy 2

[«J Ty K&.I' J

R (T) 3 (4-14b) i
¥ ™
- W, T- K X --K 'f+7
Rim=z=Le 1 *a KT o] (4 -14e) :
“py 2 o
+-}\T,._§_“+kx -\7]
I (4 d)
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Using Eqn. (4-6), Eqn. (4-14a) gives an optimum time ‘

delay

h
- T = ¢ "IC‘ L SHE (4-15)
y 4( |

and using Eqn. (4-7), Eqn. (4-14b) similarly gives

. 23 . 6
{ T = -_SLLE_G__ 5 (4_16)

o

where 02 is the speed of the upstream wave inclined at an

angle Ga to the jet axis. Similarly from Eqns. (4-10),

(4=14c), and (4-144)

A
(3) .
T - __[ Xo-Xm }1,5 &, (4-17)
¢
A
N
W) (2]
T =4|-Xo-X1 | ES:U a_ |, (4-18)
4 1 C—Z
f. - -
? where"bl’s is the vector connecting I and S, and xs,II is
- the vector connecting S and II [Fig. (4-13)j.
Eqns. (4-13) and (4-15) to (4-18) predict that the

correlation function between two points in the near field

& 70
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exhibits two peaks with positive time delays as well as

g — .- -~ - e e - C et e wrm e — i .

two peaks with negative time delays. The physical in-

terpretation of the four time delays of thése peaks is ex-

(N
plained as follows: T is the time it takes the down-

L)
stream wave to travel from I to II; T "is the time 1t

takes the upstream wave to travel from II to I and should

appear as a negative time delay in R (r; T“) is the

I,
time it takes the downstream wave to travel from I to the

plate with velocity C plus the time {t takes for the

l’
generated wave to propagate back from the plate to II;
(3)
T 1is the time for the downstream wave to go from II to
the plate plus the time for the generated upstream wave to
(3)

bounce back to I. T should, therefore, appear as a ne-
ative time delay in R (™.
g y I,I

The correlation function between the near field pres-
sure signal and a surface pressure signal in the impinging

region on the plate can be derived by substituting

Xy %o and ‘n-fs in Eqns.(4=15) to (4-18) which yields

" 0
T = T = Xo = X1 s (4-19)
C,
- A
Q) (3)
7. 70 _Sue- ® . iaz0)
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These later results show that the four peaks degenerate
into only two in the correlation between a point I in the
near field and a point S on the plate. The positive time
delay of one peak [Eqn. (4-19)] corresponds to the down- °
stream convection to the plate and the negative time delay
of the other peak [Eqn. (4-20)) corresponds to the up-

stream propagation from the plate to point I.

For the special case of xr- xn- Xy Eqn. (4=-13)
gives the autocorrelation function R1 i(1'-) with optimunm
14

time delays from Eqns. (4-15) to (4-18) given by

() @)
T =T = o
“@-2ar)
“ CY 2
T= _t‘u: Xo - Xi + gi. eu 3

C, Cs

where the index i refers to positions I, II, III, or I¥ -

Eqn. (4-21) predicts that, due to the presence of the
plate, an autocorrelation function should exhibit an extra
peak besides the usual one atT= 0. The time delay of
that extra peak corresponds to the time it takes the down-
stream wave to travel to the plate combined with the time
it takes for the generated :ave to propagate back to the
same point. Eqn. (4~21) &lc: Indicates that the extra

peak appears in both the r::-t. ¢ und positive time dela-
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ys, which is consistent with the autocorrelation being an

even function.

b 4.3 MEASURED CORRELATIONS: COMPARISON WITH THE MCDEL

The pressure in Eqn. (4-5) is expressed as the sum

L of two waves that have the same single frequency component

w . The frequencywr is the dominant resonance frequency
or the peak frequency of the narrow-band signals for
non-resonant cases. However, the measured pressure sig-
nals contain other frequency components due to the random-
ness of the turbulent flow. This randomness adds unigue
characteristics to each convected event in the flow field.
Accordingly, the predicted optimum time delays of Eqns.
(4=15) to (4-18) are expected to correspond to peaks of
high correlation levels in the correlation coefficients of
measured signals. The <correlation functions for the
non-resonant cases are shown in Figs. (4-14) to (4-16),
and the prewhitened correlation functions for a strong re-

sonant case are displayed in Fig. (4=17).

The autocorrelation functions in Fig. (4-14) for M =
+8 and xO/d = 7 show extra peaks [peaks (3) and (4)] be~
sides the usual unity peak atT= 0, in agreement with the

model. The space-time cecrrelations for this non-resonant

case are plotted in Fig. (4-135)., For zero separation,
73
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Ry I(‘r) shows that T = T = 0. As the separation dis-
1

P TRYY

¥

tance increases, peak (1) moves to larger positive time

eI

delays indicating a downstream convection, while peak (2)
moves in the opposite direction indicating an upstreamnm ;
convection. Peaks (3) and (4) are at larger time delays
and they meet with (1) and (2) in the correlation function
; with the transducer on the plate RI,O(t) , a8 predicted by

Eqns. (4-19) and (4-20).

WERAPIY

The approximate loci of these peaks form the letter

"W" as indicated by the dashed lines in Fig. (4-16). 1In

this figure, the correlation functions are separated vert-
ically 4in proportion to actual physical separation dis-
tance between microphones, along the jet axis. For a con-
i stant convection velocity in the. x~direction, the dashed
lines forming the "W" should be straight. Ho;ever, since
the upstream waves propagate in a direction {inclined by e,
to the jet axis, these dashed lines appear with a small

curvature.

Periodic oscillations are observed in the correlation
i (‘) ¢ §)

plots for T <1‘<1J in Figs. (4-15) and (4-16). These
oscillations correspond to the ©passage period 2“‘Auro y

This ecriterion was used in some cases to define peak (&)

in the correlation functions.

v
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The prewhitened correlation functions for the reso-
nance case of M = .9 and xold = 4 are shown in Fig.
(4=17). The plots show a similar behavior to those in

Figs. (4-14) to (4-16).

Comparison between the mathematical model and the op-
timum time delays from the measured correlation functions
are presented in Figs. (4-18) to (4-20). Eqns., (4=17)

and (4-18) can be written in the nondimensional forms

") ' ' X -x.
apThi = - + + Cod. G )01, (4-25)
__.Q.A.;tg‘ MK, (HKV a) ax
(4
a T, | Xo — X
% i = - 04( ! 4 coe. © {, (4-26)
a X @ (MKV Q) ax

where Ax = x, - %

k| i

jet axis between the two correlated points £ & j. The

is the separation distance along the

angle ea is a weak function of the plate location x, ([Fig.

0
(4-12)), therefore an average value ofea - 30° is used to
simplify Eqns. (4-25) and (4-26) so that they represent
straight 1lines. Also, as shall be seen in the following
section [Fig. (4~21)), the convection velocity of the
downstream wave measured from the optimum time delay

u)

T has a value which correspor’s to CiJU = K, = .62,
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while the upstream wave speed is c2 - a,.

Fig. (4~18) shows very good agreement between Egn.
(4~25) and the measured time delay 7J!)fot M = .8 and .9.
Even at low subsonic jet speed (M = .5), two measured
peaks wire recognizable in the correlation functions and
are in good agreement with the model i1in Fig. (4-18b) .
These points indicate the existence of the two waves even
at low impinging jet speeds, except that resonance does
not occur. Eqn. (4-26) 1s also in excellent agreement

(4)
with measurements of 7 as shown in Fig. (4-19).

The magnitude of the time delay of the extra peak in
the autocorrelation function from Eqn. (4-21) can be ex-

pressed in dimensionless form as

('3), )

0, 'Tl = { . x
% (__.- + Cos Ga)(u..)_(.o). “-27)

This equation is plotted in Fig. (4-20) and also 1is in

good agreement with the measured data.

4.4 TWO WAVES: THE DOWNSTREAM AND THE UPSTREAM TRAVELLING
WAVES

In a resonant cas~ t*. ntase velocity at the reso-

nance frequency can - . ted from the cross-spectrunm
76
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between two points in the near field. For points close to

the jet axis (small r), and points away from the jet axis 3

s
L

4 (large r). Egqn. (4-5), after some manipulation [see Ap- .

pendix A and Neuworth (1973)], takes the following forms

P r/d £ 1.0:
, iwpt (fwt - K (x-%)] |
p= 2bK e  ,(a-b)e , (4.28a) ‘
|
_!I'_L_d_ l 1.0
it ot + ke (3-%)] ;

/
px 2ak e ", (b-a) e s (4-280)

where

ot

’

K = O-s{ K.;KJ (xo-x).g._:‘_.‘r(rs-r)} .

The first term on the right hand side of Eqn. (4-289)

is a standing wave. The second term is a downstream trav- h

elling wave in Fqn. (4-28a) and an upstream travelling
vave in Eqn. (4-28b). Therefore, at resgonance, the down-

stream phase velocity Cl(fr) va, ¢ calculated from the
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phase difference between two microphones placed near the

velocity

Also, the phase

jet axis (small r). upstream

Cz(f:) can be calculated from two microphones placed in
the near field further away from the jet axis [(see Fig.

(“‘3)] .

The phase velocity at the resonance frequency

C(fr)
and the broad-dand convection velocity C for the two waves
distance

are plotted in Fig. (4-21) as a function of the

x along the jet axis. These velocities were calculated as

follows:

1, The downstream phase velocity Cl(fr) was calcu-

lated from Eqn. (3-1) using the phase angle q(fr) between

shear layer

two points closest to the outer edge of the
(along a line extending from the nozezla lip and making an

angle of 12°with the x-axis).

2, The phase velocity of the upstream wave Cz(fr) at

an angle of Ba to the jet axis was calculated from the re-

lation
- A
Cz,“") = ATP, .t'ui' €4q () =« I,X,.... 0,1,
Gy Gsj (f.)
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The angle 6. is given by Fig. (4~12) for each plate loca-

tion xold‘

3. The downstream and upstream convection velocities

and C, were calculated from the correlations’ optimum

1 2
) (@
time delays T and T respectively.

The figure indicates that the upstream wave is propa-
gating in a direction 8a with the speed of sound.
However, the dowvnstream wave is travelling with a speed
equal to .62 U, This {s the convection velocity of the
large scale structures as measured in the free jet and re-
ported 1in Refs. 19 and 20. Furthermore, Neuworth (1973)
estimates of the convecting speed of large eddies in a
high speed impinging jet, obtained from a frame by frame
analysis of movie film, is in excellent agreement with the
present date as shown in the figure. One notices, also,
that cl(fr) agrees well with the value .62 U, indicating
that large coherent eddies play the main role in the reso-

nance phenomenon.

The conclusive experimental data of this chapter ex-
hibits two waves travelling in the near field between the
nozzle and the plate. Large coherent structures are con-
vected downstream at a speed equal to 0.62 U. Upstream

waves are propagating at an angle 6q to the jet axis with

79




[

- ——— e ¥

the speed of sound age Furthermore, the simple model of

Secs 4.2 assumed a boundary condition of <zero phase

difference between the two waves at the plate. The agree-

()
ment between the measured optimum time delays T and

“)
T and the model implies that the assumed boundary condi-
tion is indeed correct. We conclude, therefore, that the
upstream wave is truly a reflection from the plate due to

the impinging coherent structures.

e She 2kt -
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CHAPTER 5

THE PHASE LOCK AND THE COLLECTIVE INTERACTION

The establishment of two waves achieved in Chapter 4
is not, by itself, sufficient to explain the resonance ob-
N served in the impinging Jet. In order to have

self-sustained oscillations and to close the feedback

loop, the downstream travelling wave and the upstream pro-
(. pagating wave should be phase 1locked. The thin shear

layer near the nozzle exit is supposed to be the most

3 vulnerable portion of the jet column to external excita-

I tions. Therefore, the shear layer, most probably near the I 4
i . .

nozzle, should always reapond to the upstream forcing

waves thereby closing the feedback loop. This phase 1lock

%} has never been established experimentally in the litera- E
ture: 1t is the main feature of the first half of this ’ b\\i
chapter. Lo

oy

5.1 PHASF LOCK BETWEEN THE TWO WAVES AT THE NOZZLE TXIT
PLANE

P The variations of the rhry -~r>'e st the resonance '
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frequency<9(fr) along the jet axis for both waves are pre-

PR

] sented in Fig., (5-1)., The figure shows the case M = .8,
xo/d = 4 where f = 5506 Hz, which corresponds to (St) =

e51l¢ The variations of‘P(fr) along the downstream travel-

T

ling wave were determined by placing a series of micro-

phones close to the shear layer’s outer edge (r/dsl.25).

; The phase variations from the plate to the nozzle exit

r
i
i.4
&
. &-‘ !”‘
plane along the upstream wave were calculated from micro- -
1
phones at r/d>2.5. At the plate the two waves have the by

same phase angle (taken equal to zero), according to the R

boundary condition (4-~9).

g NN

The-?(fr) variations from the nozzle 1ip to the plate

€ ol

(at ro/d = 1,0) is presented in the figure by the upper

i

ks

|

i

{

!

curve and the lower curve represents‘a(fr) variations from j
the plate back to the nozzle exit plane. The phase i
]

difference between the two waves at any 1location x 1is,

[

therefore, equal to the vertical distance between the two |

curves. This 18 also expressed by Eqn. (4~11) of the

L tad

model 4in Sec. 4.2. The first term represents the upper
straight l1ine with a slope equal to kl -ubr/Cl. The sec=- \*‘

ond term represents the lower line with a slope propor- ;

B e M dm ks s o N

tional to l/Czo The most important result of the figure
is that the phase difference between the two waves at the
nozzle exit (x = 0.) is a multiple of 2X. This indicates

that the wupstream propagating wave is in-phase with the

---82
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downstream travelling wave at the nozzle exit.

The consistency of the above =zero phase difference

betveen the two waves at the nozrzle exit was examined for

different plate locations and is shown in Fig. (5-2).

The positions of the four near field microphones used are

shown in Fig. (4-3). Two microphones wera placed near

N the Jet (I & 1IIl) to nenlure-Q(fr) variations along che
dovnstream travelling wave. The other two mnicrophones

(I0é Xr ) were at r/d = 2.7 to measure \)((r) variations

over the upstream propagating wave. For each plate loca-

tion Xg+ the phase reference point on the plate, which

will be called the apparent sound source "S", 1s deter-

cined as follows:

1. The angle between upstream propagation and the

Jet axis is first calculated by the relation

F 6, = cos?|{0° [digl%&“)}/zw }!,nr] » (S5-1)

where J—%‘!& is the constant phase angle slope of the

nondispersive upstream wave.

2. Using ea from Egn. (S-1Y, a series of croas

spectrun functions betweer Xy and different surface pres-

&3
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sure transducers on the plate were evaluated. The appar-

ent sound source "S" is the the location of the transducer

which dest satisfies the relation

e g o e

Y a
Sm.s * Oa (5-2)

[d{qm,sm}/«!f

- —

2N

]
o
o

other words, the criteria for choosing "S" on the plate
is that acoustic propagation from S tom in a direction
making 9. to the jet axis be given bdy Eqgn. (5-1),[and

plotted in Fig. (4-12)]}.

For the case M = .9 in TFig. (5-2), the apparent

sound source satisfying Eqn. (5-2) was found to be

r./d - 1.0 for 3.25¢ xold <?.5 i
ra/d = 1.5 for xOId <3.25

The percentage deviation from satisfying condition (5-2)

was less than 12X for transducers within one nozzle diame=-

. L e

ter of the above values. This fndicates that the "source"

] of the upstream propagating waves emanates from a region
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on the plate, rather than a point.

The phase variations in Fig. (5-2) for all xo/d show i

the same characteristics as in Fig. (5-1). The phase

difference betvween the two waves at the nozzle exit rena-

ins es an integer muptiple of 2Kfor all plate locations. ;

This phase lock will prove to be important in understand-

ing the resonance frequency stages, the topic of discus-

3 sion in the following section.

| The results of both figures {indicate that the 2RN

phase difference between the ¢two waves, as implied by

1 Powell’s (1961) theory on edge tones, takes place at the
nozzle 1lip. This closes the feedback loop which allows
for a self-sustained system of oscillations. Furthermore,
the results of the conditional sampling technique employed :
by Petersen (1978) showed that the pressure measured by 5;
; microphones at the outer edge of the shear layer is 9d°out ’

of phase with the cross flow velocity component, It {is :

well known that this phase relation 1s also the same
between the sound wave pressure and the induced particle
velocity. Therefore, Bechert and Michel’s (1975) in-phase
assumption for the cross flow velocity of a shear layer at
the separation point of a semi-infinite plate and the vel- f'

ocity induced by external acoustic forcing is supported by

-

the present pressurc measurements.
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5.2 NRESONANCE FREQUENCY STAGES
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Although the phase difference between the two waves

at the nozzle is preserved for different plate locations,

o nnlh

the resonance frequency fr changes., Figs. (5-3) and !

ST ORE T

(5<4) show the variation of the resonance Strouhal number

(St)r = ftd/U. versus the plate location xO/d for M = .8

and .9, In both figures (St)r decreases with increasing

xo/d unti{l it reaches a minimum value [minimum (St)rQ.S ¢
ko

and .33 for M = .8 and .9 respectively]. Beyond the mini- 1

mum, the Strouhal number jumps to a higher value, then de-

%"y
ﬁ , creases again with dncreasing X, and the cycle repeats. 1

The frequency jumps occur over a small, but finite, region

2 A udc b

of plate locations such as b.8<x0/d(S and 6<x0/d<6.5.

At M = .9, a strong augmentation of energy was always
observed 4in the power spectra at the resonance frequency

L [e.g+ Fig. (3-22)). Moreover, this energy augmentation

PP e

takes place at a single resonance frequency most of the

time, except when the plate is in a frequency jump region

i
w as indicated by Fig. (5-4). However, at M = .8, the re- g ' 4
: sonance peaks in the spectra were not clearly distinguish~

able for x0/d>3.5 (also screech tones were barely audi- '

Ry

G ble). This can be explained by the additional frequency

content {Indicated in Fi;. (5-3"3 cliesrly the energy is

WP SIEY,
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distributed over more than one frequency band.
at relatively low Mach

It {8 be~

lieved that the 1impinging Jet

established reso~

asumbers, M<.8, 1s still not in a well

nance state. This is the reason for choosing the case of

M= .9 to study most of the details of the resonance phe-

nomenon in the present investigation.

~ .y .
——— s

The resonance frequency stages in Figs. (5-3) and
1

(5-4) are typical of self-sustained oscillations probdlems,
10, 13, and 114) and

such as flow over cavities [Refs.

edge tones (Ref. 43]. Two common elements are used in
the empirical or semi-empirical resonance frequency pred-

iction techniques. A phase reference is assigned and an

integer is used to fit the measured frequency at different

In each method, the question of when

frequency stages.

RV S S

the frequency jumps occur has not been answered.
experimentally observed

Sarohia’s (1975) prediction of
prescribed phase difference ;

ittt i

frequencies i{s based on a
and impingement. This is

equal to K between separation

only one branch of the feedback loop which means that his | f
{4

prediction completely neglects upstrean acoustic feedback. h\*

Rossiter’s (1964) and Block’s (1976) nodels include the

of an acoustic feedback. However, their formulae ;
[ '

effect
require an empirical constant, which is in effect a phase {
difference between the feedback acoustic wave and the o
shear layer disturbances near the upstream separation, as
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will be shown later.

A zero phase difference between the two waves at the

nozzle exit, as established by the present data, implies

el Al

that the number of wave~-lengths along the feedback 1loop
has to be an integer. The feedback loop constitutes a %

circuit from the nozzle to the plate, returning again back

to the nozzle. The forward branch from the nozzle to the

plate is due to large scale structures, while the upstream
acoustic waves form the rearward branch from the plate to
the nozzle. The total number of periods at any time over

the loop is given by

Xo X

N = +
A (h) ')\zx ()

> (5-3)

where

G )

' 7\|(f,.: L and

r

N t)= Cz(‘Pr)/Co& Oa
) 3

!
1
|
? are the wavelengths of the two waves along th Jet axis.
5 Eqn. (5-3) 18, in {.~t, %gn. (4-10) of the model, with

88




v - JO— N - e ek v e o e av—— o —— . i e -

vo substituted by 2XN.

Fig. (5=4) can be replotted in terms of N versus the‘

plate 1location xold. This is shown in Fig. (5-5) along
with the conventional plot of (St)r versus xold. The fip=-
ure indicates that the integral number of periods over the
feedback loop is constant over each frequency stage. For
xO/d<3. near field measurements were not possible because
of interference between the microphones, 41its mountings,
and the plate. Eqn. (5-3) is used to calculate N for

x0/d<3 using the values

cl(fr) - ,62 U
C2(£r) " 8

°
© - 35 from Fig. (4-12)

a
and fr is measured from surface pressure transducers. The
calculated values of N follow the same pattern of the

ineasured data and correspond to stage N = 2 in the figure.

The frequency estages observed in flows with
self-sustained oscillations has constituted a puzzling
problem for some time. However, with the knowledge of the
convection speeds of the two waves, the angle of propaga-
tion of the upstream wave, and the phase lock,an under-

standing of the frequency stuges eunerpes from the results
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of Fig. (5-5). As the nozzle-to-plate separation dis-

tance increases, the wavelength of both waves increases to

preserve the phase lock at the nozzle exit. This results

in a decrease in frequency since the phase velocity is al-

most constant. A minimum frequency that corresponds to a
long wave 1length 1is reached, beyond which large scale
structures cannot maintain their <coherence. The flow
jumps to a higher frequency at which the number of waves
along the loop increases by one. Then the frequency de-
creases with increasing separation distance and the cycle

is repzated.

521 Prediction of Plate Locations at the Frequency Jumps

The minimum frequency before the jumps corresponds to
(St)r «33. In a free jet, large scale structures are ob-
served to lose their coherence beyond the end of the po-
tential core. The passage frequency of these structures
there corresponds to the above minimum Strouhal number be-
fore the frequency Jjumps. This is also in the range of
the Strouhal number of the preferred mode of large scale

structures as pointed out by Crow and Champagne (1971).

The minimum frequency can, therefore, be used with

the phase 1lock at the »r ~:le as presented by Eqn. (5-3)

to predict plate loca:z: + .. ’'c where jumps occur. Eqn.,

S0
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(5-3) can be written in the form

X o ! N , (5-4a)
d (St)  Vk, + M cs. 6,
‘Jh""‘ N- ',2,..-....

Values of Sa are taken from Fig. (4-12), Kv = ,62 :nd

(St)r - (St)r oin +33 at M = .9, Comparison between the
plate locations at which frequency jumps occur, as pred-
icted by Eqn. (5~4a) and as observed from the measured
data of Fig. (5«4), is presented in Table (5-1), The

predicted values {in the second column is in excellent

agreement with the measured values in the third column.

freq. stage xo/d
N from Eqn.(5-4a) from Fig.(5-4)
1 1.25
2 2.50 2.4
3 3. 74 3.75
4 4.99 4.8 = 5.0
5 6.24 6.0 - 6.5
6 7.49 7.5

Table (5=-1) Relative distance between nozzle exit

and plate at the frequency jumps.
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52,2 Jet Behaviour at a Frequency Jump

At a frequency jump more than one resonance peak ap~-
pears in the ©power spectrum of either the near field or
surface pressure signals. For example, the spectra of
Fig.(4-3) shows two peaks representing the jump at xO/d-S

in Fig.(5-4).

The frequency jump phenomenon is studied in
Fig.(5-6). The long ¢ime average cross-spectrum shows two
peaks at the two frequencies that correspond to the Jjump
at xold-2.35 + When the spectrum of the same signals was
calculated over short time intervals, each peak intermit-
tently appeared alone . This indicates that during a fre-
quency jump the flow switches from one resonance mode to

another, and this happens intermittently.

The mechanism by which tge flow field switches 1its
frequency during a frequency jump, could possibly be the
same as the one observed in the low Reynolds number water
jet, There the frequency at which vortex rings hit the
plate intermittently changed as the flow jumped from Pat-

tern 1 (Fig. (3-1)}) to Pattern 2 ([Fig, (3-2)] through

"pairing".
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5.2.3 The Disappearance of Resonance

The resonance disappeared at xold < 2 « According to
Fig+.(4-12), the upstream propagating waves at these small
plate to norzle distances diverge away from the jet axis.
These locations correspond to a minimum frequency stage of
Nmin-z as shown in Fig.(5-5).

At large plate to nozzle distances (x0 d>6),large
scale structures would 1lose their coherence Hefore they
impinge on the plate. The resonance, consequently, be~-
comes weaker and then disappears. Furthermore, an oncom-
ing fully developed turbulent flow would refract a wide
band acoustic wave away from the jet axis, further weaken-
ing the feedback to the nozzle exit. This {s shown in the
plots of pressure fluctuations at the nozzle exit plane
versus xo/d in Fig. (5-7). The pressure signals, espe-
cially at [¥, are dominated by the upstream acoustic wave
as was shown earlier in Ch. 4. The pressure levels are

low for xo/d>6.5 near the disappearance of resonance.

5.2.4 Comparison With Cavity Frequency

Eqn. (5-4a) can he rrwritten in the ferm

Rt W

Y e
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X . N , (5-4b)
u \/k, + Mces Ba
N= '32).---—- .

The above equation is similar to Rossiter’s (1964)

equation for cavity frequency which takes the form

!

f.% N-% ,
U '/Kv + M

!
with ¥ an empirical constant. In Eqn. (5-4b) the empiri-
cal constant is absent owing to the zero phase difference

between the two waves at the upstream shear layer separa-

tion plane.

In Figs. (5-8) and (5-9) the cavity frequency meas-
ured by several 1investigators and reported by Tam and
Block (1978) 4is compared with Eqn. (5-4b). 1In the theo-
retical model of Tam and Block (1978), the upstream acous-
tic waves reflect from both the bottom and the upstrean
wall of the cavity. However, they argued that waves re-
flecting off the upstream wall are the strongest in forc-
ing the instability of the shear layer. Therefore, 98 is
taken equal to zero in Eqn. (5-4b) since the present

model <considers the feedback to occur through the ambient
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region (the stationary region outside of the jet) corres-
ponding to the inside of the cavity. Eqn. (5-4) shows a
surprisingly good overall agreement with the measured

data.

If the shear layer of the jet is approximated by a
two-dimensional one, half of the impinging jet configura-
tion would resemble flow over a cavity of infinite depth.
This possibly explains why Egqn. (5-4b) appears as an
upper limit to the measured data 1in Figs. (5-8) and

(5-9).

53 THE COLLEGCTIVE INTERACTION

So far the present study has revealed the presence of
two waves in the near field of the impinging jet. The up~-
stream acoustic waves were found to be phase locked with
the downstream travelling hydrodynamic waves induced by
the convected coherent eddies.‘ These findings <close the
feedback loop. Hewever, a few questions remain to be
answered concerning the coupiing between the upstrean
acoustic waves and the shear layer near the nozzle. Do
the upstream waves force the initial shear layer instabil-
ity, are the developed instability waves different from
those of the free jet, and how do these instadbility waves

evolve downstream into large coherent structures with a
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passage frequency equal to the resonance frequency ? It
wag logical then to measure the instability frequency near

the nozzle for both the free and the impinging jet.

The instability frequency of the free jet was meas-
ured from the autocorrelation function of a pressure sig-
nal a5 given by a microphone placed at the nozzle 1lip.
This frequency 4is plotted for different jet Mach numbers

in Fig. (5-12) and is discussed later.

For the impinging jet, two microphones were placed
near the nozzle exit. The raw pressure signals are shown
in Fig. (5-10). Fig. (5-10a) shows signals for the
non-resonant case of M = .4 and xO/d = 4.5, A high fre~
quency signal appears immediately downstream of the nozzle
exit at x/d = ,13. Farther downstream at x/d = .92, a low
frequency signal appears with the high frequency signal
superimposed. The 1low frequency signal {s due to the
evolving large scale structures. At resonance Fig.
(5-10b) shows that for M = .9 and xold = 4.5, the high
frequency components are superimposed on the resonance
frequency signal near the nozzle exit. At the downstrean
location x/d = 1.31, the amplitudes of the high frequency

signal are substantially reduced.

The power spectra of these vi>- ‘& zv. rhown in Fig.
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(5=11) and c¢ur provide information about the nature of the
high frequency components observed in the pressure sig-
nals. A small spectral peak at high frequency appears in
the spectrum at x/d = .13 in Fig. (5-1la). The same peak
becomes clearer 4in the spectrum at x/d = .92, The fre-
quency of this peak is exactly the instability frequency
measured in the free jet [see Fig. (5-12)]. At resonance
Fig. (5-11b) shows similar high frequency spectral peak,
except 1t 1is broader. The energy contained in this high
frequency peak is understandably much smaller than the re-
sonance frequency energy. One also notices that unlike
the non-resonant case of Fig. (5-1la), the energy at high

frequency appears to vanish at the downstream location x/d

= 1,31.

The above measurements for different jet Mach numbers
are plotted in terms of the Strouhal number in Fig.
(5-12). The high frequency signals for both the free jet
and the impinging jet are shown to follow a straight line
with a slope equal to 1/2., This 1s in agreement with the
linear instability theory of Michalke (1971). The data,
thus, indicate that the initial instability frequency of
the shear layer appears unchanged by the presence of the

plate or the feedback.

The resonance frequency is also shown in Fig.
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(5=-12). The vertical bars used 1n—£ge plot does not re-
present the accuracy of t“: measurements but rather the
range of resonance frequencies in the different frequency
stage, as it appears in Figs. (5-3) and (S5-4). The fig-
ure shows that the resonance frequency is much lower than
the instability frequency measured near the nozzle exit.
The ratio (St)in/(St)r is of the order of, or even larger
than 10. The large difference between the two frequencies
indicates that the upstream acoustic waves with a frequen-
cy fr cannot be phase locked with the high frequency 1ini-

tial instadility waves fin'

The mechanism descridbing the drop in the passage fre-
quency of large eddies in a two-dimensional free shear
layer was first reported by Winant and Browand (1974).
Pairing between vortex structures reduces the passage fre-
quency by a factor of two and takes place over about one
wavelength. It takes at least 3 to 4 pairings then, to
reduce the frequency by a factor of 10. Petersen (1978)
further reported that the passage frequency in a free jet
decreases linearly with downstream distance from the noz-
zle. This is not true in the impinging jet since the fre-
quency of the pressure signals of Fig. (5-10) dropped
sharply over a short distance from the nozzle. Therefore,
conventional pairing cannot be adopted to explain the

sharp drop from the instability frequency to the resonance
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one. A new mechanism is needed to explain the situation

near the noxzle.

Ho and Huang (1978) observed multiple vortices nerg-
ing into a single structure when a low frequency driving
force is applied to a plane shear layer, Fig. (5-13)
shows one of their dye pictures. The flow is from left to
right with the higher velocity flow at the botton. The
low-frequency forcing displaces the vortices from their
original locations and leads to the formation of an array
of vortices in a wavy shear layer. Vortices located in a

portion of the shear layer which is convex as seen from

the 1low speed side are unstable and interact together to

form a large vortex.

We adopt the term "collective interaction" to des-

cribe the phenomenon of multiple merging of coherent

structures. The characteristics associated with this phe-

nonenon are a sharp drop in passage frequency and a rela-

tively large shear layer growth. Collective 1interaction

can then be wused to explain the frequency drop near the

nozzle exit in the impinging jet.
The schematic drawing in Fig. (5-14) can assist in
explaining the collective intcraction in a high speed imp-

inging jet. Since the Jet {s av:sfvmmetric, only the upper
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half will be discussed. The shear layer emerging from the

able with respect to each other, and tend to coalsce into

! nozzle is pulsating due to periodic forcing from the wup-
3
1 stream propagating wave. The shear layer goes through cy- 3 j
E cles of divergence (t = 0, Tr""°)’ and convergence {(t = ; b
Tr/2’3Tr/2’°"')' At t = (0 the small vortices are unst- ! é
B
!
t

i e Dl

a large vortical structure under the combined effect of

b their induced field and the mean shear. At t = Tr/2. p
L

these nerging vortices accelcrate In the curved shear 3

layer and are subject to the stabilizing effect of 3

2 stretching. The result, as shown at t = 3Tt/2’ is a sharp k ﬂ
'

i

drop in passage frequency from the instability frequency

fin to the resonance frequency fr‘ \ S,j
D {]
3 Looking back at Fig. (5-10b) the Dbdehavior of the ;
pressure signals can now be explained in the following | :
? way: the high frequency signal superimposed on the low E ,7
- , D
frequency one represent the instability vortices convected i ; ]
E' in a pulsating shear layer. A short distance downstream ; }
‘ (x/d « 1.31) the high frequency vortices diminish due to ; ?
the collective interaction. Lau et al. (1972) have re- F\‘ﬁ
lated the positive peak of the pressure signal to the pas- o
x sage of the valley between two structures, and the nega- Z g
Co
: tive peak to the passage of the bulge of the structure. E f
At x/d = 1.31 {n Fig. (5-10b), the amplitude of the high
¢ frequency waves on the positive pev's of the low frequency .
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vaves are higher than those on the negative peaks. These

characteristics further confirm the collective interaction
mechanism, because the convex part of the shear layer to-
{ ' vards the low speed side (1i.e. the bulge) {s less stable.
Therefore, the high frequency waves on the bulge decay
] faster than those on the valley, and the low frequency ne-~
gative peeks appear smoother than the positive peaks 1in

the figure.

The results of this section indicate that the upstre-
am acoustic wave does not force the initial shear layer
instability near the nozzle exit. The forcing acoustic
waves merely drive the thin shear layer in phase. Then,
and only then, does the wavy shear laver act on the high

frequency initial instability waves and collect them into

k iy

large coherent structures at the resonance frequency.

; In conclusion, the feedback loop between the nozzle

and the plate 1is presented in the flow diagram of Fig.
(5-15)¢ The large scale coherent structures are convected
downstream and impinge on the plate. Waves are generated
and propagate upstream with the speed of sound. These
waves drive the shear layer near the nozzle. The insta-~
bility waves undergo collective interaction, while the
wavy shear layer rolls into new larger coherent eddies at

the resonance frequency.
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5.4 THE RESPONSE OF THE SHEAR LAYER TO ACOUSTIC EXCITATION

F..0M OUTSIDE OR INSIDE THE JET

A
i
4
!

The feedback mechanism described in the previous sec-
tion has evolved from an analysis of measurements taken

outside the jet. This does not rule out the possibility

o0 AR A 2 Y M Rl B 4 s B T e\ A %
N N " - I N i - P
o <

of a feedback between the nozzle and the plate from inside

¢ the jet column. Wagner (1971) and Neuworth (1973) adopted o

a model for the resonance based on waves travelling in the ;;
jet core, supported by visualizations of standing waves in o
i the jet <column. The present investigation does not rule
out a feedback within the jet. 1In fact, a phase 1lock of

i TN between the acoustic waves propagating inside the 3et and

L outside the jet would be mort powerful in driving the . Jj

shear layer near the nozzle. Unfortunately, measurements

-

inside a high subsonic speed jet are difficult and unreli-

. able. Hussain and Zaman (1977) have shown that the probe

. a—

itself can trigger an upstream instability mode when in-

serted in a free shear layer. Neuworth (1973) argued that

feedback could even occur due to a small perturbing body

PR e

as long as it has a stagnation surface within the flow.

In this section a theoretical approach is used to de- |

termine the relative importance of acoustic feedback in-

.103




side the jet. The effectivness of acoustic waves in

gero thickness shear layer. A zero thickuness shear layer !

3 triggering the shear layer instability near the noerle
3 from outside the jet (case-A) is compared to that from in- z
; I
side the Jjet core (case=B). The two cases (A and B) are .
F shown schematically in Fig. (5-16). 2
3
i
1 For simplicity, counsider plane acoustic waves propa- :
4
P gating in a two-dimensional flow field on both sides of a i
3
L
1

iz jJustified since the acoustic wavelength is much larger

—~rr
e LK

o

than the anticipated shear layer thickness. Quantitative

o

correctic. factors due to finite shear layer thickness and
cylindrical flow field are reported by Amiet (1977). ' P
These corrections, however, do not alter the physical pic-

ture of the present analysis. 1

The approach is based on the thevoretical work of

i Ribner (1957)¢ The induced cross flow velocity at the in-

i
, i
terface \'t due to the dncident acoustic waves pressure Pys :

i ke v doh st il e s, Sl

¥
' !
is a measure of the forcing of shear layer instability. ‘ t

For the same incident acoustic wave pressure, the ratio of ;N\#

cross flow velocities in the two cazen {is '

e S

V‘ﬁ - !?A‘ sin. e‘-g

(5-5)
Via |8 S8y

-

T TR YR
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u where
i sin. Bty = sn. 6 :
| -Maen 6
ond
sin 6, = Sin_ 6 .
| ¢+ Msin 6

-l
,Tl and et: are the transmitted acoustic wave ampli-
-l
tude and angle to the interface. The amplitude l'rl takesn

the form

';l 2 8n 206;

= .

Juo  Sin.28; <+ sin. 26,

Gl

The ratio \'t /\’t is plotted for a range of incidence
A B

2 .
| angles 0°< O, <90° in Fig. (5-16). This is the range of

: concern here since it represents only upstream acoustic
propagating waves. At normal incidence (9i = 90 ) vtA/vtB
i unity. As Bi decreases, the ratio increamses sharply to
infinity when Gi {s equal to a critical angle Gc. Below
Gc, a complete sound reflection occurs in case-B and the
shear layer acts as a sound hard boundary. For a typlcal
resonant case of ! = .9, the critical angle is as high an
63.. Thus, for a considerable range of incidence angle,

the shear layer is far more vulnerable to upstream acous-

tic waves from outside the Jet, especially at high Mach
105
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number.

o
f The above simple results suggest that the present
i
measurements outside the jet are indeed sufficient to pro-
¥
] vide a complete picture of the feedback mechanism. ;
: & i
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CHAPTER 6

FAR FIELD NOISE OF THE IMPINGING JET

The far fileld noise of the impinging jet for both re-
sonant and nonresonant cases is investigated in this
chapter. Powell (1960) suggested that the rigid surface
plays a passive role in the noise radiation. The noise is
generated by the flow and {s bheing reflected by the plate.
A wirror image of the flow could replace the plate in gen-
erating far field noise. Therefore, in his model, the
flow and the plate have equal shares in the noise radia-
tion. Preisser (1979) measured the noise spectra of the
impinging Jet. The spectral peaks at (St) = .3, were
higher in magnitude than those in the spectra of a free
jet. He suggested that the presence of the plate had en-
hanced the noise generated by the large scale =structures.
Most of the noise is reported to be generated in the stag-
nation region near the plate. However, Preisser could not
determine whether the noise was generated in the jet and

reflected by the plate or whether it was genersted due to
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the 4mpinging of the jet on the plate, Pan (1975) pro~-

S g

Ao

posed a theoretical method based on correlation techniques

to separate the turbulent flow contributions to the far

T e T

field noise from those due to surface pressure fluctua-

R e

; tions. He expressed the need for near field measurements i
as well as surface pressure measurements to determine the !

exact role of the plate in the generation of noise. j

The present far field measurements are coupled with

"

near field and surface pressure measurements to determine g

the mechanism of noise generation and its radiation path.

Colomh.

The far field measurements are taken from a microphone at

A
-
idke

(] 3
©= 89 i.e., approximately in a plane perpendicular to the 3
E - jet axis at the nozzle exit. Shielding of the plate pre-

vented reliable measurements at smaller angles, while that

! of the nozzle assembly prevented large anzle measurements. , ;

Fig.(6~1) shows the coordinate system that will be

used. } is used here as a composite coordinate that ex- {
tends from the nozzle along the jet axis to the stagnation 5\4
point on the plate, and then radially on the plate. This E
is approximately the path of induced disturbances in the
near field and on the plate of an impinging vortical ring
[(Ref. 33]. Hence, §satifies the following relations: ;

g = x in the near field,

E = x, + (r0 - rs\ on the plate.
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In the figure 21: the distance between any point 1in the ]

near field, or on the plate, and the far field microphone.

-
R A A e

6.1 THE ROLE OF LARGE SCALE STRUCTURES IN NOISE GENERATION

The overall far field sound pressure level p'z, meas-

R
Y Wy LR U

ured in decibels, are shown in Fig. (6-2) as a function

of the plate location xold for M = .9, The value of p'2

‘ fluctuates around 135dB and then falls off to 110dB for

x0/d>6.5. The variations of p'2 with jet Mach number M

are shown 1in Fig. (6-3) for xold = 4.5, p'2 increases

proportionally to H8 as in a free jet. The sound pressure

e e e et ne ¢ At oo 2 o

level for a free jet at M=0.8 i8 included and is seen to

Ef approximately equal that of the impinging jet. This is in
agreement with measurements by Preisser (1979), indicating
4 that at directions perpendicular to the jet axis the noise
levels are almost the same for both the free and the imp-
inging jets. However, at large angles, Preisser’s meas-

urements do show higher noise levels for the case of an

impinging jet indicating that the presence of the plate is

¢ felt more in the far field at large angles.

The mechanism of noise radiation is investigated here

{. using the correlation functions between far field, near ]
field, and surface pressure measurements. Fig. (6-4)
. 109 i
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shows the <correlations between the far field microphone

aad three near field microphones., Also, the correlation
between the far field microphone and a pressure transducer
on the plate at rO/d = 1.0 is presented. The time delay
in the figure starts from an offset delay Th = 5,625 msec.

in order to present only the dominant features of the

correlation functions. A negative optimum peak appears in

the correlstions with the near field microphones, while a

positive one appears in the correlation with the transduc-
(i
er on the plate. The time delay T of the peaks of the

correlations with the near field satisfies the inequality .

ti
7},;,) 2_,'/00 Jal,m;m.  (G.2)

The above inequality indicates that the time delay between

any point 4in th near field and the far field is longer

than the time it takes for direct acoustic radiation

'y

between the two. Therefore, the possibility of an acous-

e et e o s oty oo
L.

tic path from the near field directly to the far field 1is : 4

excluded.

G

For different jet Mach numbers and plate locations

xO/d, the following relations were always true:

:0 (i) ( () o) ({]] T

= (Gx + 7;,m + Tm,:>* FF

I,Fr
oF ) {})

]
4 Tn...rr = ( Tom * mea)t Tarr [ (6-3)

G W f
‘ Loy "( t"z)"' T;,rr C

10 wWyFF
2:/00 ’ (6-4)
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The terms between brackets are the optimum time dela-
ys of peak (1) in the correlations of Fig. (4-16) corres-
ponding to the downstream convection of large scale struc~
tures. Eqn. (6-3), therefore, indicates that the time

delay between any point in the near field and the far

field 1is equal to the summation of near field time delays
up to point 2 on the plate, plus the time delay between
point 2 and the far field. Moreover Lgqn. (6=4) shows

that the time delay between point 2 (in the region where

large scale structures impinge on the plate) and the far

field corresponds to direct acoustic radifation.

According to Eqns. (6-3) the role of the plate as a
reflector of s8sound generated by the flow as indicated by
Powell’s (1960) model is incorrect. The time delay terms

in brackets in Eqn. (6-3) should correspond to a convec-

tion velocity that is equal to the speed of sound in order

for Powell’s model to be correct. However, these time de-

lays correspond to .62 U, far below the speed of sound a,

(e.g., at M = 08, 062U” .Sao).

The results of the experimental data as indicated in
Eqns. (6-3) and (6-4) explain the noise generation and ;
its radiation path. The large scale structures interact-

ing with the plate pisv =~ i--.rtant role in the genera-
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tion of noise. The noise does not radiate directly from
the downstream convected large coherent structures, but
rather as these structures impinge on the plate. That is
why the surface and far field measurements of Preisser
(1979) indicated a strong apparent noise~producing region
within one jet diameter of the stagnation point on the

plﬂteo

Petersen (unpublished) cross correlated signals from
microphones in the near and far fields of a free jet. The
time delays of the correlation pesks indicated that pres-
sure fluctuations propagate down the jet column and radi-
ate sound from a compact acoustic source region near the
end of the potential core. However, the propagation speed
of the pressure fluctuations in the near field was high
(0.88U). Since Michalke’s (1971) theory indicates that
for small amplitude disturbances long waves travel faster
than short waves, Petersen suggested the possibility that
hydrodynamic disturbances relevant to the noise production
may be fast moving long waves. Except for this question-
able high convection velocity, it is interestin) to note
that his model for the noise¢ radiated from a free jet is
in a sense similar to ours. The noise seems to vradiate
from near the end of the potential core where pairing
between large structurcs usually takes place and somehow

resembles, the’ impingement of 1large structures on the
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Ek The peak (1) in the correlation functions between the j

! near and far field microphones is shown in the figure to
y - :
gﬁ‘ be negative, while 1t 1is positive in the correlation ( ;

between the far field and the surface signals. With
reference to Fig. (6-4), the following explanation of
this phenomenon is offered. Consider a frame of reference

moving downstream with the large scale structures. A

large eddy at 1, for example, would be stationary with a

rg.

flow convected over it with velocity Cl (from right to

left). The flow accelerates as it moves over the top of

the eddy, while its pressure drops according to Bernoulli Y

equation. A microphone at I would then record a negative

P
e

pressure disturbance. This is supported by the near field

measurenents of Lau,et al (1972), who showed that the ne-

gative pressure disturbance corresponds to the passage of g
a "bulge" In the shear layer. When this eddy impinges i

downstream on the plate, a positive pressure disturbance i

is recorded at 2 and radiated to the far field. The mi-
crophone in the far field measures the positive distur=-

bance and, accordingly, a positive peak appears in the

correlation with the plate R On the other hand, the

2,FF’

same ©positive disturbance at FF has been measured earlier

as a negative one at I, resulting in a negative peak 1in

Ry, FF°
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A second peak appears in the figure and is denoted by

A

(11). In the correlations between FF and other more dis~

tant downstream locations (II and II1), peaks (1) and (11)
move towards each other and ultimately come into coince-

dencecide in the correlation with the plate R2 FF* The
’

VAP

i
time delay of the second peak Tﬂ’ was found to satisfy

inkh ki

the following relation

0} L - _ ‘
orr = G = -G Jehmimed2. ‘

& e (6=2)

The right hand side of Eqn. (6-5) is the time delay of

ad
L o e s s

peak (2) in Fig. (4-16), which corresponds to the upstre=~

P am acoustic propagation. Peak (11) in the <correlation
functions of Fig. (6-4) can, therefore, be explained as

follows: as the large scale structures implnge on the

plate, acoustic waves are not only radiated to~ the far

field FF, but also to I on account of the near fic!d up-

stream waves. While a peak (1) in RI FF i+ due tc the
1]

path from I to 2 to FF, peak (ii) corresponds to the same

path, minus the upstream propagation from 2 to I. So as I

moves downstream (to II and III), the difference between

the time delays of the two peaks decreases due to the

shorter upstream propagation distance. When I reaches the
plate, the two peaks merge into one. It should be menti-

oned here that peak (ii) does not represent direct radia-

O e—————
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tion from the 1large scale structures to the far field.

The radiation mechanism corresponding to the measured

€ ()

Y and 7  will be further confirmed later by comparison .

with a model based on Eqns. (6-3), (6-4) and (6-5).

6.1.1 Major Noise-Production Region on the Plate

The correlation functions between the far field mi-

transducers on the plate are

crophone and the pressure

plotted in Fig. (6-5). Correlations with points in the

developed wall jet region are too weak and, therefore, are

not presented. The plots are presented for time delays

larger than 5.78]1 msec., since no significant correlation

The level of the corre-

levels are observed defore that.

lation peak decreases, and the width slightly increases

with distance from the stagnation point on the plate. The
increase in width is indicative of the stretching of large

Based on the dis-

vortices during and after impingement.

tance to the far field microphone , and the speed of

sound a5 the time delays of these peaks do not correspond

to direct acoustic radiation except for point 2.

Furthermore, the optimum time delay at any point on the

plate satisfies the relation

23 Yo, - M
T = .‘E °zc () (on the plate) (6-6)
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where C ie the eddy convection velocity along the plate,
presented earlier in Fig. (3=26). As seen from Eqn.
(6=-6), the noise radiates from the impinging region around
to/d = _ on the plate (represented by point 2). At points
outside that region, the time delay differs by an amount
corresponding to the convection of large eddies from point

2 to that point.

The large correlation coefficient in RO’FF(T) of Fig.
(6-5) 18 not due only to high surface pressure fluctua~
tions at rO/d = 0, since the same was observed for small
xo/d, where surface pressure fluctuations at the stagna-
tion point were low. In order to explain the high level
peak in RG,FF(?)’ one should take into consideration that
large cross-correlation coefficients not only imply
phase~-related signals, but also overlapping spectral con-
tents., These results further support our earlier observa-
tion [see Fig. (3~21)) that the induced signal at ro-O
depicts the gross features of the impinging wvortical
structures. Therefore, it 1s not surprising that this
particular point {is strongly correlated with the far
field. We conclude from Fig. (6.5) and Eqn. (6-6) that
the inner impinging region is the major noise source on

the plate, in agreement with Preisser (1979).
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6.1.2 A Model for the Noise Generated by Large Coherent

fmpinging Structures

The behavior of the correlations of the far field mi-
crophone with both the near field microphones and surface
pressure transducers can be explained by the sketch of
Fig. (6~6)., The noise 1s mainly generated by the im-
pingement of the large scale structures. The impinging
region on the plate is represcented by the apparent sound
source "S". "S" has been identified for different plate
locations in Chapter 5, and was found in most cases to lie
near rO/d = 1., After impingement, the large eddies con-
vect along the plate, while a wave propagates upstream in

the near field.

Eqns. (6-3), (6~4) and (6~6) can be reduced to the

nondimensional equation

(i)
T -
& b MK,
S
where the composite coordinate of Eqn. (6~1) 1is wused.

Implicit in Eqn. (6-7) is the assumption of Equal convec-
tion speeds in the near fic¢ld and along the plate. This

is justified since the (custion is to be examined using
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surface measurements near the dmpinging region on the
plate where the eddy convection velocity has the average

value 0.62U [see Fig. (3=-26)]).

The unit coefficient appearing as the first term {n
the right hand side of Eqn. (6-7) represents the direct
acoustic radiation from "S". The second term s due to

the convection of large eddies to or from "S".

(W)
The time delay of the second peak T (Fig. (6-4))
can be derived from Eqn. (6=-5) and put in the nondimen-

sional form

2l o Xo - X

T 9
Ls s

Cos. O, (near field only)(6-8)

The second term on the right hand side is due to the near
field upstream wave propagating at an angle ea to the jet

axis.

Eqns. (6-7) and (6-8) are compared with the measured
data in Fig. (6=7). The casem of xo/d = 5.5 and 7 at M =
+8 are shown. A value of Ba - 27.18 used for both cases
as given by Fig. (4-12). 7T ¢ apparent sound source is at

rold = 1,0 on the plat . + ryured data points at
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( -~f) = .05, 0, -.0055 and -.012 correspond to corre-
n
lation functions with points on the plate. It is evident

that the wmeasured data are in excellent agreement with

Eqne. (6-7) and (6-~8).

The results discussed so far indicate that the noise
is generated by the impingement of large scale structures
on the plate. Accordingly, the power spectrum of the far
field signal {s expected to peak at a low frequency band
that corresponds to the passage frequency of these struc-
tures. The far field signals were digitized at 2 very
high sumpling rate to retain any possible high frequency
content. A presentation of a "surprising behavior" of the

power spectra is given in the next section.

6.2 HIGH-FREQUENCY FAR FIELD NOISE RADIATION

Fig.(6-8) shows two normalized power spectra G(f) for
xo/d = 4,5, The spectra were evaluated from data that
were digitized at a fast sampling rate of 4.7 microsec.
The non-resonant case at M=,4 is plotted in Fig.(6-8a).
The spectrum has a peak at f=2000 Hz corresponding to
St=,33. This value falls within the frequency range of
the large scale structures, a fact which supports the
noise radiation mechanism dice~ussed earlier. However, a

considerable amount of ercyrr - 1¢ ontzined at high fre-
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quencies, as indicated by the second peak around 25 KHz.
A sharp spectral peak also appears at f=17.7 KHz this .
being exactly the {instability frequency measured at the

nozzle lip (Sec. 5.3).

A similar behaviour is shown in Fig.(6-8b) for M=,9,

The high frequency peak is now much smaller than the low

frequency peak. This {s not unexpected since in this re-~

sonant case, most of the energy 18 concentrated at the re-

sonance frequency [ (St)r-.35 ], a point which will be < F

discussed 1later. Note that a spectral peak also appears

at the resonance frequency’s first hsrmonic (Zfr).

-
-

It was shown earlier that the frequency of the waves
in the shear 1layer drops sharply over a short distance
from the nozzle due to the collective interaction. As a

result, large structures convect downstream and impinge on

e

_Aam... e il Bl pae s e e

the plate, radiating sound to the far field. The follow-

i
o ing questions may then be raised: From which location } |
: does the high frequency noise in the measured spectra ori- %
1 ginate ? How does it radiate ? It seems reasonable to é 5
:3 look for high frequency sound radiators close to the noz- i ; ]

zle exit, and to expect a different sound path from the
one due to the low~frequency large-scale structures dis-
cussed in the previous section. Correlations between the

far field microphone and near field wmicrophones placed
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along the outer edge of the shear layer and near the noz-
gle exit were used to investigate the high frequency noise

radiation.

An example of the correlation with a near field mi-
crophone at x/d=.92 for the case of M=.4 and xold-é.s is
plotted in part (a) of Fig(6-9) . A broad negative peak
similar to peak (i) 4in the correlation functions of
Fig.(6=~4) 18 shown. The time delay of this peak satisfies
Eqn.(6-7), thereby indicating that it is associated with
the noise generated by the d{mpingement of large scale
structures on the plate. Peak (11i) does not appear,
however, because of the weak feedback from the plate for
such a low jet speed. A peak denoted by (i11) emerges at
an earlier time delay. The narrow width of this peak in-

dicates a correlation between high frequency events.

To ensure that the above correlation peak corresponds
to the radiated high frequency noise, the pressure signals
were passed through a digital high-pass filter. The 1low
frequency cutoff frequency of the filter was chosen to be
the 8 KHz frequency of the valley between the two spectral
peaks 1in Fig.(6-8). The correlation between the filtered
signals is shown in part (b) of Fig.(6-9). Although the
broad peak(i) disappeared, peak(iii) due to the high fre-

quency components of the signals 1s retained.
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Peak (1i1i) could not be 1identified i{in correlations

with farther downstream microphones in the near field . .

This indicates that high frequency noise is generated ma-

inly near the nozzle exit, before collective interaction
takes place. The region of high frequency fluctuations in
the shear layer gets smaller with strong feedback at high
jet speeds [ Fig.(5-11) ]. Hence a relatively small high
frequency spectral peak is observed at M=.9 in comparison

to the case M=.4 of Fig. (6-8).

The noise radiation path can be determined f£from the
time delay of peak (1{i). This is plotted in Fig. (6-10)
in the nondimensional form}VGbTﬁMwhere 0 is the distance
between the near field and the far field microphones.
Cases M = ,3, .4, and .5 are shown. The data collapse

)
onto a straight line até&. L 1.0, indicating direct high

frequency acoustic radiation to the far field.

Note that at M = .5, only radiation from I (next to
the nozzle exit) i1s detected and shown in Fig. (6-8) This
corresponds to the fact that high frequency radiation {s
restricted to shorter distances from the nozzle exit when
the jet speed is increased. At higher subsonic jet speeds
resonance dominated the correlations. When the prewhiten-

ing technique was used, a re1k a'ways appeared at a time
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delay <correponding to direct noise radiation. However,

the level of this peak was low and within the correlation

1

levels of the noise in the signals. As expected, this 1is .

due to the low energy content of the high frequency spec~=

tral peak as shown in Fig. (6-8b) for M = .9,
Consequently, data points at high Mach numbers were not

plotted in Fig. (6-10).

A literature survay did not reveal any previous evi-
dence for the presence of two peaks in the far field spec-
tra for either a free jet or an impinging jet. Preisser’s
(19/9) 4impinging Jjet has a thick initial shear layer due
to the use of a long nozzle. Since the frequency of the
instability waves scales with the shear layer thickness at
the nozzle exit, high frequency noise radiators are ex-
pected to be substantially reduced in his jet.
Accordingly, no high frequency peaks are observed in the
far field spectra. On the other hand, the spectra meas-
ured in the far field of a free jet by Lush (1970) and
Ahuja &Bushell (1973) exhibit a broad peak. The frequency
of the peak increases with angle to the jet axis, at which
the far field measurements are taken. The overall spectra
are fairly broad due to the random character of the whole
turbulent flow. It is felt that with the presence of the
plate, the flow is more organized 2s scen from the far

field. High frequency radiacirs z:: rectriasted to a short
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!distnnce near the nozzle by the collective 4interaction,
while downstream, orderly structures dominate and radiate

. low frequency noise when they impinge on the plate.

Tam (1971) observed from shadowgraph pictures that
strong directional acoustic waves are emitted from the
shear layer close to the exit of a supersonic free jet.
Furthermore, he stated that "in a rather puzzling manner
these waves seem to exist only 4in a limited region of
space downstream of the nozzle". Tam developed a theory
about the generation mechanism of these waves, based on
the instability of the shear layer close to the nozzle .
These observations and the correspcuding theory are in
good agreement with the two concepts presented in our
study, namely, the high frequency radiation by the insta-
bility waves near the nozzle exit and the collective in-

teraction phenomenon.

In conclusion, Fig. (6-11) may help in explaining
the mechanism of far field noise radiation for an imping-
ing jet. Based on measurements at approximately 90‘to the
Jet axis, the far field noise measured is a superposition
of low frequency and high frequency components. The low
frequency noise is radiated from the plate by the imping-~
ing large coherent structures. The high frequency noise

radiates directly from the shear layer near the nozzle

exit. 124
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CONCLUDING REMARKS é
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¢ ]
k
ks

The present experimental investigation has success-

fully introduced several dimportant concepts concerning

P
vy
PO
i dedite

both the feedback mechanism of a resonant impinging jet

-
-
‘\‘L is g

and the far field noise generated by jet impingement in

™
Ve

. .
oo

general.

Lo o

7.1 THE FEEDBACK MECHANISM

The feedback loop between the nozzle and the plate

? consists of two branches: a downstream travelling wave

AN e Sl 05 S e ot 0

with a speed .62U due to the <convected large coherent

structures, and an upstream wave propagating with the “\1

speed of sound of the quiescent medium in a directiomn in-

]
clined at an angle Qa to the jet axis. ;
|
l
!

A phase lock necessary for sclf-sustained oscilla-
tions 1is established between the two waves at the nozzle ;

exit. Pressure measurements {Fige. (5-1) and (5-2)] have 3

125




[ indicated that the two waves are in-phase at the noztle

« exit plane during resonance. The phase 1lock led to a|

clear wunderstanding of the resonance frequency stages,

events which are also observed in cavity and edge tones. |

The number of resonant periods along the entire feedback

PP

loop is an integer N and is preserved during each stage

N
———g R

(Fig. (5-5)]« The quantum frequency jump between stages

t takes place through a quantum unit change in N.

It was felt at the beginning that the upstream acous-

. Yo
SR 1 i et a5 B L 2 "

tic waves would force the initial shear layer instability

near the nozzle. 1Instead, measurements near the nozzle
t exit have substantiated the idea that the acoustic forcing
' resulted in pulsation of the thin shear layer. This pul-

sation forced a coherent merging of small vortices at the

initial instability frequency into large vortices at the
! resonance frequency. The phenomenon is named "collective

interaction", and its presence is further supported by

o

similar observations in forced two-dimensional free shear

s e+ s

™

layers by Ho and Huang (1978).

A simple mathematical model was presented to explain

the characteristic behavior of measured correlation funec~
tions in a field with two counter-propagating waves. The
model provided evidence that the upstream wave is generat-

ed by the incidence of the cov--~tream travelling vortices
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‘ on the plate.
)

y The analysis of the resonance phenomenon in the pre-

sent study was based on near field measurements which were

taken outside the jet column. The resulting picture in-

o

cludes forcing of the shear layer by the acoustic waves
from the ambient side. The model of Neuworth (1973) is
based on acoustic feedback from within the jet core, but
unfortunately no reliable measurement could be made inside

a high speed jet. However, the mathematical analysis in

Sec. 5.4 showed that the thin shear layer is more suscep-

tible to upstream acoustic forcing from outside the jet

than from inside.

7.2 THE MECHANISM OF NOISE GENERATION

o,

i

The far field noise for a wide range of impinging jet

P

P

\J
: speeds was investigated. Measurements were taken at 90 to

aehd,

L the jet axis at the nozzle exit plane. Surprisingly, the
far field spectra not only showed a low frequency peak but
also a high frequncy one [Fig. (6-8)1. f

N Cross~correlations between the far field and the near ¥

field suggested that the noise corresponding to the two

!

; peaks are generated by two different mechanisms, and pro-
b

1

L pagate along two different paths. The low frequency noise

is mainly generated by the i Lrgpement of large scale
-~ 327
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' structures on the plate near ro/d-l. The high frequency

noise radiates directly from the vicinity of the nozzie
exit. This noise is produced by the high frequency insta-

bi1lity waves in the thin shear layer near the nozzle.

It is felt that the success in localizing the above
regions of high and low frequency noise radiation is due
to (1) the collective interaction which confines high fre-
quency noise radiators to a region near the nozzle exit
and (1i) the presence of the plate which leads to feedback
and vorticity stretching, thereby enhancing large scale
eddies. The impingement of these eddies on the plate
generates low frequency noise that is radiated to the far

field.
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Fig.

(2-1a) Photograph of the Impinging Water Jet Facility
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Fig. (2=3) Photograph of the Flat Plate loside the Anechoic
Chamber
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Fig. (3-1) Axisymmetric Vortical Rings in the lmpinging Water

Jet, Pattern 1: Small Spacing Between Rings,
(Re=5000, xo/d=4)
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Fig.

(3-4)

Vortex Pairing, same

conditions as in Fig. (3-1)
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Hydrogen Bubble Visuwalization
(Re=5000, xu=b in., d=1.5 in.)
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Fig. (3-8) Multiple Exposure of Hydrogen Bubbles Showing Shear
Layer Growth and Ambient Entrainment, same conditions
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Fig. (3-11) Raw Signals of Surface Pressure Fluctuations,
(xo/d=l, ro/d=0.)
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