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ABSTRACT

Flow fluctuation measurements with normal and X-wire hot-wire probes

and acoustic measurements with a traversing condenser microphone were

carried out in small air jets in the Mach number range from M = 0.9 to 2.5

One of the most successful studies involved a moderate Reynolds number

M = 2.1 jet. The major accomplishments of this part of the study included

measurements to characterize the large scale turbulence properties in the

jet, and near field microphone measurements to characterize the noise radia-

tion. The measurements were interpreted in a manner which shed light on the

physics of supersonic jet noise.

A parallel study involved similar measurements on a low Reynolds number

M = 0.9 jet. These measurements showed very clearly that there are important

differences in the noise generation process of the M = 0.9 jet in comparison

with low supersonic Mach number (M = 1.4) jets. Understanding these differ-

ences should improve our total understanding of both ..ubsonic and supersonic

jet noise. The measurements we performed provided experimental evidence

which should help this understanding.

The final aspect of our experimental study involved performing X-wire

measurements in low Reynolds number jets of M = 2.1 and 2.5. Although there

were some problems with these measurements (primarily involving poor probe

resolution) which have yet to be resolved some valuable experience was

obtained with the X-wires. Preliminary measurements indicate that the X-wire

technique will be invaluablein obtaining data to help theoreticians formu-

lating a comprehensive analysis of the instability development and its

associated radiated noise.
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In addition to the measurements outlined above, some facility develop-

meet in installing a surplus vacuum pump was undertaken. Some continued

effort is needed on this project to render the pump operational for experi-

ments. When operational the increased vacuum pump capability will allow

larger jets to be run, and probe resolution difficulties will be reduced.
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I. INTRODUCTION

Listed below are the major experimental activities proposed as well

as the facility development planned to be undertaken with the NASA grant

sponsorship.

1.1 Major experimental activities proposed:

1) Flow fluctuation measurements in low to moderate Reynolds number

M = 1.5 to 2.5 jets.

2) Noise radiation measurements in the near field of the jets.

3) Flow visualization using smoke tracer and high speed motion

photography.

1.2 Facility Improvement proposed:

1) Install and initiate operation of surplus Ingersol Rand vacuum

pump to increase pumping capability of system.

2) Construct high Reynolds number jet facility to serve as a test

bed for flow visualization experiments.

1.3 Summary of Goal Reorientation:

During the early stages of the research results were obtained which in-

dicated the advisability of shifting some of the priorities for the NASA

sponsored research program. Some of the results were generated by experi-

ments conducted with the National Science Foundation (NSF) grant support.

The NSF grant terminated on April 15, 1978; all activity in our laboratory

from that time on was supported by the current NASA grant monies.

The major shift of priorities came with our discovery that the noise

generation mechanisms in low Reynolds number subsonic jets is remarkably

different from the mechanisms in slightly supersonic jets (ie M = 1.4).

Since this discovery opened the potential for improved understanding of

both subsonic and supersonic jet noise generation mechanisms we decided to

1
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dedicate a portion of our time and NASA support towards completing the

preliminary investigation of the M = 0.9 jet.

In shifting priority to the M = 0.9 jet experiments we decided to

lower the priority of the flow visualization experiments. This decision

was based upon two factors. First, the complications of establishing

the correct lighting and the ideal amount of smoke tracer during the few

seconds during which the high speed motion picture camera was to operate

meant that a very substantial amount of experimental time would be required

to produce photographs of reasonable quality. We were hard pressed to find

this time in view of the other commitments in the research. Second, Sarohia

and Massier (1) at the JPL (Ca'i?fornia Institute of Technology) had consi-

derable recent success with high-speed Schlieren motion pictures of high

speed air jets. Since Sarohia successfully identified the large scale or-

ganized structure in the jets, and related the observed structure to simul-

taneous nearfield noise measurements, the need for us to perform similar

measurements greatly diminished.
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II. SUMMARY OF SUCCESSFUL INVESTIGATIONS

2.1 Moderate Reynolds Number M = 2.1 Jet Study.

The early parts of this study (prior to April, 1978) were supported

by NSF, and the latter parts were supported by the present NASA grant.

In our view, this study was completely successful, and produced experi-

mental results which will have a far reaching impact on the aerodynamic

noise field.

The study represented the first time anyone had probed a supersonic,

turbulent jet with a hot-wire. In the moderate Reynolds number M = 2.1

Jet it was determined that the radiated noise is s)milar in sound pressure

level, directivity and spectral content to conventional high Reynolds num-

ber turbulent jets (at M = 2). However, in our case we were able to probe

the flowfield with a normal hot-wire probe in order to measure many of the

flow fluctuation properties which have a direct bearing on the noise genera-

tion process. Using this general technique, the dominant noise generation

mechanism in the jet, involving the disintegration of the large scale

coherent instability was identified and explored. The results of the ex-

periments have greatly increased our understanding of the processes involved

in the generation of supersonic jet noise. In addition, critical comparisons

wi-ch the latest prediction method of the noise generated by large scale

turbulence structure by Morris and Tam (2) were made. Such comparisons are

essential to the further development of the promising jet noise analyses.

A copy of the manuscript "Measurements on the Flow and Acoustic Proper-

ties of a Moderate Reynolds Number Supersonic Jet" by T. R. Troutt and D. K.

McLaughlin which has been submitted for publication to the Journal of Fluid

Mechanics is attached to this report. This paper provides the details on

the objectives and results of the moderate Reynolds number M = 2.1 jet study.

3
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2.2 Low Reynolds Number M = 0.9 Jet Study.

As mentioned earlier, preliminary measurements in a low Reynolds number

M = 0.9 jet demonstrated that the noise generation process is quite different

from that of the low Reynolds number M = 1.4 jet. Since this provided an

opportunity to gain more understanding of noise generation processes in gen-

eral we completed a preliminary study of the M = 0.9 jet. The results of

our measurements on the dominant noise generation process in the low Reynolds

number M = 0.9 jet were consistent with a vortex interaction model for sub-

sonic jet noise first suggested by Laufer et al.(3). The predominant vortices

are both helical and axisymmetric in shape and the acoustic field retains an

azimuthal character consistent with the two types of vortical interactions.

It appears that the dominant helical instability in the M = 0.9 jet does not

directly radiate noise through the growth and decay process as was deter-

mined to be the case in the low Reynolds number M = 1.4 jet. Hopefully, this

experimental information will be important to theoreticians devising analyses

of jet noise in the low supersonic Mach number regime.

A copy of the AIAA paper "Flowfield and Acoustic Properties of a Mach

Number 0.9 Jet at a Low Reynolds Number" by J. L. Stromberg, D. K. McLaughlin

and T. R. Troutt is also attached to this report. This paper summarizes the

important aspects of our low Reynolds number M = 0.9 jet noise experiments.

2.3 X-lire Measurements in Low Reynolds Number M = 2.1 and 2.5 Jets.

This portion of our research was conducted wholly with NASA sponsorship.

The goals of this part of the research were very ambitious. X--wires

were to be used to measure the cross stream velocity fluctuations v`rms as

well as the major componer` of Reynolds stress p 77r. (Our techniques using

single normal hot wires to measure (pu)'rms have been well established).

r)L^
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Suspecting that poor probe resolution would be one of the most serious

difficulties we might encounter, we also planned on installing and making

operational a surplus Ingersol Rand vacuum pump we had acquired for the pur-

pose of increasing our pumping capability. As discussed in more detail later

the pump did not meet the pumping requirement needs immediately. Consequently

we proceeded with the X-wire measurements in the small jets, using our pre-
,	 i

viously established vacuum pump. We felt it more important to perform the

preliminary X-wire measurements in the small jets to establish the experience

of using then in the low Reynolds number supersonic flow regime.

The X-wire measurements in the small jets have been very valuable to

the progress of our research on supersonic jet noise. First a calibration

procedure was developed which worked well in practice. Second, distributions

Of 
(pu)' rms' vIMs 

and p u'v' were obtained at several axial locations in the

M = 2.1 and 2.5 jets (at low Reynolds numbers). The shapes of all three dis-

tributions are similar to those obtained in subsonic jets (by Bradshaw et al.

(4)), however, the absolute levels are considerably lower. A considerable

number of repetitive diagnostic measurements were undertaken which convinced

us that the source of error in our measurements is probe resolution.

Despite the inherent error of our measurements several conclusions were

apparent. First, the Reynolds stresses play an important role in the disin-

tegration of the large scale organized instability of the supersonic jets.

Our measurements showed that the Reynolds stresses grow very rapidly ahead

of the region where the coherent structure disintegrates near the end of

the potential core of the jet. This is extremely important in the diagnostics

of jet noise because it is this region where the dominant noise production

occurs, in the low Reynolds number supersonic jets. Second, our measurements

indicated that the Reynolds stresses are made up primarily of broad--banded

spectral components (turbulence) even in regions of the jet where the large
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scale instability is very discrete. More detailed information of this type

should be invaluable to theoreticians formulating a comprehensive analysis

of the instability development and its associated radiated noise. Finally,

our measurements concluded that the probe resolution problem must be solved,

either by using larger jets or smaller probes, before the detailed measure-

ments which are badly needed can be obtained. Such activity will be pursued

in our next year's research effort.

Attachment No. 3 to this final report is a copy of the M.S. thesis

"Crossed Hot-Wire Measurements in Low Reynolds dumber Supersonic Jets"

by Jerry D. Swearingen. This thesis reports on all X-wire measurements

undertaken in this research project.

^r3
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III. PROGRESS ON FACILITY IMPROVEMENT

The major project in our facility improvement program was the instal-

lation of the surplus Ingersol Rand vacuum pump. We completed the foundation

work and electrical, water and lubrication connections were made in a

reasonably timely manner. Unfortunately, upon initiation of operation

of the pump numerous serious leaks were discovered in the pump. Rather than

expend all our efforts to repair all the leaks we decided to move ahead with

the X wire measurements in the smaller jet to obtain the much needed exper-

ience with the techniques which were new to us.

In the meantime we have been working on repairing the Ingersol Rand

vacuum pump leaks. We hit replaced the main shaft seal and are in the

process of diagnosing other necessary action. We must be aware however, that

the pump, beag surplus, is over 30 years old. There is the possibility that

ring damage or main cylinder scoring has occurred which would make the com-

plete rebuilding prohibitively costly. We will endeavor to determine our

status with this pump as scion as possible. In the meantime we have proposed

a series of experiments for next year's research that does not require the

large jets or the larger pumping requirement which goes with it.

As mentioned in an earlier progress report, we have also constructed

a small high Reynolds number jet facility. We have used this facility to

make subsonic Mach number X--wire measurements as a check on some of our

techniques. These measurements are reported in the MS thesis of Swearingen

which is attachment 1#3 herewith.

This facility was originally intended as a test bed for flow visuali-

zation experiments. As discussed earlier these experiments were not carried

out primarily because their need was greatly reduced upon the good quality

work of Sarohia and Massier (1). This decision may be reevaluated depending

upon future developments.

7
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IV. CONCLUSIONS

Although not all objectives of the original proposal were met

(primari lly because of difficulties we encountered with the surplus vacuum

pump) a substantial amount of the proposed experiments were conducted. The

moderate Reynolds number M = 2.1 jet study provided valuable infcimation

on both the large scale structure as well as the noise generation processes.

This part of the study was undoubtedly the most successful. The Mach number

0.9 jet study provided some extremely interesting results on the dominant

noise generation mechanism. The measurements demonstrated differences in

the M = 0.9 jet noise generation in comparison with previous M = 1.4 jet

measurements that conventional jet noise theories would not predict. The

most important aspect of the results of this study is the identification

of a physical effect for which we previously had little understanding.

With regard to our crossed hot-wire experiments iii the supersonic jets,

our work can be termed a partial success. We established calibration proce-

dures and developed much needed experience with the techniques. Perhaps,

most important, we established the magnitude of our probe resolution pro-

blems which must be resolved before more measurements of this type are

attemped.

Finally, a list of publications and presentations is included which

covers research conducted partially or wholly with the support of this

research grant.

4.1 Publications

1) "Flowfield and acoustic properties of a Mach number 0.9 jet at a

low Reynolds number." by J. L. Stromberg, D. K. McLaughlin and

T. R. Troutt. Submitted for publication to the Journal of Sound

and Vibration, October 1979.

8
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2) "Experiments on the flow and acoustic properties of a moderate

Reynolds number supersonic jet." by T. R. Troutt and D. K.

McLaughlin. Submitted for publication to the Journal of Fluid

Mechanics, October 1979.

4.2 Presentations

1) "Measurements on the Flow and Acoustic Properties of a Moderate

Reynolds Number Su , , Fonic Jet." by T. R. Troutt and D. K. McLaughlin.

Paper No. EE2, American Physical Society, Division of Fluid Dynamics

Meeting, November 1978.

2) "Crossed Hot-Wire Measurements in Low to Moderate Reynolds Number

Supersonic Jets." by J. D. Swearingen, D. K. McLaughlin and T. R.

Troutt. Paper No. EE3, American Physical Society, Division of

Fluid Dynamics Meeting, November 1978.

3) "Flowfield and Acoustic Properties of a Mach Number 0.9 Jet at a

Low Reynolds Number." by J. L. Stromberg, D. K. McLaughlin and

T: R. Troutt. AIAA Paper No. 79--0593, March 1979.
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Attachment 41

EXPERIMENTS ON THE FLOW AND ACOUSTIC PROPERTIES OF A

MODERATE REYNOLDS NUMBER SUPERSONIC JET

by T. R. Troutt and D. K. McLaughlin
Oklahoma State University, Stillwater, Oklahoma

Abstract: An experimental investigation of the flow and acoustic

properties of a moderate Reynolds number (Re= 70,000) Mach number M=2.1

axisymmetric jet has been performed. The primary motivation behind

these measurements was to extend the experimental studies conducted pre-

viously in this laboratory on low Reynolds number high speed jet noise

to a higher Reynolds number regime where the flow and acoustic processes

were found to be considerably more complex. In fact, mean flow and

acoustic properties of this jet were determined to be closely comparable

to high Reynolds number jet properties.

The major results of the flow field measurements demonstrate that

the jet shear annulus is unstable over a broad frequency range. The

growth rates and wavelengths of these instabilities as measured by a

hot-wire were found to be in reasonable agreement with linear stability

theory predictions. In remarkable agreement with subsonic jet results,

the potential core of the jet was found to be most responsive to excitation

at frequencies near a Strouhal number of St=0.3. The development of

organized disturbances around St-0.3 seems to agree in general with theo-

retical predictions by Morris and Tam.

The acoustic near field was characterized in terms of sound pressure

Preliminary copy: Submitted for publication to the Journal of Fluid
Mechanics, October 1979.



level and directivity for both natural and excited (pure tone) gets.

In addition, propagation direction and azimuthal cLaracter of dominant

spectral components were also measured. It was determined that the

large scale flow disturbances radiate noise in a highly directional

pattern centered about 30 0 from the set axis. The noise from these

disturbances appears from simple ray tracing to be generated primarily

near the region of the jet where the coherent fluctuations begin to

decay. It was also determined that the large scale components of the

acoustic field are made up predominately of axisymmetric (n=0) and

helical (n=±l) modes. The dominant noise generation mechanism appears to

be a combination of Mach wave generation and a process associated with

the saturation and disintegration of the large scale instability. The

further development of a wave guide model of noise generation of the

instability type appears to hold considerable promise.



1

I.	 INTRODUCTION

Experiments on low Reynolds number high speed jets conducted pre-

viously in our laboratory by McLaughlin, Morrison and Troutt (1975, 1977),

and Stromberg, McLaughlin and Troutt (1979) have shown that large scale

discrete instabilities dominate the flow fluctuations upstream of the end

of the potential core. For the case of the supersonic jets (M = 1.3 to

M = 2.5), these large scale instabilities were determined to be directly

responsible for a major portion of the noise radiated by the jets. This

noise was found to have similar scaled amplitudes and directivity distri-

butions as published results from high Reynolds number jets of equivalent

Mach numbers (Dosanjh and Yu, 1968; Yu and Dosanjh, 1973). These results

experimentally established the ability of large scale flow instabilities

to efficiently produce noise.

The potential of organized large scale disturbances for producing

noise was initially suggested by Mollo-Christensen (1960, 1967) with later

contributions by Sedel'nikov (1967), Michalke (1969) and Bishop, Ffowcs

Williams, and Smith (1971). The existence of these large structures in low

speed jets has been demonstrated by a number of experimental studies most

notably Crow and Champagne (1971), Lau, Fisher and Fuchs (1972), and

Chan (1974). However, for high speed turbulent jets direct flow measure-

ments are difficult to obtain. indirect observations using flow visuali-

zation techniques (Lawson and 011erhead, 1968; Potter, 1968; and Salant,

1973), however, have indicated the presence of large scale wave-like dis-

turbances in turbulent supersonic jets.

One of the first attempts to produce a mathematical representation of

jet noise generation by organized disturbances was presented by Tam (1972).

Tam's model at that time used a linearized spatial stability theory to

_	 a-
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develop an eigenvalue relation between the complex wave number and the

frequency of the unstable wave. This stability theory followed the same

general methods as were employed by Sedel'nikov (1967) and Michalke (1969).

Since Tam's model assumed infinitesimally thin shear layers and a parallel

mean flow, his results indicated that a monotonic increase in wave growth

rate with increasing frequency would occur near the nozzle exit. In order

to align his theoretical results with the large scale structure observed

in the downstream region of the jet, Tam imposed a selection mechanism on

the instability results. Tam's hypothesized mechanism used the order in-

duced on the supersonic jet by the wave-cell structure to accomplish this

selection. Unfortunately, recent evidence in low Reynolds number super-

sonic jets over a substantial Mach number range obtained by Morrison (1977)

fail to support this mechanism.

Subsequent work on more advanced ,jet stability and noise prediction

models has been performed by a number of investigators including Tam (1975),

Chan (1974), Merkine and Liu (1975), Morris (1977), and Morris and Tam (1977).

The primary concern of these works has been to develop more realistic flow

models, which include some nonlinear effects, as well as more accurate mean

flow profiles. Since acoustic measurements indicate that the dominant noise

generation region is near the end of the potential core, nonlinear effects

are no 3oubt quite important. The exact method of best incorporating these

effects into mathematical models though is a controversial point. Morris

and Tam (1977) apparently feel that the use of empirical mean flow profiles

coupled with local linear stability calculations adequately models the co-

herent wave behavior. Although, as was pointed out by Morris (1977) himself,

the actual importance of nonlinear terms in the calculations is simply not

known at the present time.
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The formulation of the nonlinear effects in the stability analysis

is one of the major problems facing the researchers developing analytical

jet noise models. Another major problem is the effect of non parallel

flow (flow divergence). For incompressible flow, Crighton and Gaster (1976)

have developed a method incorporating the flow divergence effects. In the

supersonic jet, Morris and Tam (1977) have performed a similar analysis,

however, the exact accuracy of some of their mathematics is suspect (Morris

and Tam, 1979).

No doubt the progress of the theoretical models could be greatly aided

by experimental studies on the coherent structures in turbulent high speed

jets, but involved flow measurements in supersonic jets are most difficult

to make. The most reliable turbulence instrument, the hot-wire anemometer,

cannot be used in conventional high speed air jets because the dynamic

pressures are too great for the fragile probes. This problem can be aleviat-

ed by reducing the density of the flow. This practice was followed in the

earlier work, mentioned previously, conducted in our laboratory. At the

low Reynolds numbers of these measurements, the flow fluctuations of the

supersonic jets were found to be dominated by discrete large scale instabi-

lities for approximately the entire length of the potential core. And as

mentioned earlier the low Reynolds number experiments were important in

establishing the noise radiation potential of the large scale instability

waves in the jet.

In order to achieve an experimental condition more closely approach-

ing a turbulent flov4 the present study was carried out at a Reynolds number

of Re = 70,000 which is approximately 10 times greater than that of the

previous low Reynolds number studies. This moderate Reynolds number was

chosen as an attractive compromise between the increasingly more difficult

experimental conditions and the increasingly more interesting and more in-
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volved flow and acoustic phenomena encountered at higher Reynolds numbers.

At the chosen Reynolds number, both the flow and acoustic properties were

found to be considerably more complex than in the low Reynolds number con-

dition. In fact, based on comparisons of mean flow and acoustic results

presented here with high Reynolds number measurements, considerable support

can be found for extrapolating many of the present results.

The goal of the present research was to characterize experimentally

the dominant flow fluctuation properties in a M = 2.1 moderate Reynolds

number jet, and to investigate the related noise generation process. The

experiments included measurements on both natural and artificially excited

jets. The artificially excited measurements were used to illuminate pro-

perties of the coherent flow structure and its radiated noise.

2.	 EXPERIMENTAL APPARATUS AND PROCEDURES

2.1 Apparatus

These experiments were conducted in the free jet test facility shown

schematically in Figure 1. This facility has been described in a previous

reference (McLaughlin, Morrison and Troutt, 1977), so that only a brief

description will be given here.

An axisymmetric supersonic nozzle with an exit diameter D of 10mm was

used to produce the air jet. The nozzle contour was designed by the method

of characteristics following Johnson and Boney (1975). The nominal M = 2

air jet exhausts into a low pressure test chamber of dimensions 1.1 x 0.76

x 0.71 meters. The chamber is lined with acoustic foam which absorbs over
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90% of the incident radiation for frequencies f above lkHz. (The character-

istic frequency of the jet was U o/D = 50 kHz, where U  is the jet exit

velocity.)

A three dimensional probe drive system was used to position the Pitot

pressure, hot-wire and microphone probes employed in the research. The

Pitot probe was a standard blunt end type with an outside diameter of 0.53mm.

The hot-wire probes used were DISA 55A53 subminature probes mounted on

brass wedges. The 5 micron diameter wires were positioned perpendicular to

the axial direction. DISA 55M constant temperature electronics were used to

operate the probes. The frequency response of the anemometer was found to

be fiat within ± 3dB up to 60kHz (St = llD = 1.4) based on square wave re-
0

sponse tests. A Bruei and Kjaer 3.175 mm diameter condenser microphone was

used for the acoustic measurements. The microphone was assumed to have an

omni-directional response for frequencies up to BO kHz based on factory

specifications. For overall level measurements both the microphones and

hot-wire signals were band-passed filtered from St = 0.03 to St = 1.3 to

remove chamber and electronic resonances. Frequency spectra of the sensor

signals were obtained using a Tektronix 7L5 analyzer. For the spectra

presented from the present measurements, a resolution window of 3kHz and a

sweep speed of .05 sec/kHz were used.

The jet was artificially excited for some measurements using a glow

discharge device consisting of a single point tungston electrode positioned

approximately 2mm from the nozzle exit which was reported earlier (McLaughlin

et al. 1975).
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2.2 Procedures

For all measurements in this study, the stagnation temperature of the

jet was room temperature, approximately 294K, and the jet exit pressure pc

was maintained slightly above the test chamber pressure, p c (approximately

1.03 pc). The test chamber pressure for these measurements was approximately

.05 atmospheres and the Reynolds number based on exit conditions was

approximately 70,000.

Correlations and phase averages of sensor signals were measured using

a Saicor 43A analyzer. The phase average of a fluctuating signal is here

defined as:

	_ Qim 1	 N
<q (t)> - N
	 N	

E	 g(t+nz)
n=0

where T is the period of the coherent disturbance and N is the number of

disturbance cycles averaged over and t is time. The application of this

function allows the recovery of the periodic portion of the fluctuating

signal where a general representation of the signal is given by:

g (t) = q f q(t) + q"(t)

Here q is the mean component with the fluctuating component divided into

two parts, q the periodic portion and q" the random contribution.

For flow fluctuation amplitude measurements, the hot-wire bridge

voltage fluctuation e` was assumed to be related to the fluctuation in the

flow quantity axial mass velocity (pu) by the relatione 1
 = Am (pu)^

Pff
where the sensitivity coefficient, Am, was determined through direct tali--



7

bration following the methods of Rose (1973) and Ko, McLaughlin and Troutt

(1976). The above relation is applicable when total temperature fluctua-

tions are assumed negligible. For the present measurements the total tem-

perature fluctuations were found to account for less than 2% of the voltage

fluctuation.

Sound pressure levels (in decibels, dBs) were scaled to the ambient

test chamber pressure using the relation

SPL = 20 logia IP' rms /(pc pref/pa)]

where P'rms is the root mean square of the fluctuating sound pressure, pa

is atmospheric pressure and pref - 2x10
-s 

N/m2.

3.	 EXPERIMENTAL RESULTS

3.1 Natural Jet

3.1a Mean Flow Field

Centerline Mach numbers for the present Re = 70,000 jet are shown in

Figure 2. The Mach numbers are calculated from Pitot and static pressure

probe measurements using standard compressible flow relationships. The

average centerline Mach number from x/D = 1 to x/D 8 was found to be 2.12

with variations of + 4% due to the weak shock cell structure of the jet.

These measurements indicate the potential core length of the jet to be

between 8 and 10 diameters. The sonic point in the jet is reached between

18 and 20 diameters downstream of the nozzle exit. Radial Mach number pro-
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files for x/D = 1, 5, 10 and 15 are shown in Figure 3. These measurements

show that the mean flow changes from a profile with a central region of

uniform velocity to an approximately Gaussian profile by x/D = 10.

The centerline Mach number distribution and the Mach number profiles

are similar to the data obtained by Dutt (1977) and by McLaughlin et al.

(1979) for cold air jets of Mach number 2.0 and Reynolds numbers in excess

of Re = 10 6 . However, a more careful look at the shear layer development

yields some differences. To do this we have used a curve fit for the velo-

city profiles similar to the one used by Laufer, Kaplun and Chu (1973) for

subsonic jets. It takes the form of a half-Gaussian:

UN) _ exp[-2.773(n + 0.5) 2]	 for n > -0.5
U 	 -

=1
	

for n < -0.5

where n = r-r
6
.5 , D is the velocity on the centerline of the jet at the

given axial (x) location, r(.5) is the radial location where the velocity is

0.5 U and S is the local shear layer thickness. Downstream of the end of the

potential core 6 = 2r(.5) and n reduces to n =b - Z whe re d is now 1/2 the

local jet diameter. (The jet diameter is taken to be the diameter of the

locus of points where the mean velocity is .01 times the local centerline

velocity.) Morris and Tam (1977) have also shown the above half-Gaussian to

be a convenient curve fit for supersonic jet velocity data, particularly for

input into the stability analysis of the jet.

Figure 4 includes mean velocity data of the four axial locations cor-

responding to the Mach number data of Figure 3. This figure demonstrates

that the half-Gaussian is a reasonable representation for the mean velocity

data both upstream and downstream of the end of the potential core. The
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local shear layer thickness, 6, and the r(.5) parameter used to generate

the best curve fits are plotted in Figure 5 as a function of the axial

coordinate. Included on the figure are the data for the same parameters

determined by measurements made by McLaughlin et al.(1979) in a Mach num-

ber 2.0, Re = 5.2 x 10 6 jet. There is a reasonable similarity in the

development of the present moderate Reynolds number jet in comparison with

its high Reynolds number counterpart. However, the shear layer, in the

potential core region of the jet does not display the linear growth depen-

dence typical of fully turbulent shear layers. This slow initial growth

rate indicates that the jet shear layer is in transition from laminar to

turbulent flow in the moderate Reynolds number jet. 	 Hot-wire measure-

ments presented subsequently demonstrate that the laminar to turbulent

transition in the shear layer occurs over the first 2 or 3 jet diameters.

This constrasts to the extensive length of transitional flow found in the

low Reynolds number (Re = 7900) jet as measured by Morrison (1977). The

low Reynolds number jet parameters are also shown in Figure 5 for compar-

ison.

3.1b Fluctuating Flow Field

Frequency spectra of the hot-wire fluctuation signal obtained at the

radial position of maximum voltage fluctuation (which is approximately the

center of the jet shear layer) are shown in Figure 6 for several x/D loca-

tions. Beyond x/D = 8 the probe was located on the centerline of the jet.

These spectra show that high frequency flow fluctuations centered around a

Strouhal number of approximately 0.6 grow rapidly and dominate the spectra

for the first three diameters downstream of the jet exit. At x/D = 4, al-

though the high frequency fluctuations still dominate the spectra, a marked

increase in the amplitude of low frequencies (below 5t = 0.25) can be seen.

From x/D = 4 to x/D = 6 the high frequency fluctuations steadily decay,
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transfering energy into intermediate frequencies around St = 0.30.

Spectral energy transfer to intermediate frequencies continues from

x/D = 6 to x/D = 8 resulting in a fully developed turbulent spectrum at

x/D = 8. Beyond x/D = 8, the fluctuation spectra continuously shift towards

lower frequency content with downstream location as indicated by the spectrum

at x/D = 10. The general shape and development of these spectra is quite

similar to spectra measured by Miksad (1972) in an incompressible free shear

layer. However, the spectra differ considerably from the low Reynolds number

supersonic jet spectra (Morrison, 1977) which were found to be dominated by

a narrow frequency band near St = 0.2 for the first 10 jet diameters.

Figure 7 shows radial profiles of the mass velocity fluctuations in the

jet for several downstream positions. The measurements are reported in terms

of rms mass velocity fluctuations, (pu)' Ms , non-dimensionalized by the mean

mass velocity at the centerline of the nozzle exit (pu) o . The radial peak

of the fluctuation amplitude moves toward the center of the jet and the

width of the shear layer increases with downstream location. By x/D = 9

it is apparent that large amplitude fluctuations have reached the jet center-

line indicating the end of the potential core region. This result is con-

sistent with the mean flow measurements which showed a decrease in Mach

number beginning in this region.

Flow fluctuation amplitude measurements as a function of x/D are

shown in Figure 8. Prior to the end of the potential core these measure-

ments were obtained with the hot-wire located in the center of the shear

layer. After the end of the potential core the hot-wire was positioned

on the jet centerline to avoid Mach number effects in the data reduction.

The measurements show that the amplitude of the fluctuations grows approxi-

mately exponentially for the first 3 downstream diameters. The amplitude

of the fluctuations then oscillates from x/D = 4 to x/D = 7 before begin-
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ning a steady decline at x/D = 8. Also shown in the figure for comparison

are measurements obtained by Morrison (1977) in the low Reynolds number

jet. Associated with the increasing Reynolds number is an increase in the

growth rate of the fluctuations accompanied by an upstream shift in the

location of maximum fluctuation level in the jet. The upstream shift is

consistent with the faster development of the mean flow profiles, as illus-

trated earlier in Figure 5.

Amplitude measurements of spectral components of the hot-wire signal

in the jet shear layer are shown in Figure 9. An active bandpass filter

with the cut--off frequencies set to 20% above and below the center fre-

quency of interest was used to obtain these measurements. The attenuation

characteristic of the filter was 24 dB/octave.

The data demonstrate that each spectral component grows approximately

exponentially for 2.5 to 3 downstream diameters with the higher fre-

quencies growing faster. Assuming this initial region of fluctuation

growth to be governed by classical linear stability theory, the mathematical

representation for the fluctuating flow properties is given by

q(x,r,e,t) = q (r)e-
 
k i x (krx + ne-wt)

Fc. , a parallel flow M = 2.0 jet with a top hat velocity profile, Tam (1972)

has predicted the axial growth rate k  as a function of frequency w. A non-

aimensional plot of Tam's predictions with the present data is shown in

Figure 10. The trend of the experimental growth rates, increasing growth

with increasing Strouhal number, agrees with Tam's theoretical prediction.

Moreover, the experimental growth rates and theoretical values are quite

close for the two intermediate Strouhal numbers. Beyond x/D = 2 1/2, after

the high frequency fluctuations have grown to approximately 3% of the mean

exit mass-velocity nonlinear efects become apparent. These effects show

up in the decreasing growth rates of the two higher frequencies, in increasing
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growth rates at the lower frequencies and in simultaneous development of

the mean velocity profiles as demonstrated by the data of Figure 5.

Between x/D = 3 1/2 and x/D = 5 1/2 the amplitudes of the St = 0.09

and St = 0.76 components saturate and then oscillate. The St = 0.38 ccm-

ponent, however, goes through a region of slow growth between x/D = 3 1/2

and 5 1/2. This region of secondary growth for intermediate frequencies

was also observed in the spectral results. Beyond x/D = 9 all spectral

components show a continual decline in amplitude. The beginning of this

region occurs approximately at the end of the potential core region as

indicated by the mean flow measurements.

3.1c Acoustic Field

Sound pressure level (SPL) contours of the overall near field noise

are shown in Figure 11. The near field contours are similar to high

Reynolds number measurements in amplitude levels and general shape (Yu

and Dosanjh, 1972 and McLaughlin et al. 1979). The contours are also

similar in shape and amplitude to the noise contours Morrison and McLaughlin

(1979) measured for the low Reynolds number jet at the same Mach number.

(The low Reynolds number contours are shown in dashed lines on the figure.)

However, one important difference between the low Reynolds number results

and the present measurements is obvious. The low Reynolds number contours

are displaced downstream 6 to 10 jet diameters from the high Reynolds num-

ber contours. This displacement is most probably related to the fact that

the flow fluctuations amplitudes saturate further downstream in the low

Reynolds number jet.

Figure 12 shows the sound pressure level as a function of the angle

from the jet axis. These measurements were made at a constant radius of

40 jet diameters from the nozzle exit. Also shown on the figure are com-

parison data from a M = 2.0 jet at a high Reynolds number obtained by

;n
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McLaughlin et al. (1979) and low Reynolds number data from Morrison and

McLaughlin (1979). This figure shows that for all jets the highest levels

of generated noise occur at angles around 300 to the jet axis.

Spectral analysis of the microphone signal obtained at several loca-

tions along a constant radial coordinate are presented in Figure 13. These

spectra show a shift towards increased lower frequency content as downstream

position is increased. This trend has been noted in high Reynolds number

jet noise measurements by previous investigators (Yu and Qosanjh, 1973;

Laufer et al, 1976). This trend is also in general agreement with hot-

wire spectral results mentioned earlier.

To demonstrate the effect of Reynolds number on the acoustic frequency

content, spectra from three different jets are presented in Figure 14.

These spectra were measured near the angle of maximum noise emission of

the three jets. The bottom spectrum is from the low Reynolds number jet

measured by Morrison & McLaughlin (1979), the middle spectrum is from the

present measurements, and the top spectrum was reported by Laufer et al.

(1976) for a Re = 2.6 x 10 6 , M = 2.0 jet. At the low Reynolds number con-

dition, the flow is dominated by a narrow band of frequencies and the noise

spectrum is similar. At the two higher Reynolds number conditions, the

spectra are quite full, however, both have a broad peak around St = 0.2

which coincides approximately with the low Reynolds number peak.

SPL contours of the near field noise band passed around two different

spectral components (St = 0.19 and St = 0.38) are shown in Figure 15.

These frequencies encompass a large portion of the broad peak of the major

noise production spectrum. Two important general features of these contours

should be noted. One is the downstream lobes which are apparent at both

frequencies. The other feature is a bulge located in the upstream region

of the contours. This upstream bulge is barely apparent in the higher
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Strouhal number contours, but becomes more obvious in the lower Strouhal

number plot. For the lower Strouhal number contours, a definite separa-

tion between the two regions is evident. These two regions have been noticed

before by prior investigators Laufer et al. (1976) and Yu and Dosanjh (1973).

However, the upstream bulge is accentuated in the present measurements.

3.1d	 Summary of Natural Jet Results

The mean flow measurements show that the jet has an initial central

region of uniform velocity which transitions to an approximately Gaussian

profile by x/D = 10. The average Mach number of the jet was found to be

2.12 in the potential core region and the sonic point was reached between

18 and 20 diameters downstream. These mean flow results are similar to

high Reynolds number measurements at equivalent Mach numbers.

A more quantitative measure of the mean flow development was obtained

by plotting S, the local shear layer thickness as a function of the axial

coordinate x. This plot showed that the moderate Reynolds number jet

developed somewhat slower initially than high Reynolds number jets. This

difference was attributed to the initial region of transitional flow near

the nozzle exit.

The flow fluctuation measurements demonstrate that high frequency

fluctuations grow at a constant exponential rate for the first 2 1/2 to 3

downstream diameters. Beyond x/D = 3 nonlinear effects become apparent

and by x/D = 5, the flow fluctuation spectra are quite broad and the total

fluctuation amplitude attains a saturated condition. By x/D = 8 the spectra

are fully developed. Beyond x/D = 8 the amplitude of the flow fluctuations

decreases, and the spectral content of the fluctuations shifts progressively

to lower frequencies.

These results differ considerably from low Reynolds number measurements

at the same Mach number. The lower Reynolds number fluctuations were found

i
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by Morrison (1977) to be dominated by a narrow band of frequencies near

St = 0.2 for the first 10 diameters downstream of the jet exit. Growth

rates of the flow fluctuations in the low Reynolds number jet are much

slower and the fluctuation level does not saturate until x/D = 10.

Acoustic spectra demonstrate that the noise produced by the moderate

Reynolds number jet has a broad frequency content. The content of the

acoustic spectra was observed to move to lower frequencies as the micro-

phone was moved downstream. These features are similar to published high

Reynolds number results.

SPL contours of the overall acoustic field were found to be similar

in shape and level to both low and high Reynolds number measurements.

However, the low Reynolds number contours are displaced by approximately

6 to 10 jet diameters downstream. This displacement was attributed to the

observed shift in the location of the amplitude saturation region of the

flow fluctuations, Since apparently the major effect of changing the overall

flow fluctuation growth rate upon the noise contours was simply to shift

the contours axially and not to change their shape or amplitude signifi-

cantly, it can be inferred that the major noise production mechanism is

largely independent of fluctuation growth rate. It seems more plausible

in light-of these results to suppose that the major noise generation mecha-

nisms may be characteristic of phenoma which occur downstream of the initial

region of unstable fluctuation growth.

The results of acoustic measurements also indicate that two localized

regions of major noise production are present in the acoustic field of the

jet. This feature has been noted previously in a number of high Reynolds

number investigations. It was also noted that the angle with respect to

the ,jet axis of the dominant noise radiation decreases with decreasing
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frequency. This result had also been noted by several investigators of

high Reynolds number jet noise.

3.2 Artificially Excited Jet

3.2a Effects of Excitation

In order to develop an understanding of the nature of the coherent

fluctuations within the jet, an artificial disturbance was input at the

nozzle exit using the glow discharge device. As discussed in an earlier

paper (McLaughlin et al 1975) the excitation device is similar to one used

first by Kendall (1967). It consists of a tungsten electrode near the nozzle

exit to which a 700 volt peak to peak a.c. signal is applied with a 400 volt

negative bias. Because there is a breakdown voltage of approximately 600

volts, this method actually introduces a glow of ionized air which turns on

and off at the excitation frequency. Such an excitation, in contrast to a

sinusoidal excitation, possesses considerable harmonic content.

Figure 16 shows an example of the frequency spectra at several down-

stream locations in the center of the shear layer with the ,jet excited

at St = 0.38. The spectra show that the exciter generates a disturbance

initially concentrated at the fundamental forcing frequency and its second

harmonic. Over the first six downstream diameters the amplitude of the

fundamental grows slightly while the harmonic decays. Beyond x/D = 6 the

fundamental rapidly decays until by x/D = 10 its presence is barely dis-

tinguishable. These spectra are typical of excitation spectra for fre-

quencies over the range studied (St = 0.09 - 0.8), the only major difference

being that at lower excitation frequencies more higher harmonic content

becomes apparent. Several previous investigators of free shear flows
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(Browand 1966; Crow and Champagne 1971; Miksad 1972 and Kibens 1979) have

also found that artificial excitation causes the fluctuation spectra to

become discretized in a similar manner.

Although the input disturbance from the exciter dominates the flow

fluctuation spectra near the nozzle, its effect is initially localized

within the thin shear layer of the jet. This fact can be seen in Figure 17

which shows a radial profile of the overall mass velocity fluctuations at

x/D = 1 for a jet excited at St = 0.19. As a consequence of the excitation

the initial region of low amplitude exponential growth on the shear layer is

bypassed.

The effect of the excitation on the jet centerline mass-velocity fluc-

tuations for four excitation frequencies is shown in Figure 18. These

measurements were bandpass filtered + 1 kHz around the excitation frequency.

An interesting result is evident from this figure. Apparently the jet core

is much more responsive to excitation at the intermediate frequencies of

St = 0.19 and St = 0.38. This result is closely analogous to results ob-

tained by Crow and Champagne (1971) in a turbulent subsonic jet which was

found to be most responsive to a St = 0.3 excitation.

More recent subsonic jet measurements by Chan (1974), Moore (1977) and

Hussain and Zaman (1975) have also noted this selectivity. The exact mecha-

nism by which the jet selects these frequencies is still poorly understood

but it apparently exists in both subsonic and supersonic jets.

It is also important to determine the effect of the excitation on the

mean flow as well as on the jet turbulent structure. Troutt (1978) presented

mean flow profiles which show that the development of the present jet occurs
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over a shorter distance in the excited jet compared with the natural jet.

As demonstrated earlier, the shear layer thickness parameter S is a more

sensitive measure of the jet development than are the profiles. "therefore

the parameters S, and r(.5) corresponding to the excited and natural jets

are presented in Figure 19 to demonstrate the effect of excitation. This

figure clearly indicates that the excited disturbances enhance the mean

flow development. This result implies that naturally occurring organized

large scales may also be efficient mixing agents.

SPL contours of the overall near field for the jet excited at St

0.19 are shown in Figure 20. The shapes and positions of these contours

are approximately the same as the natural jet contours shown in Figure 11.

However, an increase in the noise level at corresponding locations in the

acoustic field is apparent. A directivity plot generated from these contours

is shown in Figure 21. For comparison the natural jet measurements are also

shown on the plot. This plot shows that the directivity of the noise radia-

tion in the two cases is almost identical although the amplitude is approxi-

mately 2 to 3 db higher in the excited case.

SPL contours filtered around the fundamental excitation frequency are

shown in Figure 22 for the St = 0.19 and 0.38 spectral components. The con-

tours are remarkably similar in shape to the corresponding ones measured for

the same spectral components of the natural jet. The directivities of the

major noise emission at each frequency comparing the natural and excited jets

are also almost identical. Corresponding directivity plots in Figure 23 show

this clearly. As would be expected due to the concentrated nature of the

excited acoustic spectra, there is a considerable increase in the SPL for a

given angle. However, surprisingly there seems to be very little change in

the directivity of the noise radiation. This result implies that the arti-
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ficial disturbances may well generate noise by the same mechanism responsi-

ble for the downstream noise emission pattern in the natural jet. This

implication makes it of considerable interest to determine some of the

important characteristics of the artificially excited disturbance and its

noise radiation.

3.2b Excited Flow Disturbance Measurements

Measurements of the axial wavelength o;' excited disturbances in the

jet were made by cross-correlating the hot-wire signal with the excitation

signal and measuring the change in the time lag of the peak of the correla-

tion curves for various downstream positions. An example of these measure-

ments for a typical disturbance is shown in Figure 24. The results of the

wavelength measurements, presented in terms of non-dimensional wave number

kr 0 as a function of disturbance Strouhal number, are shown in Figure 25.

These measurements show an approximately linear relationship between k 

and St. This type of relation was predicted by Tam (1972) in an early stabi-

lity study of the supersonic jet and has been measured in subsonic jets by

Chan (1974). Tam's prediction for a spiral-mode instability (n = +1) in a

M = 2.1 jet is also shown in Figure 25. The fact that Tam's predicted values

are somewhat lower in terms of wavenumber should not be viewed too critically,

since he used a simple non-diverging top hat mean velocity profile in his

stability model.

Multiplying the axial wavelength by the frequency of the disturbance

gives the axial phase velocity of the disturbance. 	 Figure 26 shows the

axial phase velocity as a function of Strouhal number. For most of the

Strouhal number range the phase velocity is approximately constant, however,

the phase velocity decreases considerably at the low frequency end of the

spectrum. This trend of phase velocity variation for low frequency disturbances
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was also noted by Chan (1974) for azimuthal modes n = l and n = 2 in a

subsonic jet. It is also notable that the average convection velocity

for disturbancesbetween St = 0.28 and St = 0.48 is approximately 0.80 U 

which is in close agreement with the value measured by Dutt (1977) from

laser Schlieren cross-correlations in a high Reynolds number M = 2.0 jet.

An important point to note in addition is that disturbances travel-

ing faster than 0.65 U  will be traveling supersonically with respect to

the air outsiG4 the jet. Supersonically traveling waves have the ability

to radiate Mach wave like sound emission (Phillips 1960; Ffowcs Williams

1963). Morrison & McLaughlin (1979) have shown that the noise radiation

has different propagating characteristics when the phase velocity of the

instability waves exceeds the ambient acoustic velocity.

Morris and Tam (1977) claim that only waves with supersonic phase

velocities will radiate to the far field. The instability waves in the

M = 1.4 and 2.1 jets at low Reynolds number studied by Morrison (1977)

travel subsonically (with respect to the surrounding air) but they never-

theless radiate efficiently to the far field. Morris and Tam (1977), Liu

(1974) and Tam (1971) alledge that because the waves are growing they

actually posses supersonic phase components. This argument is reasonable

for the growing portion of the waves, but as will be seen later, the decay-

ing portion of the waves also radiate very efficiently. Morris and Tam (1979)

have pointed out that this is one area of the stability analysis noise genera-

tion model which needs considerable attention.

Figure 27 shows the axial development of the coherent mass-velocity

fluctuation amplitude in the center of the jet shear layer for the two

intermediate frequencies, St = 0.19 and St = 0.38. Due to the strong radial

dependence of the hot-wire measurement near the nozzle exit there is consider-

able scatter. However, faired curves through the data indicate the general
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growth and decay of the wave amplitude. Unfortunately, direct comparisons

with the measured data and Tam's 1975 theory for the evolution of his

coherent noise generation term are not possible due to differences in the

definitions of the theoretical and measured terms. It should be noted

however, that the general pattern of growth and decay is similar for both

the measured and theoretical quantities.

3.2c Acoustic Radiation from Artificially

Excited Disturbances

By phase averaging the microphone signal in the noise radiation field

the fraction of the total signal directly caused by the excited flow distur-

bances was determined. Figure 28 shows the percentage of the phase averaged

component as a function of downstream position for two excitation frequencies

(St = 0.19 and 0.38). These measurements were recorded at a constant radial

location of 8 diameters. At low values of x/D, the noise at both Strouhal

numbers shows a low percentage of the phase averaged component. However,

at approximately x/D = 8, both frequencies show an increase in phase aver-

aged components. The St = 0.38 phase averaged component goes above 50% by

x/D = 12, while the St = 0.19 component reaches this value slightly farther

downstream at x/D = 16. These points correspond approximately to the loca-

tion of the inflection region in the filtered natural jet contours (Figure 15)

indicating the beginning of the downstream lobed area. In agreement with

these results several investigators (Dutt 1977; Dahan and Elias 1976;

Maestrello 1976) of high speed jets have also noted high correlations for

the noise at small spherical angles (6 < 45°).

Measurements of the wavelengths of the acoustic radiation in the radial

and axial directions were obtained for the same two frequencies (St = 0.19

and St = 0.38). These measurements were made by cross-correlating the
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microphone signal with the exciter signal and measuring the time lag

change for various positions in the acoustic field in a similar fashion

to the flow wavelength measurements. The axial X  and radial 
X  

wavelengths

were used to calculate the acoustic wavelength normal to the wave fronts, Aa.

Table I shows the results of these measurements for the two frequencies.

Also included in the table are the calculated angle of the wave propaga-

tion with respect to the jet axis a and the corresponding calculated Mach

wave angle, p, of the supersonic flow disturbance. A schematic depicting

the relationship of the flow Ad and acoustic wave lengths is shown in Figure

29. The acoustic phase speed, c a , was calculated from the measured acoustic

wavelength and the frequency. This speed is compared to the acoustic velo-

city a  calculated from the temperature of the surrounding air. This com-

parison gives an indication of the measurement error.

It can be seen from the table that the faster flow disturbance (St = 0.38)

produces acoustic waves propagating close to the Mach angle computed from

the disturbance speed. The slower disturbance (St = 0.19) however, produces

waves which are inclined at an angle considerably lower than the predicted

Mach angle. This feature was also observed by Morrison and McLaughlin (1979)

in low Reynolds number supersonic jet measurements for waves traveling just

above and below the speed of sound.

Based or-, these results and Morrison and McLaughlin's measurements, it

seems that a simple eddy Mach wave model for the major noise generatico

mechanism is not of sufficient complexity to explain all of the measured

noise field properties. However, it does appear that a Mach wave component

of noise radiation does occur for higher frequency and consequently higher

phase velocity disturbances.

Mach wave type radiation has been noticed by other experimenters using

flow visualization techniques (Salant 1973; Lowson and 011erhead 1968).
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Recently Dutt (1977) found that the angle of the Mach waves in his shadow-

graphs implied a disturbance convection velocity which was in agreement

with his Laser cross-correlation measurements.

To approximately locate the major noise sources in the jet, a simpli-

fied ray tracing technique was used. This technique involved drawing a

line perpendicular to the acoustic wave front from a point approximately

in the center of the contour lobes. The point of intersection of the per-

pendicular line with the jet then indicates the location of the major noise

sources.

The results of this technique indicate that the major noise sources

for St = 0.38 noise radiation are located between 6 and 8 diameters down-

stream of the jet exit. The major noise sources for the St = 0.19 noise

radiation were found to be located between 8 and 10 diameters downstream.

Flow fluctuation amplitude measurements have shown that both of these

locations are downstream of the initial growth of the flow disturbances,

and in the axial region where the disturbance saturates and begins to

decay. This finding appears to support theoreti(.1 studies of Merkine

and Liu (1975) in which they attribute a strong noise generation mechanism

to the nonlinear disintegration of the coherent disturbance.

The azimuthal character of the acoustic radiation from excited dis-

turbance at St = 0.19 and St = 0.38 was determined by measuring the phase

relationship between the microphone and exciter signal for various angles

of A. These measurements were made at an axial location of x/D = 12 on a

cylindrical radius of r/D = 3. The amplitude of the phase averaged signal

was also recorded for each measurement position. The results of the measure-

ments are shown in Figure 30. The amplitude measurements are nondimensionali-

zed by thL& amplitude of the maximum phase averaged signal on the arc.
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Numerical fits for the data were obtained by superposing three azimuthal

modes of mode numbers n = 0, +1, and -1. (It is generally accepted that

low mode numbers dominate axisymmetric flows.) These modes are mathemati-

cally represented by the equation

q  
= An 

ei(n6-cat+and; 
n = 0, +1, -1

where an was used to represent a phase difference between modes at the

axial measurement station. Before attempting to find A n and an for each

mode it was assumed the A l = A_ 1 and that a l = a_ l . Since the flow is

axisymmetric a l and a_ 1 can be set to any e. For simplicity 6 = 0 was

chosen. The best fits for the data were found to be Ao/A1 = 1.4 with ao =

1300 for the St = 0.19 disturbance and A o/A 1 = 0.5 with ao = 90 0 for the

St = 0.38 data. The indication that disturbances occur in both axisymmetric

and antisymmetric modes is in agreement with Dutt's (1977) findings for a

high Reynolds number M = 2.0 jet.

It is of interest to note that the antisymmetric excitation device

is apparently capable of exciting both antisymmetric and axisymmetric flow

disturbances. This finding indicates that the excitation device does not

necessarily dictate the downstream character of the artificial disturbance.

Consequently, this result encourages somewhat greater confidence to be placed

in the applicability of the results of excited measurements to natural jet

phenomena.

3.2d Summary of Excited Jet Results

It was found that the artificial exciter generates a flow disturbance

at the fundamental forcing Frequency and its higher harmonics. For several

diameters downstream of the nozzle exit, it was observed that the flow fluc-

tuation spectral content in the jet shear layer is concentrated at the
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excitation frequency and its harmonics. Further downstream the spectral

content of the flow fluctuations disperses and the effect of the excitation

on the flour spectra reduces until by x/D = 10 it is finally unobservable.

Centerline flow fluctuation measurements demonstrated that the jet core is

most responsive to excitation at the intermediate Strouhal numbers (St = 0.19

and St = 0.38). Also, excitation at St = 0.19 was shown to increase the mean

flow spreading rate of the jet.

The acoustic field spectra near the nozzle exit are not noticeably af-

fected by the excitation. Further downstream near the SPL contour lobes,

peaks in the acoustic spectra appear at the fundamental forcing frequency

and its harmonics. The relative strength of these peaks shifts to the lower

harmonics and fundamental as downstream position increases.

Noise amplitude measurements indicate that a large portion of the noise

from the excited disturbances propagates toward the downstream lobed region

of the contours. Phase averaged acoustic measurements confirm this fact.

The directivity of the noise from the excited disturbance was also found to

be close to the natural case for the two Strouhal numbers observed (St = 0.19

and St = 0.38).	 These measurements indicate that organized flow disturbances

are directly responsible for a major portion of the noise radiation produced

by supersonic jets.

Flow measurements of the excited disturbances demonstrate that the dis-

turbance wavelength decreases approximately linearly with increasing Strouhal

number; a trend predicted by Tam (1972) using a linear stability theory.

Phase velocity calculated from the measured wavelengths show an increase in

velocity at low Strouhal numbers. Above St W 0,38 up to St = 0.84, the

phase velocity remains approximately constant with wave speeds between 0.76 U 

to 0.81 Uo.



26

Phase averaged amplitude measurements of excited flow fluctuations

in the jet shear layer show that the St = 0.19 and the St = 0.38 distur-

bances peak in amplitude near x/D = 6 however, the St = 0.38 disturbance

decays at a considerably faster rate than the St = 0.19 disturbance in

the region downstream of their peak. The trends of the coherent wave

evolution were noted to be in general agreement with theoretical predictions

by Tam (1975).

Phase front measurements of the acoustic radiation indicate that the

St = 0.38 disturbance radiates noise at approximately the Mach wave angle

calculated from the phase velocity of the flow disturbance. The St : 0.19

disturbance radiates noise with wave fronts inclined at an angle consider-

ably less than the Mach wave angle. These results are in agreement with

acoustic phase front measurements by Morrison and McLaughlin (1979) of noise

radiated by subsonically and supersonically traveling instability waves in

low Reynolds number jets.

By drawing a line perpendicular to the measured wave fronts at a point

near the center of the acoustic lobes, the approximate location of the noise

sources in the jet can be determined. The St = 0.38 noise source was found

to be centered between 6 and 8 diameters downstream of the nozzle exit.

The St = 0.19 noise source is centered between 8 and 10 diameters downstream

of the nozzle exit. Both of these locations correspond to positions in the

flow where the amplitude of the fluctuations at these frequencies saturate

and begin to decay.

Azimuthal acoustic measurements indicate that the noise radiation from

the St = 0.19 and the St = 0.38 disturbances includes both antisymmetric

and axisymmetric modes. The lower frequency disturbance was found to con-

tain a considerably larger portion of the axisymmetric mode than the higher

frequency disturbance.
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4.	 CONCLUSIONS

Interpretations of natural jet phenomena based on the artificially

excited results of this study should be made with care. Since it was

shown that excitation not only causes dramatic changes in the initial

flow fluctuation spectra, but also can cause changes in the mean flow

spreading rate, the exact relationship between the artificially excited

flow and the natural jet are debatable. however, it does not seem un-

reasonable to expect that measured properties of the excited disturbances

such as wavelength, interaction with the core flow, and noise generatior,

mechanics are also characteristic of naturally occuring organized distur-

bances. This type of assumption has been used by previous investigators

in flows of this type (Crow and Champagne 1971; and Chan 1974) and its

application is favored by the authors of the present study.

Proceeding in the above discussed view, a number of important con-

clusions can be drawn from the measurements. The growth rates of the

initial jet instabilities and the wavelengths of the coherent disturbances

are in reasonable agreement with linear stability theory predictions. The

measured growth and decay evolution of the coherent wave amplitude seems

to be in general agreement with recent advanced stability theories developed

by Morris and Tam (1977). The noise generated by the coherent disturbances

is propagated in a primarily downstream direction which indicates that the

lobed pattern of the SPL contours is caused by noise generated from organized

disturbances. Tile results of phase measurements in the acoustic field indi-

cate that while Mach wave radiation may be present, other types of large

scale noise generation mechanisms are also present. Since most of the noise

generated by the organized disturbances seems to originate near the region

of breakdown of the coherent wave energy, it is most likely that strongly



nonlinear processes associated with large scale fluctuations are responsible

for a major portion of the generated noise.

One of the more interesting results obtained in this study was the

finding that artificial disturbances at two intermediate frequencies

(St = 0.19 and St = 0.03) were able to affect the jet core much more effi-

ciently than the higher and lower frequencies studied.	 This result is

quite similar to the result first noted by Crow and Champagne (1971) in a

study of a subsonic jet and later observed by other experimentalists (Chan

1974; Moore 1977; and Hussain and Zaman 1975). The numerous areas of agree-

ment between experiment and instability theory, together with the present

absence of a comprehensive prediction method for the frequency selection

phenomenon of axisymmetric jets, support the need for continued development

of stability type theories with application to jet flows.

ACKNOWLEDGEMENT

This research was supported by the National Science Foundation

under Grant No. ENG 75-21405 and the National Aeronautics and Space

Administration under Grant No. NSG 1467. The suggestions and assistance

of Ms. E. A. Bastion, Dr. G. L. Morrison, Dr. J. M. Seiner, Mr, J. L.

Stromberg and Mr. J. D. Swearingen are gratefully acknowledged.



.j f.
i

29
	 1

TABLE I

ACOUSTIC WAVELENGTH MEASUREMENTS

ad Ax
x

11	 a ca ao

St	 D
0

0 degrees
m/sec m/sec

0.19	 3.85 4.35 4.87 63	 48 324. 344.

0.38	 2.11 2.10 3.15 54	 56 342. 344.
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FLOWFIELD AND ACOUSTIC PROPERTIES OF A MACH
NUMBER 0.9 JET AT A LOW REYNOLDS NUMBER

by

J. L. Stromberg*, D. K. McLaughlint f and T. R. Troutt±
School of Mechanical and Aerospace Engineering
Oklahoma State University, Stillwater, Oklahoma

Abstract

An experimental study of the flowfield and
acoustic properties of a low Reynolds number (Re =
3600), M - 0.9 Jet has been performed in an anechoic
vacuum chamber test facility. The mean flowfield
was surveyed with a conventional Pitot pressure
probe and flow fluctuations were detected with a
normal hot-wire probe. Also, condenser microphone
measurements were made in the acoustic field. The
major goal of the study was to develop a better
understanding of the noise generation mechanisms of
subsonic jets.

The flow fluctuations within the jet were
found to be dominated initially by a relatively
discrete large scale wave-like instability centered
around a Strouhal number of 0.44. The axial wave-
length of this instability was determined to be
1.45 jet diameters and its azimuthal character in-
cludes both n = 0 and n = fl modes. The growth of
this instability coupled with its non-linear break-
down are major contributors to the termination of
the potential core region of the jet.

The acoustic field of the jet, in contrast to
the flowfield, has a broad frequency spectrum with
a peak amplitude near a Strouhal number of St - 0.2.
These results indicate that a non-linear mechanism
involving the large scale flow instability is re-
sponsible for a dominant portion of the noise gen-
erated from this jet.

I. Introduction

This paper presents the results of an experi-
mental study of the flow fluctuations and the noise
radiation of a Mach number 0.9 axisymmetrLe air jet.
The jet is operated at a low Reynolds number (Re =
3600) for the purpose of specifically examining the
behavior of the large scale 'orderly' structure
with particular emphasis on its noise generating
capabilities.

The 'orderly' structure in the turbulence of
free shear flows is receiving the attention of
numerous researchers since the relatively recent
identification of its existence by Brown and Roshko;
Crow and Champagne  and others. } Subsequent ex-
perimental studies by Laufer et a1 6 , Michalke and
Fuchs 7 , and Dahan and Elias e have suggested that an
orderly, coherent portion of the turbulence in a
jet is important in the noise generation process.
All of the above experiments dealt with subsonic

*Research Assistant, presently Engineer at Mechani-
cal Research and Development, Halliburton Services
Co., Duncan, Oklahoma
tProfessor, presently Visiting Aerospace Engineer,
Acoustics and Noise Reduction Division, NASA Langley
Research Center, Hampton, Virginia, Member AIAA
!Research Associate, presently Post Doctoral Fellow,
Department of Aerospace Engineering, University of
Southern California, Los Angeles, California

CnpyrigWD American Institute of Aerunautirs and
Asirunaulles. lac.. 1979. All rights reurved.

free shear flows.

For several years we have been making measure-
ments rn the flowfield and acoustic properties of
supet! ._nic jets in the Mach number range from M =
1.3 to M = 2.5. 912 These measurements have provided
a substantial body of evidence to demonstrate that
coherent fluctuations in the form of instability
waves are powerful noise generators in the super-
sonic jets.

The approach used to obtain most of our super-
sonic jet noise data was unique in that the jets
were operated at a low Reynolds number, in the range
from Re = 3700 to 15,000 This compares with most
laboratory model high speed jets which typically ex-
ceed Re = 10 6 . The low Reynolds number flows are
achieved by performing the experiments in an anechoic
vacuum chamber where the ambient pressure is main-
tained at a fraction of atmospheric pressure. Lower-
ing the Reynolds number in this fashion tends to
stabilize the jet so that it is dominated by fluctua-
tions which are characteristic of a laminar instabi-
lity in the initial stages of transition to turbulent
flow.

Observation of the flow character of these low
Reynolds number supersonic jets has produced some
surprising results. First, the mean flow properties
of the low Reynolds number jets are very similar to
reported high Reynolds number measurements in pro-
file shape and potential core length. (See for ex-
ample Lau, Morris and Fisher. 13 ) However, for the
region upstream of the end of the potential core, a
large scale, discrete frequency instability dominates
the flow fluctuation spectra. In fact the growth of
the instability is a major contributor to the devel-
opment of the mean flow profile.

Another, perhaps more important result which we
obtained from the supersonic jet noise experiments
was that the instability waves radiate noise equiva-
lent in strength to that produced by the noise gen-
erators of conventional, turbulent, high Reynolds
number jets. We also established this remarkable
fact is true in cases where the instability waves
travel downstream subsonically with respect to the
ambient air thus precluding the possibility of eddy
Mach wave radiation in these cases. Such a deter-
mination is substantial motivation for the develop-
ment of a noise generation theory which models some
portion of the organized structure of turbulence
within the jet as instability waves.

Instability theories for jets in the subsonic
to supersonic flow regime are currently under develop-
ment by several researchers. Early analyses by
Lesson and his co-workers 14,15 were followed by many
other instability analyses 16-24 some of which have
been motivated by the noise generation problem. In
addition, turbulence modeling, using an instability
like wave formulation as a basis has been undertaken
by Liu, 25 Morris 26 and Tam and Cher.. 27 Large scale
structure analytical modeling of turbulent jets
using some form of stability theory appears to hold



considerable promise particularly for the prediction
of the noise radiated by the jets. Results which
have been obtained from the earliest formulations
of several renearchers1P 26" a^96 indicate that
more sophisticated analyses may produce accurate
predictive capability.

In the Mach number range of the present study
(around M a 0.9) only the analyses of lesson et al"
and Miebalke 16 apply. (All other analyses mentioned
above are for either the inc:r,pressible or the
supersonic jet.) Comparisons will be made in this
study with the analysis of Michalke since he uses a
more realistic family of velocity profiles than do
Lesson et al.

The overall goal of the present research is co
extend the techniques successfully employed in our
laboratory in the study of supersonic jets into the
subsonic flow regime to investigate the role of
large scale instabilities in the noise production
process. The specific objectives of the study ure
to perform experiments on a low Reynolds number
M y 0.9 axisymmetric, cold air jet to:

(1) characterize the nature of the large scale
flow fluctuations by making hot-wire
measurements to determine the growth rate,
wavelength, and wave€runt orientation of
the dominant spectral components;

(2) determine the general properties of the
acoustic field with single microphone sur-
veys and two--microphone cross correlations;
and

(3) relate the radiated noise to the flow fluc-
tuations to identify and gain understanding
of the dominant noise generating mechanisms.

11. Description of the Experiments

The experiments were performed in the free jet
test facility shown schematically in 'igure 1. This
faciltiy has been described in detail in references
10, 11 and 31 so that only a brief description will
be included in this paper. The 0.7 x 0.8 x 1.2
meter anechoic vacuum chamber and the 5 cm Scott
Pyrell acoustic foam liner produce an anechoic en-
vironment for frequencies above 1 kHz. All signals
are high pass filtered to eliminate the portion
caused by the low frequency acoustic resonance of
the test chamber. within the frequency range of
interest, the reverberant pressure field has been
estimated to be less than 2db.

The facility is equipped with a 3 directional
probe drive, Pitot pressure and hot-wire probes,
and 8 6 K 1/8 inch (3.2mm) diameter type 4138 con-
denser microphones. The hot-wire probes are operat-
ed in the constant temperature mode with DISA 55 M
electronics having a frequency response in excess
of 40 kHz.

The simple converging nozzle has a contour
shown approximately in Figure 3. The contour coor-
dinates were taken from Smith and Wang 32 who design-
ed a nozzle to provide uniform parallel flow at the
exit with an exit diameter D of i.9 mm. The stil-
ling section has acoustic foam, perforated plates,
a honeycoMb section and 6 fine mesh screens. Air
is supplied to the stilling chamber from compressed
and dehumidified air srorap^. The stagnation temp-
erature of the jet flow is room temperature (ap-
proximately 297K).

For some of the measurements presented the jet

was artificially excited using a glow discharge ex-
citation device developed and reported earlier.9
The exciter consists of a 1.5 mm tungsten electrode
insulated with ceramic tubing and positioned approxi-
mately 2 mm from the nozzle exit. The level of ex-
citation is relatively low so that in most cases it
has a small effect on the development of the natural
Instability. however, it does provide the phase
reference necessary to make instability wavelength
and wave orientation measurements.

Sound pressure level data in this paper is pre-
sented using a reference pressure scaled to the
ambient pressure in the test faciltiy:

P

pref = (2 x 10 5) {pc ) N /m2 , whore
a

p is the pressure of the test chamber ai.' p is
sandard atmospheric pressure. A total unc.atainty
of a 3-ib was estimated for the sound pressure level
data which includes the uncertainty due to chamber
reverberation effects.

The relative phase of the hot-wire (or micro-
phone signal) referenced to the excitation signal
was measured with a Saicor Model SAI 43A correlation
and probability analyzer in the cross correlation
mode. The procedure used was to measure the time
lag to the peak of the cross correlation (between
the exciter and sensor signals) for various probe
positions. The Saicor analyzer was also used in the
enhance mode, in order to phase average the sensor
signal using the exciter signal as a time reference.
The phase averaged signal is mathematically expres-
sed as:

N

<e (t)> N- N E

n=o

e(C	 nT)
ll

where T is the period of the fundamental coherent
component in the jet (and of the excitation) and t
is time. In this manner the coherent portion can be
extracted from the full signal and a measurement of
the fraction of coherent structure in the full spec-
trum can be obtained.

All measurements reported in this study were
obtained at a jet Reynolds number of Re = 3600.
This Reynolds number was chosen because the funda-
mental instability was most clearly apparent at this
flow condition. Measurements at higher and lower
Reynolds numbers near 3600 indicated that the char-
acteristics of the flow fluctuations were not strong-
ly dependent on Reynolds number in this range. How-
ever, if the Reynolds number is increased by an or-
der of magnitude the shear layer close to the nozzle
exit becomes unstable and the downstream flow fluc-
tuations become much more complex.

A summary of the jet conditions is presented in
Table 1.

Table 1. Jet Test Conditions

Exit Mach
number M 0.90

Nozzle exit
diameter D 7.9 mm

Jet exit
velocity G 284	 m/sec

Jet Reynolds
number Re 3600
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Table 1 (continued)

Jet Characteristic
frequency	 U/D 35.9 kHz

Jet stagnation
pressure	 po 17.1 N/m2	for nominal

Test chamber
2	

Re
pressure	 pc 10.1 N /m	 condition

Jet stagnation
temperature	 To	 297 K

Coordinate
system	 x,r,9

III. Properties of the Flow Fluctuations

Mean Flow Measurements

Figure 2 presents mean Mach number profiles in
the jet deduced frc,: Pitot pressure data using the
assumptions that the Pitot p robe measures local
stagnation pressure and the local static pressure
equals the ambient test chamber pressure. The
measurements demonstrate flowfield features which
are common with conventional, high Reynolds number,
turbulent jets. The jet exits the nozzle with ap-
proximately uniform flow surrounded by a thin cylin-
drical shear layer. The shear layer thickens until
it merges at the end of the potential core, which
in this jet occurs at about six diameters downstream
of the jet exit. The length of the potential core,
clearly distinguishable by the centerline Mach num-
ber distribution presented in Figure 3, is approxi-
mately the same as Lau et a1 13 found in a high Rey-
nolds number, M - 0,9 jet. It appears that for the
low Reynolds number Set, the momentum transport of
the instability waves in combination with the mole-
cular viscosity is approximately equivalent to the
turbulent mixing of the conventional high Reynolds
number jet,

Spectral Content of Hot-Wire Fluctuations

Figure 4 presents several hot-wire frequency
spectra with the probe positioned at various axial
locations in the jet shear layer at the radial lo-
cation of maximum fluctuation level. These spectra
show that an instability with a relatively discrete
frequency, centered at a Strouhal number of St -
fD/U . 0.44, dominates the initial fluctuations in
the jet shear layer. This instability is similar
to those typically measured previously in low Rey-
nolds number supersonic jets. (See references 9-11).
As in our previous experience, 9-11 the frequency of
the instability drifts a little from day to day
despite close control on the jet conditions. How-
ever, in all cases measured the primary instability
varied no further than 10% from the St = 0.44 value.

The initial non-linear processes become ap-
parent in the frequency spectrum at x/D - 5 shown
in Figure 4 as well as in the spectrum shown in
Figure 5 corresponding to a probe location of x/D a
4. The spectrum presented in Figure 5 was recorded
with the probe located inward from the radial loca-
tion of maximum fluctuation level. Attention is
drawn in these two noted spectra, to the minor spec-
tral peaks at St - 0.22 and 0.29. Note that these
frequencies are exactly one-half and two-thirda of
the frequency of the primary instability (St-0,44).

Browand and Laufer 33 conducted extensive flow
visualization experiments with ws,ter jets in the

Reynolds number range from 5000 to 15,000, the re-
sults of which are pertinent to this study. They
found the initial development of the jet tr+ be con-
trolled by the coalescence or pairing of discrete
vortex structures. The vortex structures result
from the migration of vorticity, present in the in-
stability waves, toward regions of vorticity concen-
tration. These structures occur in both axisymmetric
(donut shaped) and helical azimuthal shapes. The
pairing of donut vortices produces a larger vortex
with a passage frequency which is one-half of the
pre-pairing frequency. The coalescence of a helical
vortex produces a structure with a passage frequency
which is two-thirds of its original value. The one-
half, and two--thirds frequencies of the initial in-
stability noted above in the discussion of our
measurements are consistent with this vortex inter-
action description of the developing region of the
jet. Detailed phase measurements discussed later
lend further support to this sceneries.

Downstream of x/D = 5 a second stage of non-
linear development is evidenced. Several discrete
peaks are present in the frequency spectrum at x/D =
7, and by x/D - 8 the flow is almost completely
turbulent. The numerous discrete peaks are similar
to thr.se measured in a two-dimensional mixing layer
by Miksad 34 which he attributed to the non-linear
interaction of discrete spectral components in the
flow. The broad 'turbulent' spectra are a result of
the total disintegration of the orgarLa:ed structure
of the jet.

Instability Characterization

Conventional hydrodynamic instability analyses
such as performed by Michalke 16 cast the disturbance
quantities in the following wave form-

q(x,r,9,t) = 9 (r) Re (exp [i (krx-wt+n9)-kix]}

where Re here stands for the real part of ( }.
Determination of the eigernvalues (kr and k i) cor-
responding to the combinations of n and w of the
dominant spectral components are required to charac-
terize the instability. These quantities can be
measured with the hot-wire probe.

Accurate quantitative measurements with a hot-
wire probe in low Reynolds number, transonic Hach
number flows is extremely difficult. Perhaps be-
cause of this, little published data '_s available
corresponding to this flow regime. The most pertin-
ent information is contained in Horstman and Rose35;
however, the local Reynolds number range of their
measurements is an order of magnitude higher than
that of the present study. The technique used to
reduce our raw hot-wire data is discussed in detail
in Stromberg. 71 In summary, the hot-wire voltage
fluctuations were found to be proportional to local
density fluctuations (p') in the flow. This unusual
result is a consequence of the overwhelming propor-
tion of heat transfer from cue wire that is end-loss
conduction to the wire supports. (See Reference 36
for a discussion of this problem.)

Figure 6 depicts the growth of the dominant
spectral component in the flowfield as the St = 0.44
component of n'rpq/1 is plotted as a function of the
axial coordinate. The data for this figure was
gathered at a constant radial location of approxi-
mately r/D - 0.35, a location which maximizes the
hot-wire fluctuating voltage e'	 The data of
Figure 6 shows that the St = 0.	 component grows
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approximately exponentially with a growth rate of
-kiD - 2.•1 for the first 3 diameters downstream of
the nozzle. Beyond x/D - 3 the measurements indi-
cate a slowing of the growth rate (probably due to
non-linear effects) leading to an amplitude equili-
bration region extending from approximately x/D a 4
to x/D = 6. Beyond x/D - 6, which is near the end
of the potential core, the fluctuation amplitude
steadily decreases.

The measured initial growth rate of the St -
0.44 component was compared to 

F 
?redictions of the

stability analysis of Michalkeusing the mean
velocity profile at x/D e 1 (deduced from the Mach
number data of Figure 2). The input parameters to
Hichalke's analysis were thus calculated to be
D/26 - 18 and To /Tjet - 1.16 where 9 here refers to
the moment:^ thiclmess of the shear layer of the
jet. For these conditions the analysis of Michalke
predicts a growth rate of -k iD - 2.0 for the St =
0.44 component of the instability which is within
the experimental uncertainty of the measured
growth rate. (Considerable extrapolation of the
data in Michalke's paper was required to obtain
this result).

The accuracy of Michalke's theory in predict-
ing the growth of the primary instability is en-
couraging. However, some of the details of the
phenomenon are not predicted by the results con-
tained in his paper. Although the peak frequency
of the predicted amplification curve corresponding
to the mean flow parameters at x/D = 1, is within
the range of the St = 0.44 measured instability,
the theory does not predict the sharp frequency
selection that the measurements demonstrate. In
addition, the theory does not appear to predict the
details of the subharmonic production measured here,
and visualized by Browand and Laufer3 3 Nevertheless,
the theory does have an automatic frequency down-
shifting mechanism as the mean profile changes to
an approximately Gaussian shape. In our view,
further analytical development, along with more
detailed experiments, should prove to be both in-
teresting and profitable.

Aside from the growth properties, it is im-
portant to the characterization of the instability
to determine the wavelength, phase velocity and
wave-orientation of the dominant spectral compo-
nents. To this end the relative phase 4^ of the
hot-wire signal referenced to the excitation input
signal was measured for several spectral components.
In this manner the axial wave number kr , and in two
cases the azimuthal mode number n were determined.
The results of the measurements are of fundamental
importance to our interpretation of the flow and
noise generation phenomena.

Figure 7 is a plot of relative phase ^ versus
axial position for the Mach number 0.90 jet ex-
cited at St - 0.22, 0.44, 0.55, and 0.69. A
straight line was fit to each set of data using a
least squares linear regressior. The wavelength
was determined from the slope of each line and the
phase velocity was calcula t ed from the frequency
and the wavelength. The resulting wave properties,
tabulated in Table 2, are in the expected ran a of
values based upon previous experience of ^.ban
and Morrison and McLaughlin" (See Stromberg 31 for
details of comparison.)
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Table 2. Wave Properties of Various Spectral
Components of the Flow Fluctuations

	

Frequency Wave	 Wave-	 Phase	 Azimuthal

	

Component Number length 	 velocity mode

	

St	 krD	 X/D	 c/U	 n

	

0.22	 2.03	 3.10	 0.68	 0

	

0.44	 4.34	 1.45	 0.64	 0 and	 +1

	

0.55	 4.9i	 1.28	 0.70	 -

	

0.69	 6.51	 0.97	 0.67	 -

Azimuthal phase measurements with the hot-wire
probe were made of both the St = 0.44 and St = 0.22
spectral components. The phase distribution of the
primary instability (the St = 0.44 component) is
presented in Figure S. For these measurements the
probe was positioned at x/D = 5 and at the radial
location of maximum hot-wire fluctuations at this
frequency. The curve that is drawn through the
data represents the phase distribution obtained from
a modal decomposition of the form:

Q(6) = Ao e zao + Al aie + A-1 a-i8

This represents the a dependence of a disturbance
made up of a superposition of right and left hand
helicies (n = 1 and n -1 azimuthal mode numbers)
and an axisymm,?tric (n = 0) mode. The curve is the
result of a numerical fit to the data resulting in
the following choice of parameters:
AO = 0.5, A. 1 = .63, A- 1 = .85 and a° = -60°
This data indicates the St = 0.44 instability
has slightly different amounts of right and left
hand spiral mode and a significant amount of axisyw-
metric mode.*	 Exactly equal right and left hand
helicies superpose to produce a flapping, or sinu-
soidal instability mode of the type found by Morri-
son and McLaughlin" in supersonic jets.

Figure 9 presents the phase distribution for
the St - 0.22 component of the flow fluctuations.
This data demonstrates a predominantly axisymmetric
mode for this spectral component. Several important
points should be made regarding the determined
azimuthal phase behaviour of the St = 0.22 and St =
0.44 components in the flow. It is perhaps not un-
expected to find both the n = 0 and n = 1 modes as
such was the case in the subsonic jet measurements
of Browand and Laufer," Michalke and Fuchs,'Chan,al
and Dahan and Elias, a and the supersonic jet
acoustic field measurements of Dutt36 and Troute7
However, the determination of two azimuthal modes
represents a new feature in the experimental ex-
perience gained in our laboratory. Extensive
measurements of iow Reynolds Number supersonic jets,
s-Li have shown that the supersonic jet instability

is dominated by the helical (n = +1 or n = -1)
modes. In the case of the supersonic jets, from
M = 1.3 to M = 2, 5 1D02 the n = +1 mode proved to be
a powerful noise generator. However, as will be
seen in the next section, the helical instability
does not directly radiate significant noise.

Finally, it is important to recognize that the
axisymmetric mode of the St = 0.22 component was
excited by an asymmetric disturbance, the point

*Stromberg interpreted these and additional phase

measurements such that only the n = +1 modes were
present in the jet. However, further analysis

using only our most reliable data (Figure 8) result-

ed in the multimodal decomposition discussed herein.
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exciter. In private communication, several re-
searchers have doubted the ability of the point
exciter to do this.

Acoustic Field Measurements

Figure 10 presents the results of near field
sound pressure level (SFL) measurements of the
Mach number 0.9 jet. (As in all the hot-wire
measurements the Reynolds number of this jet was
Re = 3600.) It is evident from comparing the SPL
measurement of Mollo-Christensen et al 39 in a high
Reynolds number M = 0.9 jet, that the noise radia-
tion of the two jets is approximately equivalent.
The shape and amplitude of the two jet's SFL con-
tours are very similar. As mentioned earlier,
McLaughlin et a1 19 showed that the noise fields of
Low Reynolds number supersonic jets are also very
similar to their high Reynolds number counterparts
in all cases the low Reynolds number jets produce
noise equivalent in strength to the high Reynolds
number jets of the same Mach number.

Figure 11 presents a nearfield acoustic
spectrum recorded with the microphone located at
approximately the angle of maximum noise emission.
The figure shows that the noise produced by the jet
i,as a rather broad spectral distribution which
maximizes near St - 0.2. This spectrum is repre-
sentative of spectra recorded at various positions
in the near field in the general vicinity of the
maximum noise radiation angle. A comparison of the
spectrum dopicted in Figure 11 with the hot-wire
spectra of Figure 4, -which were dominated initially
by ar St - 0,44 component, indicates that this
component does not directly generate the dominant
portion of radiated noise. This result is astonish-
ing in that it is in direct contrast with our pre-
vious results for low Reynolds number supersonic
jets. E0,k2 1n the low Reynolds number supersonic
jets, from Mach number 1.3 to 2.5, the acoustic
spectra are dominated by the large scale discrete
jet instability frequency. A typical example is
shown in the spectra presented in Figure 12 cor-
responding to the M - 1.4 jet, measured by Morrison
40 in the same facility as the present study. This
figure which includes both hot-wire and microphone
spectra demonstrates that the large scale jet in-
stability at St - 0.33 is a direct generator of a
dominant portion of the radiated noise. It is
again emphasized, that phase velocity measurements}1
determined that the instability waves in the M =1.4
jet travel subsonically with respect to the acoustic
velocity of the ambient air. Consequently a simple
explanation of the contrasting behavior of the two
jets based on a Mach wave radiation mechanism for
the supersonic jet is not appropriate.

Response of the Jet and its Acoustic Field to Pure
Tone Excitation

The ,response of the acoustic field of the jet
to artificial excitation was measured with a micro-
phone located at a position x/D - 20, r/D = 6,
corresponding to the maximum noise emission region
of the naturally excited jet. The response of the
microphone is plotted in two ways in Figure 13.
The dotted line joins data obtained after band pass
filtering the microphone signal, using a bandpass
of 100011z around the excitation frequency. The
solid line joins data obtained from the unfiltered
microphone signal. Also shown is the level the
microphone measured in the unexcited jet. The
natural jet spectrum is similar to the one shown

in Figure 11. The data clearly demonstrates that
the preferred apectral component of the acoustic
field of the jet is around St = 0.22. Excitation
of the jet at this frequency slightly enhancea the
sound pressure level measured by the microphone,
while excitation at a frequency slightly above or
below St = 0.22 actually attenuates the radiated
noise of the jet. Excitation at a high frequency
including St - 0.44 appears to have little effect
on the acoustic field of the jet. It continues to
radiate noise of about the same magnitude around
St = 0.2.

The behavior of the jet with low excitation
frequencies (less than St = 0.1) or frequencies
near St = 0.3 is intriguing. Substantial quieting
of the jet was obtained by exciting at these fre-
quencies. The reader is cautioned that more ex-
tensive measurements are required before substantial
conclusions may be drawn regarding this phenomenon.
The picture is rather confusing on this point since
apparently conflicting evidence has been gathered
by different researchers. Both Moore41 and Bechert
and Pfizenmaiei.42 have measured an increase in the
broadband component of farfield noise due to small
levels of pure tone excitation of the jet near a
Strouhal number of 0.5. On the other hand, Kibens43
has measured a decrease in the broadband component
of radiated noise with pure tone excitation of the
shear layer of the jet. No doubt the details of the
forcing play an important role in the noise radia-
tion properties of these jets.

As shown in Figure 14 the flowfield response
to discrete tone excitation is considerably differ-
ent from that of the acoustic field. This data
shows that the jet fluctuations maximize when the
jet is excited at a frequency of about St = 0.4.
A secondary peak in the response, at St = 0.2, is
also evident corresponding to the peak observed in
the acoustic response data	 As in the acoustic
data, definite attenuation of the jet fluctuations
occurs for excitation frequencies slightly above or
below the dominant St = 0.4 component. The two
curves in Figure 14 are the full spectrum and band-
passed signals, as in the acoustic data of Figure 13.
The hot-wire probe was located in the middle of the
shear layer, five diameters downstream of the exit
for all measurements.

Note the slightly increased response of the
full spectrum of jet fluctuations to excitation near
St = 0.8. This appears similar to the response of
a low subsonic Mach number jet measured by Hussain
and Zaman. 44 in their situation, initial vortices
were formed with a passage frequency in the St =0.8
range which paired to produce a larger structure in
the St = 0.4 range of passage frequency. The mea-
surements in Figure 14 indicate a similar initial
pairing as well as a subsequent pairing to a pas-
sage frequency of St = 0.2.

The azimuthal character of the radiated noise
was investigated by measuring the relative phase in
the cross correlation of two microphones placed at
the same axial and radial location near the maximum
noise emission angle of the ,jet. The azimuthal
angle 6 between the two microphones was varied and
the jet was excited at the acoustic field's peak
response frequency (at = 0.22) to enhance the cross
correlation. As shown by the data in Figure 15, the
St = 0.22 component of the acoustic field is pre-
dominantly axisymmetric. This contrasts with phase
measurements made by Troutt37 of a moderate Reynolds



number M - 2.1 jet which possesses a considerable
portion of asymmetric (helical or flapping mode)
as well as axisymmetric acoustic radiation. Even
though the St . 0.22 component of the M = 0.9 jet
noise is predominantly axisymmetric, the acoustic
field also contains a measurable portion of helical
mode. Obviously the noise generation process is
a multifaceted one resulting from several fluid
dynamical actions. This contrasts with the low
Reynolds number supersonic jet whose noise is
generated primarily by the disintegration of the
fundamental helical instability.

IV. Conclusions

The mean flow of the low Reynolds number
M = 0.9 jet was found to develop in much the same
manner as does the conventional high Reynolds num-
ber M - 0.9 jet.13 A large scale discrete frequen-
cy instability centered around St = 0.44 was found
to dominate ti.e natural flow fluctuations in the
jet shear layer prior to the end of the potential
core region. Near the end of the potential core
non-linear flow interactions shift the spectral
content to lower frequencies, most notably the
112 and 2/3 subharmonics of the fundamental. These
non-linear interactions may be attributable to the
vortex pairing phenomene observed the low speed
axisymmetric jet 3a

Using the artificial excitation mechanism
the axial wavelength of the fundamental instability
(the St - 0.44 component) was determined as were
the wavelengths of the St = 0.22, 0.55 and 0.69
components. The axial phase velocities of these
spectral compone..'.s calculated from the dispersion
relation, were found to be between 0.6 and 0.7
times the mean jet exit velocity.

The azimuthal phase distribution of the pri-
mary instability is consistent with one produced
by simultaneous axisymmetric (n = 0) and helical
(n = ±1) modes. The azimuthal phase distribution
of the subharmonic at St - 0.22 is predominantly
axisymmetric (n = 0).

The sound pressure level contours measured for
the low Reynolds number M = 0.9 jet are approxi-
mately the same as those reported for the high
Reynolds number jet. 32 Arcund the angle of maximum
noise emission the acoustic spectra were found to
have broad frequency content centered around St =
0.2. This observation is in direct contrast co
our previous experience with low Reynolds number
supersonic jets whose noise spectra are dominated
by the fundamental jet instability frequency.

The St - 0.22 component of the radiated sound
was determined to have an axisymmetri-- phase dis-
tribution. However, some portion of the radiated
noise has the same asymmetric behavior determined
for t'ie fundamental St = 0. 6 4 instability. In
summary, the noise generation results from compli-
cated non .-linear interactions which follow the
development o: the fundamental instab-' +.ty. The
results are not inconsistent with a vortex pairing
model for noise generation first proposed by Laufer
at ale and discussed further by Browand and Laufer,

Davis and Hardie r and Ffowcs Williams and
Kemptor?"
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CHAPTER I

INTRODUCTION

A. Background

In the past 25 years extensive research has been devoted to the

study and control of the noise produced by high speed exhaust jets. Many

ad hoc attempts have been made to control this noise, but still there is

no completely satisfactory jet noise suppressor on commercial aircraft at

this time. Clearly, if we are to develop effective jet silencers in the

future, a thorough understanding of the jet noise generation processes is

needed.

Early theoretical analyses of aerodynamic noise generation were able

to approximately predict the radiated acoustic field if the distribution

of acoustic sources within the jet flow were known (1) through (7).

These theories provided considerable understanding of the noise genera-

tion processes. However, since the understanding of the actual flow

fluctuations composing the source terms was limited, these efforts typi-

cally only resulted in simple scaling laws, particularly in supersonic

jet noise analyses.

Originally, the flow fluctuations in turbulent free shear flows were

considered to be completely random in nature. In recent years, however,

a number of experimental studies have indicated that a coherent structure

exists in these flows (8) through (11). It has also been hypothesized

1
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that this organized structure which is large scale in nature, may be of

fundamental importance in the noise generation processes (12) (13) (14).

Presently there is extensive debate over the description of the

large scale disturbances. The works of Laufer et al. (15) and Lau et al.

(11) among others interpret these coherent disturbances as vortex struc-

tures that tend to interact (pair) as they convect downstream. The pro-

cess in which these structures interact has been proposed to be an

important mechanise of subsonic jet noise generation (15) (16). Other

researchers have attempted to model the organized fluctuations as insta-

bility waves (17) through (21). Of these theories, Morris and Tam (21)

have developed the most comprehensive noise prediction model for super-

sonic jets. Their model can be used to calculate the noise generated by

the large scale instability waves from a matched asymptotic expansion

method. Their predictions are found to be in reasonable agreement with

the experimental results of Yu and Dosanjh (22) for an M = 1.5 jet.

B. Subject of Research

Over the last few years, extensive experimental measurements have

been performed in an ongoing high speed jet noise research program at

Oklahoma State University (23) through (28). The major goals of this

research were to provide understanding of the noise generation processes

and to provide the experimental framework upon which more accurate jet

noise theories could build. The measurements were concentrated on the

flowfield and acoustic properties of high speed jets in the Mach number

range from M = 0.9 to M = 2.5. A unique approach was taken to obtain

most of these data io that the jets were operated at a low Reynolds num-

ber, in the range from Re = 3700 to 15,000. Additional measurements
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were performed at a moderate Reynolds number (Re = 70,000) most recently

by Troutt (28).

Lowering the Reynolds number from that of conventional laboratory

jets exhausting to the atmosphere (Re =, 1 x 10 6) produces several experi-

mental advantages. The low density of the flows allows standard hot-wire

anemometry techniques to be employed for measurement of the fluctuating

flow properties. Also the small scale turbulence which tends to mask the

coherent flow structure is decreased, making the structure's detection

and characterization easier.

These experimental studies have shown that for low Reynolds number

(transitional) supersonic jets there are instability waves present which

can be characterized by a linear stability theory aad that these insta-

bility waves produce a major portion of the noise radiated by the ,jet

(23) (24). The noise produced by the instabilities was also found to

have comparable amplitudes and directivity patterns to those of high

Reynolds number jets. These results suggest that coherent flow disturb-

ances in the form of instability waves are powerful noise generators and

that the theoretical approach taken by researchers such as Tam (17), Liu

(19), Morris (20), and Chan (18) holds promise.

Results of the low Reynolds number subsonic studies (M = 0.9) show

comparable acoustic properties to those of a high Reynolds number fully

turbulent jet. However, an interesting phenonemon in contrast to previ-

ous work with low Reynolds number supersonic jets was observed. The

flow and acoustic fields were found to be dominated by quite different

peals frequencies. This finding strongly indicates that the noise genera-

tion probably results from a mechanism different from that of a super-

sonic jet. In fact, Stromberg, McLaughlin, and Troutt (27) suggest that
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the vortex pairing model proposed by Laufer et al. (15) might be appro-

priate for this subsonic jet.

The present study was intended primarily to extend the work done

previously on the low Reynolds number (Re < 10,000) supersonic jets by

Morrison and McLaughlin (25) (26). The approach has been to make more

detailed flow and acoustic measurements in and around the major noise

production region of the jets (i.e., near the end of the potential core).

The chosen Mach number of the jets for a majority of the measurements

was M = 2.5. It was considered experimentally advantageous to perform

most of the measurements at this Mach number so that most of the tran-

sonic hot-wire problems were avoided.

C. Objectives

The overall goal of the present study was to increase the under-

standing of the flow processes in the noise producing region of super-

sonic jets with emphasis on the nonlinear processes and their role in

the jet instability and turbulence development. In the future analysis

of dominant jet instabilities and the resulting noise production, it

will become increasingly desirable to quantify some of the important

nonlinear processes.

Nonlinear processes* have two direct effects on the flow:

1. They broaden the spectral distribution of the fluctuations and

produce high amplitude harmonics and subharmonics of the dominant spec-

tral components.

*It should be noted that the primary nonlinear terms in the gov ern-
ing flow equations occur in the Reynolds stress tensor. The term p u'v'
is the most important component, since it is responsible for the trans-
port of x-momentum in the radial direction.
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2. They increase the mixing (or simply the momentum transport) in

the shear layer so as to have a direct effect on the mean flow proper-

`i es.

Thus the specific objectives of this study are as follows:

1. To quantify and characterize some of the important nonlinear

processes in the jet flow (i.e., the production of Reynolds stress).

2. To determine what portion of the flow fluctuations is attribut-

able to random turbulence.

3. To obtain information relating the radiated noise to the flow

fluctuations in order to gain more understanding of the dominant noise

generating mechani r .

Satisfying the above objectives would give valuable information con-

cerning the significance of nonlinear instability interactions as well as

test the appropriateness of a wave model description of the dominant jet

fluctuations. Experimental evidence established from these measurements

should also be helpful in the ^tzvelopment of future instability/turbu-

lence models.	 --'



CHAPTER II

EXPERIMENTAL APPARATUS

A. General Facility

The experiments in this study were performed in the Oklahoma State

University free jet test facility shown in the schematic diagram of

Figure 1 (see Appendix). This facility is unlike any other in the United

States in that it allows experimental measurements of a jet to be made in

a low pressure anechoic environment. The facility consists of three sec-

tions: a compressed air source and stilling chamber to supply the jet

stream, a test chamber section, and a vacuum system to provide the low

pressure environment.

Compressed air is supplied to the jet facility from a 1.8 cubic

meter storage tank through a pressure regulator, a throttling valve, and

a stilling section. The compressed air is dehumidified prior to storage

and the compressor is shut down during the actual experimental measure-

ments to eliminate extraneous vibrations to the system. The pressure

regulator and throttling valve combination were used to control the stag-

nation pressure of the jet. The stilling section is 15 cm in diameter

by 55 cm in length and consists of a 5 cm length of acoustical foam,

three perforated plates, a 7.6 cm honeycomb section, and six fine mesh

screens all to perform turbulence reduction and flow management.

A cubic contoured contraction section (area ratio greater than

200:1) connects the stilling section to the jet nozzle in the nest

R'
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chamber. Several different axisymmetric supersonic nozzles were used in

this study: design Mach number M = 2.5 with an exit diameter (D) of 9

stun, and Mach numbers M = 2.1 and M = 1.4 with exit diameters of 10 mm.

The inviscid nozzle contours were determined using the method of charac-

teristics to obtain, a contour which gave uniform parallel flow at the

nozzle exit (29). A boundary layer correction was also added correspond-

ing to an average Reyr, ds number condition (10,000 < Re < 20,000).

The jet exhausts into a 0.7 x 0.8 x 1.2 meter vacuum chamber with a

5 cm thick Scott ryreil acoustical absorption form liner. This combina-

tion produces an anechoic environment for frequencies above one kilo-

hertz. The vacuum chamber is depicted in Figure 2.

This test chamber is equipped with a probe drive system capable of

translation in three orthogonal directions (x, y, z) and rotation in the

horizontal plane (x-z plane). precision ten-turn potentiometers incor-

porated in the system provide D.C. voltage readout proportional to the

probe location. This sytem gives accurate and repeatable positioning of

various sensor probes: normal hot-wire probe, crossed hot-wire probe,

pitot pressure probe, static pressure probe, or condenser microphone.

Another stationary probe may also _b." 	 above the jet in the verti-

cal plane through the ce.n cerl Mir .

Each jet nozzle is equipped with a glow discharge device which was

used to artificially excite the jet. The method of excitation was simi-

lar to the technique reported earlier by Kendall (30) and was used in

previous studies at Oklahoma State University (23) through (28). The

excitation device consists-of a 1.5 mm diameter tungsten electrode in-

sulated with ceramic tubing and mounted within 2 mm of the nozzle exit.

An oscillating glow discharge is established by applying an alternating
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voltage biased to a large negative potential (-300 volts O.C.) to the

electrode. The frequency of the alternating voltage can be varied using

a signal generator, thus allowing a small controlled disturbance to be

input to the jet.

The vacuum chamber has an exhaust diffuser with a variable throat

which allows constant and accurate control of the pressure in the cham-

ber. The diffuser is connected to a 0.1 m 3/sec Kinney vacuum pump by

way of 15 meters of piping and a 30 cubic meter vacuum storage tank.

Thus pressure fluctuations and vibrations from the vacuum pump have a

negligible effect on the test chamber environment.

B. Instrumentation

Pressure measurements were made with a silicone oil (specific

gravity of 0.93) manometer and a mercury manometer, both referenced to a

vacuum of 30 microns of mercury, absolute pressure. Pressure taps were

located at various positions in the facility to measure stilling chamber

stagnation pressure, nozzle static pressure, and test chamber pressure.

By controlling both the stilling chamber stagnation pressure and the

test chamber pressure, it was possible to obtain a perfectly expanded

jet at a given Reynolds number over a wide range.

Acoustic measurements were made usin g a 3.175 mm diameter Bruel and

Kjaer condenser microphone type 4138 and associated B & K type 2618 pre-

amplifier and type 2804 power supply. The microphone has omnidirectional

response within T 3 dB for frequencies up to 60 kHz. Calibration of the

microphone was performed in a low pressure environment using a B & K type

4220 piston phone. Previous studies have shown that the calibration is

essentially independent of the ambient pressure (24).



s
y

Flow fluctuation measurements were made using DISA constant tempera-

ture anemometry electronics that consisted of a PISA 55MOI main frame

with a 55M10 standard bridge (two anemometers were needed in crossed hot-

wire measurements). The normal hot-wire probes were DISA 55A53 subminia-

ture probes mounted on slender brass wedges. Crossed hot-wire probes were

constructed from round jewelers broaches, perforated thermocouple ceramic

insulators, and 5 micron diameter platinum-plated tungsten wire. These

were also mounted on brass wedges. Normally the frequency response of

the hot-wire probe (normal or crossed) and electronics was found to be

near 60 kHz based on square wave response tests. For total level mea-

surements both the hot-wire and microphone signals were band-pass fil-

tered from 3 kHz to 60 kHz to remove chamber and electronic resonances.

Construction details of the hot-wire probes are shown in the schematic

diagram of Figure 3.

Using a technique similar to that given by Rose (31) (32) it was

possible to simultaneously measure the instantaneous axial mass velocity

fluctuations and radial velocity fluctuations from the crossed hot-wire

probe (refer to the Experimental Procedures chapter). This required

special electronics to instantaneously add and subtract the two crossed

wire outputs. Using multiplication electronics it was also possible to

obtain a component of the Reynolds stress tensor. These electronic con-

figurations were constructed from commercially available analog devices

and are detailed in the schematic diagram of Figure 4.

Frequency spectra of both the hot-wire and microphone signals were

made using a Tektronix 7L5 spectrum analyzer. A constant bandwidth of

one kilohertz was used to generate all spectra in this study. Correla-

tion and phase-averaging of sensor signals were performed using a Saicor
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model 5AI 43A correlation and probability analyzer. Both instruments

have frequency response in excess of 100 kHz and were considered ade-

quate for this study.



CHAPTER III

EXPERIMENTAL PROCEDURES

A. General

The majority of the experimental measurements contained in this

study were performed on a perfectly expanded (nozzle exit pressure P  is

maintained within 2% of jet back pressure P ch ) jet of nominal Mach number

M = 2.5 and Reynolds number of approximately 8700. These conditions were

chosen to correspond to those used in work done previously by Morrison

and McLaughlin (25) (26). Additionally, jets of Mach number M = 2.1 and

1.4 were used in the calibration of the cross hot-wire probes. The stag-

nation temperature of the jets was room temperature (approximately 294 K).

A facility coordinate system (origin at the jet exit) used in all

measurements is shown in Figure 5. Positioning within this coordinate

system was done based on the effective jet diameter d and most of the

data presented in this study is nondimensionalized using this diameter.

The effective diameter is defined to be the physical jet exit diameter D,

minus twice the displacement thickness of the boundary layer (the ratio

D/d was 1.12 for the M = 2.5, Re = 8700 jet).

B. Crossed Hot-Wire Procedure and Data Analysis

The fluctuating properties (axial mass velocity and radial velocity)

of the jet flow were obtained using a crossed hot-wire anemometry

4 I
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technique similar to that given by Rose (31) (32). The validity of this

data reduction procedure in supersonic flaw requires that the Mach num-

ber of the flow normal to the hot-wire be above 1.2. A crossed hot-wire

probe consists of wires inclined approximately 45 degrees to the mean

flow direction; thus, detailed measurements were made primarily in the

Mach number M = 2.5 jet and in regions of its flow where the Mach number

normal to the wire satisfied this criterion.

A71 measurements using the crossed hot-wire were made with the probe

located in the horizontal x-z plane of the jet. Figure 6 shows a schem-

atic diagram detailing the proper orientation of the crossed hot-wire

probe in a jet shear layer to measure the mean flow, the flow fluctua-

tions in the axial direction, and the fluctuations in the radial direc-

tion. For comparison, the schematic also shows the orientation of a

normal hot-wire probe for measuring the mean flow and flow fluctuations

in the axial direction in the same shear layer.

Following the ideas of Morkovin and Phinney (33), the instantaneous

voltage fluctuation measured from as inclined hot-wire in supersonic

flow can be represented by the following expression:

T
e_ A Qu + A t + A v

e	 m pu	 t Tt
 
	 v u

where Am , At , and A  are the sensitivity coefficients for mass velocity

fluctuations, total temperature fluctuations, and radial velocity fluc-

tuations, respectively. These coefficients can be evaluated as follows

(32).

azn e l
A .
m aQ pu i TV R

w,a constant
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A = 
aR̂

1 
Pu, Rw , a constantt un Tt

A = Sin	 Tu, Rw , Tt constant
V	 as

Two oppositely
 inclined wires of a crossed hot-wire probe give outputs

that can be instantaneousl y
 added and subtracted to result in

T't
(el + e2) _ (^lAm + e2Am2) LU-L + (^lqtI	 2 

Tt
euAt)l

'_	 v
f 

k1-11Av1	
e2Av2) u

T`
u'	 t

(ei - e2)	 (elAm - e2Am2)	
u _ + (e 1 Atl - e 2At, ) T

l

v
(e 1 Av1 f e 2Av2) u

For the crossed hot-wire measurements reported in this study, it

was normally assumed that the total temperature fluctuations were negli-

gible. Both Troutt (28) and Morrison (25) have determined that in super-

sonic jets at Reynolds numbers from 3700 to 70,000 total temperature

fluctuation s were typicall y responsible for less than 2 percent of the

hot-wire rms voltage fluctuations, thus justifyin g the assumption. Also,

the crossed hot-wires were matched so that the sensitivit y coefficients

Am and A  were approximate ly
 the same for each wire. These simplifica-

tions resulted in two voltages proportional to (pu)'/
pu and v'/u, re-

spectively:

(el'
	 2
+e°)=( A	 +eA ) pu'

1 
ml	

2 m2 pu
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(ej - e2) = (e l AV + e2Av ) ^^
1	 2	 u

Additionally, the major shear component of the Reynolds stress tensor

was determined by multiplication of these voltages proportional to

( P u)'/Pu and v' Fu, and use of the following relationship derived by Rose

(31) (32):

u' VI	 5	 U)' V'

u 
_ S 

+ b 
— u 2P

where

S =	 - 1-^- 2
	l+	 2	 M

b=(y-1)M2s.

The required sensitivities in the above relations were evaluated by

direct calibration over the range of Mach and Reynolds numbers encoun-

tered in this study. The calibration was performed by ocating the

crossed hot-wire probe on the centerline of the jet near the nozzle exit.

The Reynolds number (and thus Tu) was varied by changing the upstream
r

A

stagnation pressure. different Mach numbers were obtained using three

nozzles operating at respective design pressure ratios (M = 1.4, 2.1,

and 2.5).

The calibration of the crossed hot-wire was performed as follows.

The probe was positioned in one of the nozzles to give the desired nomi-

nal calibration Mach number. With the probe at zero angle of incidence

to the free stream flow direction, the mean bridoe voltage a was read

from the anemometer for each wire for various values of stagnation pres-

sure with Tt and Tw held constant. The results of these readings were

1
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then plotted as shown for the three Mach numbers in Figure 7. (The data

are plotted in dimensional terms here to show the actual results obtained

from the calibration procedure.) The derivative akn a/azn au was needed

to obtain the Am sensitivity coefficient and the data of the figure were

fitted with a second order curve to more readily accomplish this. There

was an immeasurable effect of Mach number on the values of 3Zn e/akn pu.

Figure 8 shows the results of determining these sensitivity coefficients

for each wire over the Reynolds number range of interest. (The data are

presente4 as the average value of the two individual wire sensitivities.)

Shown also for comparison are calibration data obtained by Morrison (25)

in the same facility using a normal hot-wire and data obtained by Rose

(32) with a normal hot-wire in a supersonic boundary layer. The data of

Rose are substantially different, probably due to greater conduction end

loss effects resulting from a low probe aspect ratio. (The length to

diameter ratios for the various data are Morrison, z/d = 200, Rose X/d

= 100, and present study Z/d = 250.)

To obtain the sensitivity to angulation, A v , the probe was rotated

between +5° and -5 0 incidence angle to the free stream flow direction in

increments of 1° using the facility probe drive system. Again at a de-

sired calibration Mach number, the mean bridge voltage of the two wires

e was read for each position with the values of Au, TV and Tw held con-

stant. This procedure was repeated for various values of Tu. The re-

sults of these readings were plotted as shown in the example of Figure 9

and a linear regression scheme was used to determine the derivatives

un a/aa needed for the A  coefficients, (Note that the curves of

Figure 9 do not intersect at the zero degree point as one might expect,

due to inexact matching of the wires--slight differences in individual
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wire output for identical flow conditions.) The sensitivity coeffi-

cients (again an average of the individual wire sensitivities) deter-

mined from these data are given in Figure 10 along with similar data ob-

tained by Rose (32) using a single inclined hot-wire. The figure

demonstrates a significant Mach number effect in this low Reynolds num-

ber flow regime and the results of differing conduction end loss effects

can again be seen in the comparison with the data of Rose.

To decompose the crossed hot-wire voltages into the appropriate

fluctuations, the local pu was determined from the e outputs at the

given probe location and the local Mach number was determined from the

mean flow data of Morrison (25) for the same ,het flow. These quantities

were then used with the previou..1y discussed calibration curves to calcu-

late the appropriate sensitivity terms.

C. Phase-Averaging Procedure

Turbulent flows with an inherent coherent structure lend themselves

to a triple decomposition of the type:

f(X,t) - f(x)	 f(i,t)	 f"(x,t).

In this representation (first used by Kendall (34) and Hussain and

Reynolds (35)), any flow quantity consists of a sum of the mean flow

f(x), the organized wave f(x,t), and the random turbulence f"(x,t).

The mean flow portion is given by the conventional time average of

f(x,t) :

f(X) - 1 im l Tf f(x, t) dt- T-^T o
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In order to extract the periodic wave component from the total flow fluc-

tuation, the phase-average of f(x,t) can be defined as

N
4f(x,t)> = lim
	 E f(x,t + nz)

n=o

where z is the period of the organized wave and N is the number of wave

cycles over which the phase-average is taken. The phase-average of a

single turbulent quantity is zero. Thus, the periodic wave component

can be obtained from the phase-average of the total flow quantity by sub-

tracting the mean flow contribution

f(x,t) = <f(x,t)> - _MX).

To effectively phase-average a fluctuating signal representing a

flow quantity, a reference signal oscillating at the wave frequency must

be supplied as a triggering source to initiate the measurement. For the

measurements presented in this study, the signal supplied to the oscil-

lating glow discharge device was used as the phase-averaging trigger.

This is essentially the same procedure used by Hussain and Reynolds (35)

to obtain f(x,t).



CHAPTER IV

EXPERIMENTAL RESULTS

A. Crossed Hot-Wire Measurements

A.1 Preliminat ,y Subsonic Flowfield Measurements

In view of the absence of pertinent published fluctuating flow data

for a supersonic jet obtained from an inclined hot-wire, preliminary

crossed hct-wire measurements were made in a low-speed jet--for which

considerably more published data exist--to assess the validity of the ex-

perimental technique and data reduction schemes discussed in the Experi-

mental Procedures section. Comparisons of radial profiles of turbulence

intensity for two axial locations obtained by this method in a one-inch

diameter Re = 30,000, M = 0.05 jet are made in Figures 11 and 12 with

those obtained by Bradshaw et al. (36) for a Re = 300,000, M = 0.3 jet.

(Additionally, Seiner (37) has obtained results in favorable agreement

with Bradshaw for a similar jet flow.) The fluctuating velocities are

normalized based on the jet exit velocity, u o , and the radial and axial

distances by the nozzle radius, ro . The results of Bradshaw exhibit

turbulence levels that are generally lower than those of the present

study; however, the curves follow closely the same trends. The results

indicate the jet of the present study develops somewhat faster than the

jet flow studied by Bradshaw. This would be expected for the more abrupt

contraction section and lack of turbulence reduction material in the

18
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stilling section of the facility used here. (The area contraction ratio

here is approximately 9:1 whereas the facility used by Bradshaw had a

contraction ratio greater than 36:1.) Bushnell (38) has found that at

low Reynolds number there is a pronounced increase in turbulent fluctua-

tions near the end of transition and beginning of turbulent flog in a

boundary layer. This low Reynolds number effect is suspected to occur

in free shear flows also and may give a partial explanation of the dis-

crepancies seen in these data. Additionally, differences may be due in

part to the fact that the present measurements did not use a linearizer

preceding the rms voltmeter, as is normally standard practice in sub-

sonic flow measurements.

These findings in the low-speed jet provide sufficient evidence

that the previously detailed experimental procedure is capable of produc-

ing measurements of fluctuating flow quantities with reasonable accuracy.

With this impetus, it was considered justifiable to pursue the desired

measurements in the supersonic jets using the same techniques.

A.2 Flowfield Measurements, Mach Plumber 2.5 Jet

Crossed wire measurements have been attempted once before in our

laboratory by Morrison (25). Unfortunately, older hot-wire electronics

were used and their frequency response, in con,;unction with the crossed

hot-wire in the low Reynolds number supersonic jet flow, was not ade-

quate. Consequently, his results were only of a preliminary nature.

Tice crossed hot-wire probe was used to measure the axial mass velo-

city and radial velocity fluctuation amplitudes in the various supersonic

jets. Figure 13 shows the peak axial mass velocity fluctuation amplitude

(normalized based on the local mean mass velocity) for an unexcited
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M = 2.5, Re = 8700 jet as a function of axial location, x/d. The radial

locations of the peak fluctuation amplitude corresponded to the center

of the shear layer until the end of the potential core where the peak

was found to be near the jet centerline. The figure contains data from

two different experimental runs on separate days, as well as similar

data obtained by Morrison (25) using a normal hot-wire probe in the same

M = 2.5 jet. Uncertainty estimates based on instrumentation and :alibra-

tion inaccuracies are shown as brackets on the data of the figure (and

other figures that follow as well). These uncertainty estimates do not

include consideration of inaccuracies due to probe resolution discussed

later. Comparison shows that the data of the present study is some two

to three times lower in fluctuation amplitude than the results of

Morrison. The initial level of fluctuations measured using the crossed

hot-wire probe is less than 0.2 percent (2x times lower than that mea-

sured by Morrison). The amplitude of the fluctuations grows exponential-

ly for the first 15 diameters downstream and peaks at a fluctuation level

of approximately 16 percent near the axial location of the potential core

end. Morrison has found that this exponential growth can be character-

ized by a linear stability type representation* with a growth rate, -kid,

of 0.29 ± 0.04 (95% confidence interval). Although they are substanti-

ally low in amplitude, the measurements of the present study follow this

calculated growth rate and other general trends closely.

*A linear stability analysis assumes a re resentation of the flow
disturbance Q(x,r,e,t) in the form: Q(x,r,e,t = Q(r) Re{exp[i(krx --
mt + ne) - k i x)} where Re here stands for the real part of { }, x, r,
and 0 are the axial, radial, and azimuthal coordinates, respectively.
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Figure 14 shows the corresponding growth of the radial velocity

fluctuations measured from the crossed hot-wire probe. The radial velo-

city fluctuations (normalized based on the local mean velocity) grow

approximately exponentially from x/d = 5 to 20. The rate of growth,

-ki d, in this region is 0.19 * 0.04 with a peak fluctuation level of 11

percent at x/d = 25. Measurements made by Lau et al. (39) in several

different Mach number jets (including a M = 1.4 jet) usin g a laser velo-

cimeter indicate that the radial velocity fluctuations are generally

somewhat lower in amplitude than the corresponding axial velocity fluc-

tuations. The measurements made using the crossed hot-wire also indi-

cate this trend. however, because of the relative infancy of the use of

laser velocimetry in supersonic flow measurements, in particular in the

measurement of turbulence quantities, the associated uncertainties in

these measurements are also substantial and absolute comparisons with

these data are difficult to make. As previously pointed out, the axial

mass velocity fluctuation measurements are substantially low in ampli-

tude-and the deterministic cause probably also affects measurements of

the radially velocity somewhat.

Frequency spectra of the crossed hot-wire signal proportional to

the mass velocity fluctuations obtained from the radial position of maxi-

mum voltage fluctuation (approximately at the center of the jet shear

layer) are shown in Figure 15 for several x/d locations. Frequencies

are presented in terms of the nondimensional Strouhal number, St = fd/Uo,

where U. is the exit velocity of the jet and d is the effective diameter.

The figure indicates that there is a band of unstable frequencies pre-

sent with a majority of the fluctuations centered around the prevalent

Strouhal number 0.16 spectral component. These spectra are very similar

ff
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in shape and development to those obtained by Morrison (25) in the same

jet flow using a normal hot-wire. Figure 16 shows the corresponding

crossed hot-wire spectra of the signal proportional to the radial velocity

fluctuations for several x/d locations. These spectra contain a band of

frequency components between St = 0.04 and St = 0.35, as in the mass

velocity spectra of Figure 14. At x/d = 5, although the St = 0.16, spec-

tral component is present as in the mass velocity spectra, a dominant

peak at St = 0.10 is apparent. However, by x/d = 10, the St = 0.16 spec-

tral component again dominates the spectrum. For the most part, these

spectra show the same overall characteristics as the mass velocity spec-

tra do.

In summary, mass velocity fluctuation amplitude measurements made

using the crossed hot-wire probe are substantially low in comparison to

previous data obtained in the same facility and flowfield using a normal

hot-wire. The underlying cause of this discrepancy appears also to

affect subsequent measurements of the radial velocity fluctuations.

Figure 13, however, seems to demonstrate that the crossed wire measures

an approximately correct axial distribution of the mass velocity fluctua-

tions (with an attenuation of about 2). Additionally, spectra of the

flow fluctuations are in reasonable agreement with previous results and

thus indications are that the problem lies in the amplitude measurement

technique and/or data reduction scheme and not in the frequency response

of the instrument.

The suspected failing in these measurements is poor probe resolu-

tion. Measurements in the subsonic jet (where the ratio of jet diameter

to probe size was approximately 17:1) using the described techniques

proved to give quite reasonable results. In the measurements in the



23

M = 2.5 jet, however, the probe resolution was lower by a factor of al-

most three (ratio of jet diameter to probe size was approximately 6:1).

Experience shows that this ratio should normally be much greater than

this to obtain good resolution in the measurements. Also, in comparison

to similar measurements made rasing a normal hot-wire, there is a differ-

ence in probe size on the order of 300:1 between it and the crossed hot-

wire probe used here. (This can be seen clearly in the schematic diagram

detailing both probes in Figure 6.) Originally the measurements of.this

study were to be performed in jets two times larger in diameter, thus

giving the needed probe resolution; but lack of pumping capability in

the jet facility limited the measurements to the smaller jets for the

present time. Additional evidence of the probe resolution problem is

given in the mass velocity measurements of Figure 13. The discrepancy

between the crossed hot-wire measurements and the results of Morrison

(25) decreases with increasing axial location. The results are lower by

a factor of almost three near the nozzle axit, yet are only low by a fac-

tor of 1.7 past the end of the jet potential core where jet spreading

gives a much larger flowfield. These results indicate that improved

probe resolution should yield substantially better flow fluctuation

amplitude measurements.

The emphasis in performing the measurements in this study centers

on the development of the nonlinear processes in the jet, in particular

on the production of Reynolds stresses. One of the dramatic results of

the onset of nonlinear effects can be seen in the mean flow data of

Morrison (25). Figure 17 shows how the local shear layer half thickness

612 varies with axial location for two jet Mach numbers of interest.

The location where the jet begins to widen at a faster rate coincides

'a
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approximately with the end of the potential core and is the point at

which significant nonlinear interactions become important in the jet

development. Additionally, spectral broadening of the flow fluctuations

in this region is also evidence of strong nonlinear interactions.

Typical distributions of the axial and radial velocity covariance,

expressed in terms of u'v'/u are shown in Figure 18. The curves show

reasonable trends, but as before, the data appear to be low in amplitude.

The laser velocimeter measurements of Lau et al. (39) in a M = 1.4 jet

show a peak value for ^7 /u of approximately 0.10. This would indi-

cate that the discrepancy in amplitude is of the same order as thet

found in the results of the mass velocity fluctuation measurements.

Arguments have been put forward that the major cause of the amplitude

discrepancy is the inadequate probe resolution. Despite this problem,

the crossed wire measurements do provide some valuable insights into the

flow processes in the developing jet. Figure 18 shows that the velocity

fluctuation covariance u'v' undergoes a substantial change from x/d = 15

to x/d = 20 in the M = 2.5 jet. Not only has the peak value more than

doubled, but the distribution has a substantially increased radial spread.

This clearly demonstrates that this important nonlinear transport quan-

tity has considerably more influence at x/d = 20 in comparison with x/d =

15. The change in the contribution of the Reynolds stress component u'v'

from x/d = 15 to x/d = 20 coincides with the saturation and initial decay

of the mass velocity fluctuations as depicted in Figure 12. It is also

in this region where the mean flow begins to change substantially (refer

.;
	 to Figure 17). The combined evidence indicates that at x/d = 15 non-

linear effects (as measured in terms of u'v` '} become important and by

x/d = 20 they are a major effect. This region of the M = 2.5 jet flow
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has been shown by Morrison and McLaughlin (25) (26) to be one of domi-

nant noise production in this Jet.

Figure 19 contains spectra of the momentum transport [(pu)'v'] fluc-

tuations for an unexcited (natural) M = 2.5 jet. These spectra were ob-

tained in the approximate center of the jet shear layer where the velo-

city fluctuations maximize. As might be expected, the spectra contain a

broad band of fluctuations centered at the approximate double frequency

of the fundamental St = 0.16 instability. Beyond x/d = 16 the amplitude

of the fluctuations increase noticeably and the spectra shift towards

lower frequency content with downstream location as indicated by the

spectrum at x/d = 18. Again these changes occur in the region of the end

of the potential core where a major portion of the noise is being pro-

duced by the jet. Spectra of the momentum transport fluctuations for the

same M = 2.5 jet flow excited at the St = 0.16 instability are shown in

Figure 20. The spectra show that the excitation frequency plus integer

multiples of that frequency. (It is difficult to ascertain the fundamen-

tal frequency in these spectra. The expected fundamental would be at

St = 0.32 due to doubling of the St = 0.16 instability present in the

mass velocity and radial velocity fluctuation when they are multiplied

in the momentum transport quantity [(pu)'v'], but this is not clearly

the case here.) The excited disturbances begin to grow noticeably past

x/d = 12 and between x/d = 14 and x/d = 16 there is a substantial in-

crease in the broad band fluctuations. By x/d = 18 the excited disturb-

ances are virtually indistinguishable from the broad band components.

These spectra give an indication that the coherent instability is pre-

sent, at least to some degree, in some of the major nonlinear processes

in the jet, namely in the momentum transport [(pu)'v'].
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A.3 Flowfield Measurements, Mach Number 2.1 Jet

The growth of the mass velocity and radial velocity fluctuations

determined using a crossed hot-wire are shown in Figure 21 for an unex-

cited M = 2.1, Re = 7900 jet. Also shown are similar mass velocity data

obtained by Morrison (25) using a normal hot-wire in the same jet flow.

Again, as in the case of the previous measurements performed on the M =

2.5 jet, the measurements for this jet are considerably low in amplitude.

The mass velocity fluctuations increase approximately exponentially for

the first six to seven diameters of flow, as do the measurements of

Morrison, yet the peak fluctuation amplitude of 12.5 percent at x/d = 10

is only half of the value determined by Morrison. Correspondingly, the

radial velocity fluctuations grow exponentially with a peak level attain-

ed at x/d = 10 of 8.6 percent. The explanation of the discrepancy in

these data is as before in the M = 2.5 jet; poor resolution (ratio of

nozzle diameter to probe size here is 7:1) results in fluctuation ampli-

tude data low by a factor of at least two.

Figure 22 presents distributions of the axial and radial velocity

covariance for several x/d locations. Again, the general trends appear

to be reasonable, but the absolute amplitude values are suspect due to

the probe resolution problem. The data show a peak value for the covari-

ance,/u, of 0.04 at x/d = 10 (this is the approximate peak value

obtained for the M = 2.5 jet also). Again, as in the M = 2.5 jet data,

the velocity fluctuation covariance undergoes a major change in the re-

gion of the potential core end where the mean flow changes (refer to

Figure 17) and the mass velocity fluctuations saturate and begin to decay.

This corresponds also to the major noise production region of this M =

2.1 jet.

_..
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AA Summary of Crossed Hot-Wire Results

The original intent of the crossed hot-wire measurements in this

study was to investigate some of the significant nonlinear interactions

in the jet (i.e., investigate the development of the axial and radial

velocity covariance component of the Reynolds stress tensor in the major

noise producing regions of the jet flow near the end of the potential

core). This study showed major difficulties in accurately determining

flow fluctuation amplitude measurements from the crossed hot-wire in the

present jet facility. However, the measurements did show qualitatively

that the major nonlinear processes (as measured by the velocity covari-

ance uvim) become important in the developing jet flow in the region of

the end of the potential core where a majority of the noise is being pro-

duced.

S. Phase-Average Measurements

The fraction of organized structure present in the mass velocity

fluctuations was measured by phase-averaging the signal from a normal

hot-wire using the technique described in the Experimental Procedures

section. Figure 23 shows the axial variation in the coherent fraction of

the mass velocity fluctuations in the noise producing region of the ex-

cited M = 2.5, Re = 8700 jet. Each point represents a numerical average

of all data taken at various radial locations for that particular axial

position. The figures shows a distinct oscillation with axial location

in the fraction of coherent structure. Morrison (25) performed this mea-

surement for several axial locations, but his measurements were not in

sufficient detail to establish this behavior. (The Morrison data are

shown also in Figure 23 and are somewhat higher than the data of the
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present study. This can be attributed to the fact that the peak values

of the coherence are not shown for each axial position; instead average

values across the jet for that location are shown.) The major point of

note in these measurements is the strong decay in the coherence level

(i.e., the disintegration of the coherent instability) past the end of

the potential core. Additional detailed measurements were made between

x/d = 12 and x/d = 16 on the jet centerline to determine the wavelength

of this oscillation and arse presented in Figure 24. The data show the

axial wavelength to be approximately a/d = 2.25. Comparison with the

axial distribution of centerline Mach number shows this wavelength to

correspond closely to the jet spatial wave cell structure (a system of

weak expansion and compression waves caused by nonparallel flow at the

nozzle exit) wavelength. Measurements of the variation in mean hot-wire

voltage along the jet centerline verified the cell structure wavelength

to be approximately h/d = 2.25 also. Similar detailed measurements by

Stromberg (27) in a subsonic jet showed no behavior of this sort.

Figure 25 shows the fraction of organized structure present in the

signal proportional to the axial and radial velocity covariance as a

function of downstream position. The level of coherence is much smaller

than in the mass velocity fluctuations, as might be expected due to the

interaction of spectral components in the velocity flucutations to pro-

duce harmonics and subharmonics. However, it is of sufficient level to

indicate the presence of some kind of coherent flow disturbance. An

interesting feature of these data is the marked increase and then rapid

decline of the coherence level in the vicinity of the potential core end.

In summary, the phase-average measurements of mass velocity fluctua-

tions show some kind of spatial wave cell structure/flow disturbance

zt^
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interaction to occur in the excited jet development. The measurements

also indicate the fraction of coherent structure decreases as the flow

progresses downstream and that there is a significant drop in the level

after the potential core end. Phase- average measurements of the covari-

ance along with previous spectra of the excited jet fluctuations show

the presence of a coherent disturbance in some of the important non-

linear jet interactions.
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CHAPTER V

CONCLUSIONS

A. Summary

Crossed hot-wire measurements were performed in sevoral supersonic

jets of Mach number M = 2.5 and M = 2.1 at a low Reynolds number (Re <

10,000). The overall goal of the study was to increase the basic under-

standing of the flow processes in the noise producing regions of the

jets by making detailed flow measurements there. The emphasis in the

study centered on the nonlinear processes of the flow and their role in

the jet instability and turbulence development. The major results de-

rived from the study are listed as follows:

1. Preliminary measurements in a subsonic jet using the discussed

crossed hot-wire technique gave results very close to previously publish-

ed data, thus demonstrating the validity of the technique.

2. Measurements of the mass velocity and radial velocity fluctua-

tions in the low Reynolds number supersonic jets were low in amplitude

by a factor of two to three from previously reported data in the same

flows, but basic trends such as growth rates and jet development remained

the same.

3. Spectra of the flow fluctuations from the crossed hot-wire sig-

nals showed similar frequency content as previous work (shear layer fluc-

tuations centered around the dominant St = 0.16 spectral component for

the M = 2.5 jet).

30
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4. Initial attempts at determining a component of the Reynolds

stress tensor, u`v'/u, from the crossed hot-wire measurements proved

somewhat successful in that basic trends in the data were reasonable,

but again the absolute amplitudes were low and suffered from a problem

attributed to poor probe resolution. The measurements did however pro-

vide information demonstrating that there is a major change in the con-

tribution of the Reynolds stress to the jet development in the region of

the end of the potential core. It has been shown that this is the region

where the mean flow changes dramatically, the flow fluctuations saturate

and decay, and a major portion of the noise is being produced.

5. Detailed measurements of the fraction of coherent structure in

the noise producing region of an excited M = 2.5 jet (x/d = 12 to x/d =

20) showed that some kind of spatial wave cell structure/flow disturb-

ance interaction was present. The measurements also indicated that

there is a substantial decrease in the coherence level past the end of

the potential core.

6. Spectra and measurements of the fraction of coherent structure

in the signal proportional to the Reynolds stress component showed that

a coherent disturbance is indeed present in some of the nonlinear jet

interactions.

7. Experience useful in future experimental efforts using crossed

hot-wire techniques in supersonic jets was gained.

B. Recommendations for Further Study

The overshadowing difficulty with the measurements of this study

was the lack of good probe resolution that prevented the desired detailed

investigation of the flow processes. Originally the measurements were to
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be made in an improved jet facility to overcome part of this problem,

but a lack of pumping capability dictated the use of smaller jets thus

creating the difficulty. Future efforts in this research will be con-

ducted in a facility with greatly increased pumping capability, thus sub-

stantially better measurements can be made using the same techniques de-

tailed here.

A viable program to continue this particular research should include

a number of improvements:

1. The present pumping facility should be overhauled and evaluated

as to its suitability for operating larger-size jets to obtain better

probe resolution.

2. An evaluation should be made of the current crossed hot-wire

probes. Smaller probes could possibly be constructed to improve probe

resolution. An alternative might be to evaluate the suitability (and

associated difficulties) of using the smaller-sized split-film sensor

probes commercially available in place of the crossed hot-wire.

3. The present electronics associated with the determination of

the flow quantities from the crossed wire should be rebuilt to give

better accuracy and reliability.

4. Future efforts in this research should probably also include a

program to utilize advanced digital data acquisition and processing tech-

niques. Complicated experimental measurements of this natj r are diffi-

cult to perform using on-line analog electronic equipment. The School

of Mechanical and Aerospace Engineering at Oklahoma State University has

an existing mini-computer facility (INTERDATA 7/16) suitable for this

purpose. A program of this type would utilize the School's Honeywell

7600 FM tape deck for recording hot-wire signals during an experimental
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run. (The data could later be digitized and analyzed using the mini-

computer.) This plan will require more analog to digital conversion

equipment to obtain the desired accuracy in the data reduction.

Additional advantages are also gained in utilizing a program of

this type. Use of the computer greatly aids in the ease, speed, and

accuracy of basic data reduction. This also enhances the possibility of

using conditional sampling procedures in future work that should provide

more insight into the physics of the jet flow.
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