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mass velocity fluctuation sensitivity coefficient
stagnation temperature fluctuation sensitivity coefficient
radial velocity fluctuation sensitivity coefficient

(v - 1) Ms |
effective nozzle exit diameter, nozzle exit diameter minus
twice the disp]acement thickness

nozzle exit diameter

hot-wire voltage

(e] + e2)/2, e; and e, evaluated at « = 0

frequency (Hz)
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Reynolds number, UOD/v

hot-wire resistance

[1+ ((y - 1)/2) W77

Strouhal number, fd/U0

time

temperature

hot-wire temperature

axial velocity

jet centerline exit velocity
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angular coordinate in spherical coordinate system
ratio of specific heats
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kinematic viscosity

axial wavelength

density

period of the wave
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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.

Ear]y.theoretica1 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 Taws, 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 strﬁcture

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



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 mechanism 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 in that the jets were operated at a Tow Reynolds num-

ber, in the range from Re = 3700 to 15,000. Additional measurements



were performed at a moderate Reynolds number (Re = 70,000) most recently
by Troutt (28).

Lowering the Reynolds number from that of conventional Taboratory
jets exhausting to the atmosphere (Re = 1 x 106) 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 easief.

These experimental studies have shown that for low Reyho]ds number
(transitional) supersonic jets there are instability waves present which
can be characterized by a tinear stability theory and 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 Tow Reynolds number supersonic jets was observed. The
flow and acoustic fields were found to be dominated by quite different
peak 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



the vortex pairing model proposed by Laufer et al. (15) might be appro-
priate for this subsonic jet.

The present study was intended primarf]y to extend the work done
previously on the low Reynolds number (Re < 10,000) supersenic 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 govern-
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 radiail direction.



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-
ties.

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-
abTe 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 mechanisms.

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 development of future instability/turbu-

lence models.



CHAPTER II
EXPERIMENTAL APPARATUS
A. General Facility

The experiments in this study were performed in the Cklahoma 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 tc 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 Tow
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 test
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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
mm, 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 Reynolds 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 Pyrell 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 be mounted above the jet in the verti-
cal plane through the centerline.

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 Kenda]]I(BO) 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



voltage biased to a large negative potential (-300 volts D.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 m3/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 0il (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
jocated 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 using a 3.175 mm diameter Briiel 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 + 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).



Flow fluctuation measurements were made using DISA constant tempera-
ture anemometry electronics that consisted of a DISA 55M01 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
spe¢ial 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



model SAI 43A correlation and probability analyzer. Both instruments
have frequency response in excess of 100 kHz and were considered ade-

quate for this study.
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CHAPTER I1I
EXPERIMENTAL PROCEDURES
A. General

The majority of the experimental measurements contained in this
study were performed on a perfectly expanded (nozzle exit pressure Pn is
maintained within 2% of jet back pressure Pch) 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 (oéigin 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

1
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technique similar to that given by Rose (31) (32). The validity of this
data reduction procedure in supersonic flow 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.

A1l 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 Tlayer 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,' '
£ - {ow) | L . A
"~ m t = —'v —
e o Ty u

where Am’ At’ and AV 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).

- — | T, Rw,u constant
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q - ine — .
t " aen T} pU, R 5 0 constan
_ane | —
AV = -§E—~‘pu, Rw’ Tt constant

Two oppositely inclined wires of a crossed hot-wire probe give outputs

that can be instantaneously added and subtracted to result in

; T!
] 1 — — —— R t
(eq + e,) = (e;A + e A ) i@%)—-+ (edA, + e A, ) ——
17 & 1, © 2, T My T2 T
v (EA -TA )L
v, 2Vt
O - ey = En -Ea )WL G e ) b
+ (e A +eA 1’—_: .
( vy 2 v2) 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
fluctuations were typically responsibie for less than 2 percent of the
hot-wire rms voltage fluctuations, thus justifying the assumption. Also,
the crossed hot-wires were matched so that the sensitivity coefficients
Am and Av were approximately the same for each wire. These simplifica-
tions resulted in two voltages proportional to (pu)'/pu and v'/u, re-

spectively:

(ef + el) = (e A + e A )-t=
1 2 Tm, zm, T
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' . e e v
(e; - e} = (e;A, +eA ) —=.
1 2 1 vy 2 Vo'

Additionally, the major shear component of the Reynolds stress tensor
was determined by multiplication of these voltages proportional to
(ou)'/pu and v'/u, and use of the following relationship derived by Rose

(31) (32):

v _ s (eu)'v.
UZ s+ b ‘;'JZ
where
s = !
1+il«—lé] M2
b= (y - 1) Ms.

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 locating the
crossed hot-wire probe on the centerline of the jet near the nozzle exit.
The Reynolds number (and thus pu) was varied by changing the upstream
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 bridge voltage e 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
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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 3an e/3%n pu 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 3&n e/s¢n pu.
Figure 8 shows the resu]té of determining these sensitivity coefficients
for each wire over the Reynolds number range of interest. (The data are
presented 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, &/d = 200, Rose &/d

= 100, and present study 2/d = 250.)

To obtain the sensitivity to angulation, Av, the probe was rotated
between +5° and -5° 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 ou, Tt’ and Tw held con-
stant. This procedure was repeated for various values of pu. 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
aen e/3a needed for the Av 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 lcss 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 ou was determined from the e outputs at the
given probe location and the Tocal Mach number was determined from the
mean flow data of Morrison (25) for the same jet flow. These quantities
were then used with the previously discussed calibration curves to calcu-

late the appropriate sensitivity terms.
C. Phase-Averaging Procedure

Turbulent fiows with an inherent coherent structure lend themselves

to a triple decomposition of the type:
£(X>t) = F(x) + F(x,t) + f (X5t).

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(?,t):
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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

_ Tim

N
Fat)> = kT fat + )
n=o

where t 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)> - F(X).

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 %(?,t).



CHAPTER IV

EXPERIMENTAL RESULTS

A. Crossed Hot-Wire Measurements

A.1 Preliminary 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 hot-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, Uy s and the radial and axial
distances by the nozzle radius, o The results of Bradshaw exhibit |
turbulence levels that are generally Tower 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
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stilling section of the facility used here. (The area contraction ratio
here is approximately 9:1 whereas the Tacility used by Bradshaw had a
contraction ratio greater than 36:1.) Bushnell (38) has found that at
Tow Reynolds number there is a pronounced increase in turbulent fluctua-
tions near the end of transition and beginning of turbulent flow in a
boundary fayer. 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 Tow-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 1mpétus, it was considered justifiable to pursue the desired

measurements in the supersonic jets using the same techniques.

A.2 Flowfield Measurements, Mach Number 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 conjunction with the crossed
hot-wire in the Tow Reynolds number supersonic jet flow, was not ade-
quate. Consequently, his results were only of a preliminary nature.

The 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 Tayer 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 calibra-
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 Tower 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 (2% times lower than that mea-
sured by Morrison). The ampliitude 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 Tocation 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 Tinear stability analysis assumes a representation of the flow
disturbance Q(x,r,6,t) in the form: Q(x,r,e,t? = Q(r) Re{exp[i(kyx -
wt + no) - kix]} 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 Tocal mean velocity) grow
approximately exponentially from x/d = 5 to 20. The rate of growth,
-kid, 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) using a laser velo-
cimeter indicate that the radial velocity fluctuations are generally
somewhat Tower 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 UO 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
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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 Tocations. 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 Tow 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 f]uctuations.
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 Ties 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
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M= 2.5 jet, however, the probe resolution was Tower 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 using 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 Timited 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 exit, 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
§/2 varies with axial location for two jet Mach numbers of interest.

The location where the jet begins to widen at a faster rate coincides
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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 /G?i?)ﬁaare shown in Figure 18. The curves show
reasonable trends, but as before, the data appear to be Tow in amplitude.
The laser velocimeter measurements of Lau et al. (39) in a M = 1.4 jet
show a peak value for /:?77/5 of approximately 0.10. This would indi-
cate that the discrepancy in amplitude is of the same order as that
found in the results of the mass velocity fluctuation measurements.
Arguments have been put forward that the major cause of the amnlitude
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. HNot 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 combonent 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 bheing 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 norha] 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 Tow 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 reasonab]e, but the absolute amplitude values are suspect due to
the probe resolution problem. The data show a peak value for the covari-
ance, /ﬁ$$?yﬁ} 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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A.4 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 u'v') 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.
B. 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 noisé 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 Tocation
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 are 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 A/d = 2.25 also. ‘Sim11ar 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. Thé 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
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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.



CHAPTER V
CONCLUSTIONS
A. Summary

Crossed hot-wire measurements were performed in several supersonic
jets of Mach number M = 2.5 and M = 2.1 at a Tow 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 fo]]owsg

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 Tow 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 1ayer'f]uc-
tuations centered around the dominant St = 0.16 spectral component for

the M = 2.5 jet).
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4, Initial attempts at determining a component of the Reynolds
stress tensor, /§T7?7:, 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 showﬁ 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 nature 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 Tlater 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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