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CHAPTER I
INTRODUCTION

During the last 25 years there have beén many theories presented
that mathematically describe the noise generation of a jet of air. The
works of Lighthill (1) (2), Ffowcs Williams (3), Ribner (4), Phillips
(5), Pao (6), Lilley (7), and Doak (8) are all capéb]e of predicting the
noise radiated from a jet of air with some degree of accuracy. However,
in order to calculate the noise, all of these works must use empirical
information about the flow fluctuations in the jet. Therefore, the only
way to determiné the source functions is to experimentally measure the
flow fluctuations needed to calculate them. In jet flows this is an al-
most insurmountable task due to the complexity of the source terms. How-
ever, by using dimensional analysis with the theories it is possible to
approximate the directivity of the acoustic field and the dependence of
the sound intensity upon the velocity of the jet.

During the past several years a new class of jet noise theories has
been developed by several authors (9) through (17). These theories are
built on a substantial amount of experimental evidence which has démon-
strated that there is an organized structure in turbulent free shear
| flows (18) through (24). It has also been hypothesized by several
authors (9) (12) (25) (26) that the organized fluctuations, which are
large scale in nature, are of fundamental importance in the noise genera-

tion process of a high speed jet.



One interpretation of the role of organized structures has been
proposed by Laufer and his co-workers (27). They contend that the inter-
action (pairing) of large-scale eddies as they convect downstream is a
dqmihant mechanism in (subsonic) jet noise. No conclusive evidence of
such vortex pairing has been found in either high subsonic or supersonic
jets. |

The alternate interpretation, which is perhaps more appropriate for
supersonic jets, is that the large-scale structure, in "fully turbulent"
jets is a wave-like instability of the jet. The relatively new idea is
that this coherent structure belongs in the same class as the large
scale instability which has been ana]yticai]y predicted and measured for
the transition from laminar to turbulent flow in several shear flows (21),
(28) through (41).

Tam (12), Chan (13), Liu (15), and Morris (17) calculate the flow
fluctuations in the jet using quasi-linear stability methods. These
theories divide the flow of a jet into three categories: a time inde-
pendent mean flow, a coherent fluctuation and small scale turbulence.

The small scale turbulence is accounted for by using eddy viscosity-type
modeling. The growth of large scale wave-like eddies or instability

waves are thus analyzed in high Reynolds number fully turbulent jets by

using conventional stability theory methods. (This technique has been
performed in a bounded turb&]ent channel flow by Reynolds and Hussain
(42).) The ca]cu]ated'large—sca1e structure is then used to predict the
noise radiated by the jet. In this manner some of the deficiencies of
the previous theories are overcome,as a calculation of the primary noise

is included.



In an effort to determine the noise-producing mechanisms in both
subsonic and supersonic jets, many different types of experiments have
been performed. M0116-Christensen (25) first discovered the orderly
structure in a subsonic jet by using space-time correlations of the near
pressure field of the jet. The experiments of Crow and Champagne (20)
confirmed the presence of the latent orderly structure in the subsonic
jet and showed that the orderly structure can be approximately charac-
terized as a flow instability of the jet. Chan (14), Lau, Fisher and
Fuchs (22), and Moore (43) have all furthered the investigation of the
orderly structure in subsoﬁic jets. Chan has artificially excited a
subsonic jet and measured the wave properties of three different modes
havihg azimuth wave numbers of n =0, 1, and 2. The waves were modeled
by a wave theory, and a linear stability solution of a divergent shear
flow was found to describe the local properties of the waves. Thus, in
subsonic jets an orderly structure has been observed and measured.

It has been suggested by Tam (9) through (12), Bishop et al. (26),
and others that the noise-generating fluctuations in a supersonic jet
may be even more organized than in the subsonic case. They came to this
conclusion by viewing Schlieren, shadowgraph and holograph visualiza-
tions (44) through (50) which show distinct wave fronts propagating away
from the jet in the acoustic.field.

In our laboratory (51) (52) (53) we have shown that for low Reynolds
number transitional supersonic jets there are instability waves present
which can be characterized by a Tinear stability theory for the first
several diameters of flow (as depicted in Figure 1). We have also shown
that this instability produces a major portion.of the noise radiated by

the jet. The instability waves generate sound pressure level contours



which are very close in shape and amplitude to those generated by the
high Reynolds number jet. We have thus shown that it is high]y‘probab1e
that the noise production mechanism in the 1owbReyn01ds number and high
Reynolds number jets are the same. If so, the theoretical approach
taken by Tam, Liu, Morris, and Chan is appropriate.

The present study extends the work that we have previously done.
The wave properties of the instability of low Reynolds number jets are
measured for Mach numbers of 1.4, 2.1 and 2.5. The sound radiated by
the jet is also measured. From these measurements more detailed informa-
tion about the noise—producing mechanism in the jet and the noise radi-

ated by it is obtained.
Objectives

Recogniiing the rising importance of large-scale coherent struc-
tures in high speed jets, this dissertation established an experimental
program with the following objectives:

1. To characterize the dominant instability waves in low Reynolds
number jets by measuring their wave properties and fluctuation levels
and to determine how these properties vary as the disturbances progress
downstream.

2. To measure the sound field radiated by the low Reynolds ngmber
jets.

3. To determine if the dominant instability waves in the low Rey-
nolds number jets are producing a major portion of the noise.

In a high Reynolds number fully turbulent jet exhausting to atmos-
pheric pressure it is very difficult to make ihstantaneous velocity

measurements since the high dynamic pressures cause delicate hot-wire



probes to break. Also, in these high Reynolds number jets the level of
turbulence is so high that one cannot determine if theke is a coherent
structure present in the jet without using some type of conditional samp-
1ing technique. To overcome these difficulties, we have constructed an
anechoic vacuum test facility for supersonic jets. By lowering the
Reynolds number (by lowering the density) we are now able to measure the
flow fluctuations present in the jet using hot-wire anemometry. An added
advantage of studying Tow Reynolds number jets is that the small scale
turbulence which tends to mask the coherent flow structure is decreased,
making the structure's detection and characterization much easier.

The theories of Tam, Liu, Morris, and Chan place the small scale
turbulence of the jet into an eddy viscosity type model. They then use
conventional instability methods to analyze the large-scale structure in
the jet. Therefore, one should be able to study a low Reynolds number
jet which is initially laminar and undergoes transition to turbulence
and compare the measurements in the jet to the theories.* If the theo-
ries are not capable of predicting the flow fluctuations and noise field
of a transitional Tow Reynolds number jet where they are most accurate,
then their chance of characterizing high Reynolds number jets is very
small. |

The stabi1ity theories of Tam and Liu are based upon dividing the
jet into several sections along the x-axis. At each one of these éec—

tions a local linear stability analysis is performed using the mean flow

*In comparing the present experimental results with the predictions
of the noted theories it is interesting and important to note that the
relatively Tow Reynolds numbers of our experiments are of the same order
of magnitude as the Reynolds numbers based on the eddy viscosity of the
conventional high Reynolds number turbulent jets.



properties at that section. A linear stability analysis assumes a solu-

tion for the flow disturbances Q (z, r, 6, t) in the form
Q(x, r, 6, t) = ﬁ(r) Re [exp i (kx - wt - ng)] (1)

where Q(r) is the radial dependence of the wave's amplitude, w is the

frequency of the wave, k is.a complex wave number such that k = kr + 1k1

where kr is the wave number in the downstream direction and 'ki is the
amplification factor for exponential growth in the downstream direction,
and n determines the wave's dependence on the azimuth angle. Therefore,
at each downstream location where the local linear stabf]ity analysis is
performed, new values for @, k, w, and n are ca]cu]ated.. Since the mean
flow is changing, these values are not necessarily constant. In fact,
Tam (12) hypothesizes that the changing mean flow will cause the flow
fluctuations to be initially unstable, then neutrally stable, and then
damped as the flow progresses downstream.

We (52) have observed in a Mach number 2.3 Tow Reynolds number jet
that the instability waves propagate downstream at supersonic velocities.
These waves are therefore capable of generating Mach wave type sound
emissions. However, for a Mach number 1.3 jet the wave speed in the
downstream direction is subsonic, thus eliminating the possibility of
Mach wave emissions. In order to determine any dependence of the insta-
bility and the sound radiated by it on Mach number, this study examined
the instability waves and acoustic field of three different Mach number
jets: M=1.4, 2.1, and 2.5. |

In order to meet the objectives of this study the following measure-
ments were made at oﬁe Reynolds number for each Mach number. The selec-

tion of the Reynolds number is discussed in detail later.



1. Axial and radial distributions of the Mach number and stagnation
temperature were measured to establish the mean flow field.

2. Spectra of the flow fluctuations in the jet and pressure fluc-
tuations in the acoustic field were measured. From these spectra the
frequencies, w, of the instability waves are readily identified and the
amplitude of the instability waves relative to the random flow fluctua-
tions can be observed. In the acoustic field the contribution of the
organized structures to the sound emitted by the jet are determined from
the spectra. Spectra of the flow fluctuations were made at several
locations to determine changes in the spectral content as the flow pro-
gressed downstream. Spectra at different locations were also made in
the acoustic field to determine the variation of relative amplitude of
the different spectral components of the sound emitted by the instabil-
ity waves.

3. The amplitude of the instability's fluctuations were measured
for two reasons. First, the growth of the amplitude of the instability's
fluctuations is part of the solution of the stability analyses. Second,
the instability is a major noise producer, so information about its
fluctuation levels indicates regions of potential noise generation.
Therefore, radial and axial surveys of the axial flow fluctuations were
made using a normal hot-wire probe. Radial surveys of the RMS values of
the hot-wire voltage fluctuations were made at different downstream loca-
tions. The surveys were taken for the entire spectrum of the flow fluc-
tuations and for the dominant spectral components of the instability.

Since we have shown that the dominant instability waves can be
characterized by a linear stability theory fof the first several dia-

meters of flow, the growth rate, ki’ was evaluated from these



measurements over the region of exponential growth for the dominant spec-
tral component of the instability.

4. Sound pressure level (SPL) contours were measured in the acous-
tic field of the jet. These contours were determined for the entire
spectrum of the noise radiated and for the major noise-producing spectral
component of the 1nstabiTity. In this way information about the acoustic
directivity of the major noise-producing component and how it influences
the overall SPL contours was obtained. ‘

Tam (12) has stated that measurements of the mean flow and of the
acoustic field of a supersonic jet are needed to compare with his theo-
retical results. The measurements noted above furnish the needed in-
formation.

5. The wave properties of the instability in the jet were measured
by artificially exciting the jet. This was accomplished by measuring
the relative phase between the excitation signal and the hot-wire. The
relative phase distributions in the axial, radial and azimuth directions
were determined for the dominant spectral components. From these mea-
surements the mode number, n, and the wave number, kr’ were determined.
The frequency of‘the disturbance is known, and hence, the wavespeed of
the disturbance in the downstream direction was calculated. From these
measurements the manner in which the disturbance propagates down the jef
axis was determined. The measurements were made as far downstream as
the structure remained correlated to the exciter. Microphone phase mea-
surements were performed to determine the wave fronts in the acoustic
field. From these measurements one can determine if the sound is radi-
ated as Mach waves and the apparent location of the major noise-producing

fluctuations in the jet.



6. Tam (12) hypothesizes that the radial velocity fluctuations
generate the noise radiated by the jet. In our previous experiments (51)
through (53) only the axial mass velocity fluctuations have been mea-
sured. In order to measure the radial velocity fluctuations a crossed
hot-wire probe was used. This probe consists of two hot-wire mounted
perpendicular to each other on the probe. The probe is aligned with the
flow so that both wires are 45 degrees to the mean flow. To avoid tran-
sonic difficulties, radial velocity fluctuation measurements were made
only in the Mach number 2.5 jet and relationships between the magnitude

of the radial and axial fluctuations were observed.



CHAPTER II
EXPERIMENTAL APPARATUS AND PROCEDURE
General Facility

This study was conducted in the Oklahoma State University free jet
test facility shown schematically in Figure 2. Four different axisym-
metric supersonic nbzz]es were used in these measurements; they were
designéd for Mach 2.5 with exit diameters (D) of 6.86mm and 9mm, and for
Mach 2.0 and 1.5 with exit diameters of 10mm. The inviscid nozzle con-
tours were calculated by a NASA computer program (54) based upon the
method of characteristics. Then a boundary layer correction computed
using the method of Rott and Crabtree (55) was added to the inviscid
contour. In this manner each nozz]e.was designed for uniform parallel
flow at the exit. The Reynolds number used in the design of each nozzle
(10,000 < Re < 20,000) was selected to be in the mid-range of all experi-
ments being conducted at Oklahoma State University.

The two Mach 2.5 jets were used interchangeably since both have the
same nondimensional contour and were operated at the same Reynolds num-
ber. There should be no difference in the nondimensional results. This
was spot checked using spectra, mean hot-wire voltage profiles and axial -
wavelength measurements. The nondimensional flow and acoustic properties
were identical for both jets. This evidence is important in establishing
that the finite test chamber has a negligible influence on the results of

the measurements.
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The jet is exhausted into a 114 c¢cm x 76 cm x 71 cm vacuum chamber
which is Tined with a five centimeter thick layer of Scott Pyrell acous-
tical foam. The foam}effectively produces an anechoic environment for
frequencies above one kiloHertz where the reverberant pressure field is
always less than 2 db in the frequency ranges studied. The air in the
vacuum chamber is evacuated through a variable throat diffuser which con-
trols the pressure in the chamber. In this manner the chamber pressure
can be adjusted in order to obtain perfectly expanded jets. The ratio
of the static pressure (measured 1mm upstream of the exit of the nozzle)
to the chamber pressure was used to determine the pressure balance of
the jet.b The diffuser is connected to a 0.1 m3/sec Kinney vacuum pump
by way of a 30 cubic meter storage tank. Vibrations due to the vacuum
pump are effectively damped out by the vacuum storage tank and associated
pipihg.

Compressed air (T0 = 294°K) is supplied to the nozzles by way of an
air dryer, 1.8 cubic meter storage tank, pressure regulator, throttling
valve, and a stilling chamber. The air compressor is‘shut off during
measurements to eliminate vibrations. The stilling chamber is 15 cm in
diameter and consists of a 5 cm thick layer of foam, several perforated
plates, a 7.6 cm long honeycomb section, and six fine screens. A cubic
contraction section is used to mate the stilling section to the nozzles.
There is an area ratio of at least 200:1 between the stilling section and
the nozzle exit. In this manner low levels of flow fluctuations (m <
0.5%) are obtained at the exit of the nozzles.

The test chamber is equipped with a four degree-of-freedom probe
drive on which a normal hot-wire probe, a croséed hot-wire probe, a pitot

pressure probe, a static pressure probe, or a microphone can be mounted.
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The probe drive has three orthogonal linear directions (x, y, z) and one
stage of rotation. The rotation is used to calibrate the crossed hot-

wire probe.
Instrumentation

Pressure probes were connected to either a silicone o0il (specific
gravity of 0.93) or a mercury manometer, both of which were referenced
to a vacuum of 30 microns of mercury, absolute pressure. If the pres-
sure measured was less than 3.5 cm of mercury, the silicone oil manometer
was used for better resolution. The pitot probe was a square-ended tube
epoxied onto a slender brass wedge. In supersonic flow the pitot probe
measures the stagnation pressure behind a normal shock. Matthews (56)
calibrated this type of probe and at the Reynolds number range of this
study the viscous correction was negligible. The static pressure probe
was a slender cone, cylinder probe with a diameter of 0.88 mm and is
shown in Figure 3 along with the pitot probe. From Behrens' (57) cali-
bration of a static pressure probe of this design, it was determined that
the viscous correction is negligible for this application. = Knowing the
stagnation pressure behind a normal shock and the static pressure, one is
able to calculate the Mach number at the location of the measurement.

The Mach numbers presented in this paper were determined in this way.

If the stagnation temperature (To) is known at each location as well
as the Mach number, then the velocity at that location can be calculated.
Therefore, the stagnation temperature was measured using a normal hot-
wire. It is known that the resistance of the hot-wire (made of platinum
plated tungsten) varies 0.4%/°C. Therefore, by measuring the resistance

of the hot-wire, the temperature of the wire is known. In supersonic
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flow the hot-wire adiabatic wire temperature (Taw) is related to the
local stagnation temperature by TO = %'Taw' The value of n was deter-
mined by measuring Taw at the exit of the jet on the centerline for a
range of hot-wire Reynolds numbers. The stagnation temperature in the
stilling chamber (Tom) was also measured. By assuming constant stagna-

tion temperature along the centerline of the nozzle flow a value for n

was calculated. This value of n was then used to calculate the Tocal
stagnation temperature in the jet. Changes in n with local Reynolds

number of the flow over the hot-wire did not significantly affect the
TO estimates.

The normal hot-wires used in this study were Disa 55A53 subminia-
turé Hot—wire probes epoxied to brass wedges similar to the pitot probe
wedge. For some prbbes the prongs were separated further apart, from
0.45 mm to about 1.5 mm, in order to reduce conduction end losses; how-
ever, this tends to reduce the frequency response of the wire. Normally
a frequency response of 40 kHz or more was obtained when using a Disa
55M0T main frame with a Disa 55M10 constant temperature anemometer
bridge. The output of the Disa 55M01 was measured using a Hickok model
DP100 DC voltmeter and a Hewlett Packard 3400A RMS voltmeter.

The crossed hot-wire probes used in this study were made from round
jewelers broaches, thermocoub]e ceramic insulators with four holes and
5 micron platinum-plated tungsten wire. These probes were operated with
two Disa 55D05 constant temperature anemometers. There is a problem
with Timited frequency response encountered when using the 55D05 anemo-
meters. Thié problem is discussed in Appendix B. Hot-wire voltage
fluctuations were decomposed into axial mass velocity fluctuations,

total temperature fluctuations, and radial velocity fluctuations, using



14

a technique similar to Rose's (58) (59) shown in Appendix B. By using
this technique it is possible to simultaneously measure the instantane-
ous axial mass velocity fluctuations and the radial velocity fluctuations
for the crossed wire probe. This data reduction technique for hot-wire
anemometry in supersonfc flow is valid where the Mach number of the flow
normal to the wire is above 1.2. For a crossed hot-wire probe both wires
are inclined to the mean flow at 45 degrees; thus, if measurements are
being performed in the shear layer, the Mach number normal to the wire
would definitely be below 1.2 for the Mach 1.5 and 2.0 jets. Therefore,
the crossed hot-wire measurements were made only in the Mach number 2.5
jet. |

Figure 4 shows the size of the crossed hot-wire probe relative to
the 9 mm Mach number 2.5 jet. The distance between the probe supports
perpendicular to the flow is 1.5 mm (the same as the remanufactured nor-
mal wire).

A Brue] and Kjaer 1/8 inch diameter type 4138 condenser microphone
was used to measure the noise radiated by the jet. This microphone has
omni-directional response within +3 db for frequencies up to 60 kHz.

The microphone signal was high pass filtered at 3 kHz in order to eli-
minate the signal resulting from the test chamber resonance (R 500 Hz).
| For consistency the hot-wire signal was also high pass filtered at 3
kHz. The signals were Tow pass filtered at either 60 or 40 kHz
depending on the jet and the frequency response of the hot-wire. This
also eliminated the signal due to the resonance of the microphone (100
kHz). These were determined to be acceptable band pass filter settings
since all of the organized flow structure and the majority of the noise

radiated by the jets had frequencies between 10 kHz and 30 kHz. A
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Multimetrics model AF 120 active filter was used to band pass filter
both the hot-wire and microphone signals.

Spectra of both the hot-wire and mcirophone were made using a Tek-
tronix 7L5 Spectrum analyzer connected to a Hewlett Packard 135A X-Y
plotter. A constant bandwidth of 1 kHz was used to generate all spec-
tra. The frequencies in this study are presented in terms of the
Strouhal number, fd/U, where U is the exit velocity of the jet and d is
the effective diameter (exit diameter, D, minus twice the displacement
thickness of the jet). The Tektronix Spectrum analyzer was also used
as a narrow (1 kHz and 3 kHz) band pass filter in order to study indi-
vidual spectral components.

The_probe drive system is equipped with precision ten turn potenti-
ometers which provide DC voltages proportional to the location of the
probe. It was therefore possible to make mean hot-wire voltage profiles
using the X-Y plotter. Similarly, profiles of the wide band (3-40 kHz)
hot-wire voltage fluctuations are obtained by band pass filtering the
hot-wire signal with the Multimetrics active filter, then using a
Ballentine 710A Linear AC to DC converter to convert the fluctuating
hot-wire voltage to a DC voltage. To obtain profiles of individual spec-
tral components the Tektronix spectrum analyzer was used instead of the

Ballentine AC to DC converter.
Artificial Excitation Mechanism

The jet was artificially excited in order to measure the orienta-
tion, wave speed, and wave length of the dominant spectral components of
the flow fluctuations as well as the wave fronfs in the acoustic field.

The phase difference between the glow exciter input signal and the probe
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(hot-wire or microphone) were measured in order to accomplish this.

The method used to excite the jet in this study was similar to the tech-
nique used by Kendall (34). It consists of establishing an oscillating
glow discharge at the exit of the jet. The oscillating glow is estab-
lished by applying a 135 volt peak to peak alternating voltage biased to
a negative potential of 415 volts DC to a 2% thoriated tungsten elec-
trode at the exit of the jet. The frequency of the alternating voltage
can be varied (using a signal generator). In this manner the jet is ex-
cited at one point. The electrode is 1/16 inch in diameter and is insu-
lated from the nozzle (ground) by a ceramic tube. A current of 0.2 ma.
DC was found to have established a glow of sufficient strength to cause
the instability process to "lock" onto the exciter (the relative phase
between the exciter and probe signal remains constant at one location of
the probe) and yet not drastically alter the flow field or the acoustic
field. The effects of artificial excitation are discussed more thorbugh-
ly in Appendix A.

The relative phase between the exciter and the probe was measured
using a Saicor model SAI 43A correlation and probability analyzer by
cross correlating the two signals. The Saicor correlator was also oper-
ated in the enhance mode in order to phase average* both hot-wire and
microphone signals. In this manner the coherent structure can be
extracted from the full signal and a measurement of the percent coherent

structure present compared to the full wave was made. In addition, the

*The phase averaged signal is

N
q(t) = Mt nzo q(t + nr)

where © is the period of the coherent structure in the jet,



waveform of the coherent structure was obtained and spectrum analyzed.

This was done for both the microphone and‘hot-wire signals.

17



CHAPTER III
REYNOLDS NUMBER SELECTION

For several measurements made in this study the Reynolds number
was varied over a moderate range. However, the majority of the measure-
ments were made at one Reynolds number for each jet. The criteria used
in the selection of the Reynolds number at which to operate the jets
were as follows:

1. To maximize the amount of identifiable flow instability with re-
spect to the turbulence, and to minimize the value of the eddy viscosity
term used in the theories of Tam (12), Chan (13), Liu (15), and Morris
(17). This makes the identification and characterization of the insta-
bility much easier.

2. To maximize the noise radiated by the organized structure with
respect to the random sound generated.

In order to meet the criteria and establish the desired Reynolds
number, microphone and hot-wire spectra were first made at different
Reynolds numbers. Figures 5 through 7 show microphone and hot-wire spec-
tra for the Mach 2.1 jet at three different Reynolds numbers. At a
Reynolds number of 4,900 the flow fluctuation spectrum contains a peak
at a Strouhal number of 0.22. However, the microphone spectrum does not
contain a discrete peak at any frequency. When the Reynolds number is

increased to 7,900 the flow again contains a peak at St = 0.22. However,

there is now a discrete peak in the microphone spectrum at the same
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Strouhal number, indicating that at this Reynolds number the instability
in the jet is generating noise. With a further increase in Reynolds num-
ber to 11,750 the flow fluctuations show an increase in the amount of
broadband fluctuations relative to the amplitude of the peak at St =
0.22. The microphone spectrum also no longer possesses a large discrete
peak at St = 0.22. Therefore, this Reynolds number is higher than what
the criteria specifies while the Reynolds number of 4,900 is too low.
Consequently, the jet was operated at a Reynolds number of 7,900 where
the Reynolds number criteria were best satisfied.

Following the same procedure, Reynolds numbers of 8,700 and 3,700
for the Mach 2.5 and 1.4 jets, respectively, were determined to satisfy
the criteria. It was observed in all three jets that the frequencies of
the discrete peaks did not significantly change as the Reynolds number
was varied, only their amplitude relative to the other spectral compo-
nents. Table I contains the test conditions and the constants used to

nondimensionalize the results obtained in this study.



CHAPTER IV
FLOW MEASUREMENTS, MACH NUMBER 2.5 JET

The Mach number 2.5 jet was studied more extensively than the Mach
number 1.4 and 2.1 jets and therefore the results of its measurements
will be presented first. Measurements made in the Mach number 1.4 and
2.1 jets will then be presented and a comparison of the results will be

made with the results from all three jets.
Mean Flow, Mach Number 2.5 Jet

Pitot pressure, static pressure and stagnation temperature measure-
ments were made along the centerline of a Mach number 2.5 jet. Radial
profiles of these quantities were also made at different downstream loca-
tions. The Tocal Mach number was calculated from the ratio of the static
pressure to the pitot pressure. Figure 8 shows the axial variation of
the Mach number along the centerline of the jet. From this information
it was determined that the average Mach number for the first ten dia- .
meters of the flow is 2.48 with a variation of +1.6%. This slight vari-
ation of Mach number along the centerline of the jet can be attributed
to two factors. First, the jet is not operated at the design Reynolds
number because the exact Reynolds number could not be determined until
the nozzle had been constructed and tested. Therefore, an estimation of
the proper Reynolds number was made in order to design and construct the

nozzle. A design Reynolds number of 20,000 was used, but testing showed
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that the jet should be operated at a Reynolds number of 8,700. This
change in Reynolds number affects the boundary layer thickness. Thus,
the boundary layer correction added to the inviscid contour is slightly
off. Therefore, the flow at the exit of the nozzle will not be paral-
lel, causing a system of weak expansion and compression waves (cell
stkucture) to be present. This cell structure causes the variation in
Mach number along the centerline of the jet. The second factor which
can contribute to this Mach number variation along the centerline of the
jet is that all of the jets used in this study were operated in a
slightly underexpanded condition; that is, the ratio of the nozzle exit
pressure to the pressure of the test chamber was held between 1.00 and
1.01. The slightly underexpanded pressure balance was used since more
accurate control can be maintained over the operating condition of the
jets. Underexpansion of a jet can generate a system of expansion and
compkession waves. However, measurements using a normal hot-wire have
indicated that as long as the pressure balance is he1d between 0.98 and
1.02 there is no noticeable change in the strength of the cell struc-
ture.

Radial profiles of the Mach number are shown in Figure 9 for dif-
ferent downstream locations. At x/D = 1 the flow has a top hat profile
with a very thin shear layer. At 15 diameters downstream the shear
layers have grown together, indicating the end of the potential core.
This is also the axial location where the centerline Mach number begins
to decrease.

The axial variation of the local stagnation temperature, To’ non-
dimensionalized by the stagnation temperature in the stilling chamber,

TOm, is shown in Figure 10. To remains equal to Tow along the centerline
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back to x/D = 15. This is the same axial location where the centerline
Mach number begins to decrease in value and where the shear layer of the
jet grows together on the centerline.

The value of TO along the centerline of the jet then approaches the
value of TO outside the jet as the probe moves downstream. Radial pro-
files of-To/TOoo are shown in Figure 11. The local stagnation temperature
is equal to T000 in the potential core of the jet, varies in the shear
layer and finally approaches the value of the stagnation temperature in
the test chamber. The same type of temperature profiles were measured
in a supersonic wake by MclLaughlin et al. (60). However, the jet shows

less variation than the wake.

Spectra of Flow Fluctuations and Radiated

Noise, Mach Number 2.5 Jet

Figure 12 is a far field microphone spectrum taken in a naturally
excited jet at a Reynolds number of 8,700. There is a rather broad peak
centered at a Strouhal number of 0.16. However, this spectrum does not
have near the breadth that is found in higher Reynolds number jets (50).
Figure 13 consists of normal hot-wire spectra taken at the radial loca-
tion of maximum fluctuations at axial positions of 1, 5, 10, 15, and 19
diameters. This figure indicates that there is a band of unstable fre-
quencies present in the Mach number 2.5 jet. However, the most prevaient
spectral component is the Strouhal number 0.16 one. We have previously
seen similar spectral characteristics in a Mach number 2.2 jet (52).

As the flow progresses downstream different frequencies become domi-
nant in the spectra. However, the St = 0.16 spectral component is the

only one producing a discrete peak from x/D = 1 to 19. At x/D = 15 the
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spectrum shows that the amplitude of the St = 0.14 component is larger
than the St = 0.16 component. However, closer to the centerline of the
jet where the overall fluctuation level is slightly less, the St = 0.16
component's amplitude is larger. This indicates that the spectral com-
ponents have diffefent radial dependence (the radial dependence will be
examined in detail later).

The longevity of the St = 0.16 spectral component in the flow field
explains why it dominates the acoustic spectrum in Figure 12 and the
growth and decay of the components around it account for the broad peak

about the base.

Effect of Excitation on Spectra,

Mach Number 2.5 Jet

In the‘fo11owing phases of this study extensive measurements were
made to determine the wave properties of the St = 0.16 component and its
acoustic radiation. The St = 0.16 component was selected because of its
longevity in the flow field and larger contribution to the acoustic field
than the other components. Measurements were made to show that the other
components present in the jet possess wave properties similar to the
St = 0.16 one and that studying the St = 0.16 component is representative
of the band of unstable frequencies.

We chose to artificially excite the jet in order to measure the wave
properties of the jet and its acoustic field. The alternate method
available was the placing of an additional hot-wire probe into the flow.
Then the wave properties could be determined by cross-correlating this
hot-wire with either the microphone or anotherlhot—wire. It was decided

that the presence of the additional hot-wire would alter the flow and
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acoustic fields more than the Tow amplitude artificial excitation used
in our experiments. The level of excitation used in this study is low
compared to that used by Crow and Champagne (20), Chan (14), and Hussain
(61) in subsonic jets. C. J. Moore (43) has shown that large excitation
levels can substantially change the flow field in a subsonic jet.
Appendix A (which discusses the effect of excitation on the jets used in
this study) shows that a supersonic jet can also be altered by large
levels of excitation. However, the excitation levels used in this study
are Tow and do not significantly alter the flow (as shown in Appendix A).
Hot-wire spectra made at x/D = 1, 5, 10, 15, and 19 are shown in
Figure 14 for the Mach number 2.5 jet excited at St = 0.16. At x/D =1
the spectrum shows three dominant peaks at St = 0.16, 0.32, and 0.48.
The harmonics (0.32 and 0.48) are present because the glow exciter inputs
a pulse into the flow occurring at the fundamental frequency. The
Fourier decomposition of the exciter signal contains not only the funda-
mental frequency but its harmonics as well. The St = 0.09 mode is still
present at x/D = 1 but at a reduced level. The excitation suppresses
this mode, which has a comparatively Tow growth rate. As the flow pro-
gresses, the fundamental mode (St = 0.16) grows in amplitude faster than
the.hafmonics indicating that it is more unstable. At x/D = 10 and
x/D = 15 the excited spectrum shows the fundamental frequency still domi-
nating the flow and the first and second harmonics are beginning to in-
crease in amplitude. The excitation cadses the jet to "lock" onto the
St = 0.16 component (and its harmonics) and the St = 0.13 and St = 0.14
components, which were present in the unexcited jet, do not appear in the
excited jet. At x/D = 19 (Figure 14(e)) the réndom fluctuations have in-

creased significantly and are beginning to obscure the organized
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structure. However, the St = 0.16 component remains more dominant in
this jet in comparison to the natural jet. This occurs because the in-
stability of the excited jet has consisted mainly of the St = 0.16 com-
ponent. Thus the fluctuations are more coherent in the excited jet and
the randomizing process of several other spectral components growing and
decaying along with the St = 0.16 components not present.

The main effect of exciting the jet has been the suppression of
other spectral components found in the natural jet and the increased pre-
sence of harmonfcs. When unstable components other than the one at St =
0.16 were excited, the jet amplified only the component being excited.
Figures 15 and 16 show hot-wire spectrd at x/D = 10 and 15 when the jet
was excited at St = 0.14 and 0.18. 1In both cases the flow is dominated
by the excited component and the St = 0.16 component is almost complete-
ly absent. This behavior indicates that the jet is unstable to several
different frequenﬁies. However, if any one spectral component possesses
an initial level of fluctuation larger than the others, the jet will
amplify that component in preference to the others.

When the jet is not excited, there are only small amplitude random
fluctuations present at the exit of the nozzle. The behavior of the jet
observed above indicates that the components.present in the jet may vary
with time as the fluctuations at the exit of the nozzle vary. This
phenomenon has been observed in spectra made with a fast sweep rate (ana-
lyzing time). In these spectra, the amplitude of the St = 0.16 component
may vary by a factor of 3 while other spectral components appear and
disappear with consecutive sweeps of the analyzer. The spectra presented
in this study were made using a much slower sweep rate (1 kHz/sec) and

are thus indicative of the spectral content present over a long time
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average. It is therefore apparent that in order to reliably measure the
wave properties of the different spectral components, the excitation
method should be used. In this manner the jet is stabilized onto one
spectral component and its properties can be determined with reasonable
accuracy.

We observed the same multi-frequency phenomenon discussed above in
our earlier studies (51) (52) (53). At that time we referred to the in-
stability as being multimodal based upon the multimodal instabilities
experienced by Kendall (34), Mack (62), and McLaughlin (38) (41). How-
ever, measurements presented later in this chapter show that the wave
properties of the spectral components in the St = 0.14 to 0.18 band are
all similar. This indicates that the instability is comprised primarily
of one mode which contains a band of spectral components. The higher
harmonics such as the St = 0.32 and 0.48 components in the Mach number
2.5 jet should probably be classified as different modes based upon the

measurements inan axisymmetric supersonic wake by McLaughlin (38) (41).

Phase Averaged Hot-Wire Signal,

Mach Number 2.5 Jets

The hot-wire signal was phase averaged in the excited jet experi-
ments using the Saicor Correlator. The time trace of the phase averaged
signal was plotted and spectrum analyzed. Figure 17 shows the results
at x/D = 15. As it must be the wave form is dominated by the St = 0.16
component and its harmonics, and is representative of the phase averaged
signal measured at jet locations as far downstream as x/D = 19.

The RMS value of the phase averaged signal was obtained for the hot-

wire voltage fluctuations at three axial positions. This quantity was
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then divided by the RMS value of the hot-wire fluctuations contained in
the frequency band from 3 kHz to 60 kHz.* In this way the fraction of
the flow fluctuations due to the organized structure was obtained. For
x/D = 10, 15 and 19 the fraction is equal to 0.90, 0.84, and 0.40, re-
spectively. These fractions along wﬁth the previous spectra of the flow
fluctuations show that the flow is very organized for x/D less than or
equal to 15. Beyond the end of the potential core (x/D = 15) the center-
line mean velocity begins to decay more rapidly and the flow fluctuations

become less coherent.

Growth of Axial Flow Fluctuations,

Mach Number 2.5 Jet

Normal hot-wires were used to measure the axial mass velocity fluc-
tuations (normalized by the local mean mass velocity) m =(pu);ms/5ﬁ.
Figure 18 shows. the change in amplitude of m as a function of axial posi-
tion for the unexcited jet. This figure contains data from three differ-
ent experiments and is shown to be fairly repeatable from day to day.

The measurements were made at the radial location of maximum hot-wire
voltage fluctuations. The hot-wire signal was band pass filtered from

3 kHz to 60 kHz (St = 0.03 to 0.64) and hence contains the full spectrum
of flow fluctuations. The initial level of fluctuations is less than
0.5% and grows in amplitude approximately exponentially for the first 12

diameters of flow, as shown by the straight 1ine on the semi log plot.

*The 3 kHz to 60 kHz frequency band corresponds to a range of non-
dimensional frequency from St = 0.03 to St = 0.64. From the spectra
presented it is reasonable to assume that in the low Reynolds number
jets the frequency range from 3 kHz to 60 kHz contains all the fluctua-
tions of importance in the jet.



/28

The growth of the fluctuations can be characterized by a Tinear stability
type representatjon for the first 12 diameters of flow with a value of
growth rate (-kid) calculated to be 0.29+ 0.05 (95% confidence interval).

The Tevel of fluctuations saturates at about 30% of the local mean
and then begins to decay. The f]ucéuatioh amplitude saturates near the
axial Tocation of the end of the potential coré.‘ Tam's theory (12) pre-
dicts that for a Mach 2.2 jet the energy in the flow fluctuations will
reach a maximum at the end ofkthe potential core and then begin to de-
crease. The kinetic energy flux of the axial velocity fluctuations was
estimated using mean f]owlprofi1es and hot-wire voltage f]uctuétion level
profiles to evaluate the following integral.

g = —3 [y g6 0

PoY

)2 rdr (2)
This integral is the major portion of one of the primary outputs of Tam's
stability thedry (12). The axial distribution of Eve is shown in Figure
19 for the natural jet. The distribution is very sihi]ar to the m dis- -
tribution shown earlier in Figure 18. The amplitude of EKE maximizes
~near the end of the potential core and grows exponentially for the first

11 diameters of flow. The growth rate of E,_ is 0.72 +0.26 which is

KE
twice the growth rate of m (within the uncertainty of the measurements).
This result verifies one of the assumptions used by Tam in his analysis.
In order to better understand the frequency dependence of the in-
stability the following measurements were made. The hot-wire was p]aced
at x/D = 10, a point in the region of exponential groﬁth where m is
large. The jet was then artificially excited at different frequencies

while maintaining a constant input level of excitation. The response of

the jet was measured by recording the level of fluctuations in a 1 kHz
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(ASt = 0.01) wide band centered on the frequency of excitation. The
probe was moved radially at x/D = 10 to find and record the level of
maximum fluctuations corresponding to each excitation frequency. The
results of this experiment, contained in Figure 20, shows that there are
several unstable frequencies contained in the frequency band from St =
0.10 to St = 0.20.

The effects of exciting the jet at three of the frequencies shown
to be unstable in Figure 20 (St = 0.14, 0.16, and 0.18) are shown in
Figure 21. Presented in this figure are the axial distribution of the
full spectrum (St = 0.03 to 0.64) of the mass velocity fluctuations, m,
in the natural jet and the jet excited at the three unstable frequencies.
(The probe is located at the radial position of maximum hot-wire fluc-
tuation voltage.) The data show that exciting the jet at different un-
stable frequencies does not alter the development of the overall flow
fluctuations amplitude, just the spectral content.

Figure 20 shows that there were six spectral components present in
the jet that attained Tlarge levels of fluctuation at x/D = 10. However,
only a few of them appeared in the natural jet (as shown by spectra).
The following experiment was made to determine the reason. The jet was
excited at seven frequencies, one at a time: the six most unstable ones
and one not as unstable. The axial distribution of the flow fluctuation
amplitude contained in a 1 kHz wide band (ASt = 0.01) centered at the
frequency of excitation was measured and is shown in Figure 22. The
probe was located at the radial position of maximum fluctuations con-
tained in the 1 kHz wide band.

The data of Figure 22 shows why only the St = 0.14 and 0.16 spec-

tral components dominate the flow fluctuations in the unexcited jet.
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The other components have higher rates of growth over a portion of the
jet than do the St = 0.16 and 0.14 components. However, they do not
maintain as high a level of fluctuation over the length of the jet.
This indicates that the St = 0.14 and 0.16 components are unstable to

a wider range of mean flow profiles than the others. Also, the St = |
0.14 and 0.16 components possess levels of fluctuation at four diameters
downstream from the exit of the jet that are twice as large as the
levels of fluctuation possessed by the other frequencies. This shows
that the top hat profile close to the exit of the nozzle is more un-
stable to the St = 0.14 and 0.16 components than to the other frequen-
cies. Thus, the jet locks onto these two components and they dominate
the flow in the unexcited jet. Therefore, an important factor in the
frequency selection mechanism of the jet is the component's growth rate
relative to a range of varying mean flow profiles. The components that
are most unstable at the exit of the jet and that remain unstable for a
wide range of mean flow profiles will be the ones that dominate the
natural flow.

By observing the relative amplitude of the different specfra] com-
ponents shown in Figure 22 at various axial Tlocations, it becomes
apparent that at different axial locations the frequencies of the most
unstable components may change from those shown in Figure 20. The
changing mean flow may be responsible for this type of behavior. Thus,
there does not seem to be just a few discrete frequencies that are un-
stable in the jet but a band of frequencies between St = 0.10 and 0.20.

From the above measurements it was shown that the jet responds
about equally to excitation at St = 0.14 and 0.16. The St = 0.16 com-

ponent is present in the unexcited jet from x/D = 1 to 19. However, the
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St = 0.14 component is dominant at only one location (as shown by spec-
tra). This indicates that the St = 0.16 component is preferred by the
jet and therefore will be studied more extensively than the other spec-
tral components in the remainder of the Mach 2.5 study.

Figure 23 contains axial growth measurements for the Mach 2.5 jet
excited at St = 0.16. The full spectrum (St = 0.03 to 0.64), the St =
0.16 component (St = 0.155 to 0.165 band pass), the St = 0.32 component
(St = 0.305 to 0.335 band pass), and the phase averaged components are
shown. The full spectrum, the phase averaged component and the St =
0.16 component all grow exponentially at approximately the same rate
for the first 12 diameters of flow and saturate in amplitude around
x/D = 15. The growth of the St = 0.32 harmonic is delayed and begihs
to grow exponentially at x/D = 5 and continues to x/D = 14. Table II
contains a summary of the values for the growth rates, 'kid’ along with
the 95% confidence interval for each one. As would be expected, the
growth rates of the full spectrum, the phase averaged component ahd'the
St = 0.16 component all have the same value within the confidence inter-
vals since all three are compriéed mainly of the St = 0.16 component
over the region of exponential growth. The first harmonic (St = 0.32)
component grows at a slower rate than the others.

The growth of the harmonic does not indicate a deviation from a
linear stability representation since the fundamental and the harmonic
both grow exponentially from x/D = 5 to 12. This occurs in both the
excited and unexcited jets and hence it is not the excitation which

causes the growth of the harmonic.
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Growth of the Radial Velocity Fluctuations,
Mach Number 2.5 Jet

Measuremgnts of the radial velocity f]ubtuations wefe made in the
Mach 2.5vjet excited at St = 0.18 using a crossed hot-wire probe. Re--
call from‘Figure‘21 that the exact’frequency of excitation in the St =
0.14 to 0.18 band in uhimportant, The crossed hot-wire probe measures
both axial and radial ve]oéity fluctuations. THe data redUction tech-
n{qués'are discussed in Appendix B. Due to the limited frequency re-
sponse of the crossed wire probes, this data should be considered'
pre]iminqry and is presenfed only to give the reader some insight into
the genera1 nature of fhe radial velocity fluctuations.

Figure 24 shows the growth of fhe axial and radial fluctuations as
measured by two different crossed hot-wire probes'and the axial mass
velocity fluctuations as measured by a normal hot-wire. The axial mass
velocity fluctuations as measured by the crossed hot-wire probe grow\ek—
ponentially for the ffrst 11 diameters of flow at a growth rate, 'kid"
of 0.29 +0.07. The corresponding normal wire measurements indicate a
growth rate of 0.30 +0.05 when the jet is excited at St = 0.18. Thus,
within the uncertainty of the measurements the rate of growth for the
axial mass velocity fluctuations is the same as measured by both the
normal hot-wire and the crossed hot-wire.

The radial velocity fluctuations (normalized with the local mean
velocity) grow expohentia]]y from x/D = 4 to 16. The rate of growth
over this axial region is 0.17 +0.01 (substantially lower than the axial
mass velocity fluctuation growth rate). At x/D = 15 the axial mass
velocity flucutations attain a maximum amplitude of 0.30 while the
radial velocity fluctuations attain a maximum amplitude of 0.16. By
assuming negligible pressure fluctuations compared to the velocity, den-

sity and temperature fluctuations (a common assumption made by previous
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investigators (63) through (68)), an estimation of the maximum axial
velocity fluctuations is found to be u = 0.21. Comparisons of the peak
velocity fluctuations (both radial and axial components) with other in-
vestigators are made later in Chapter VII.

Figure 25 contains spectra of the radial velocity fluctuations in
the Mach‘2.5 jet excited at St = 0.18. These spectra were made from the -
crossed hot-wire probe located at x/D = 5, 10 and 15. These spectra con-
tain the same overall characteristics as do the axial flow fluctuations.
As expected, the instability is a major portion of both the axial and

radial flow fluctuations.

Radial Distributions of Hot-Wire Fluctuation

Measurements, Mach Number 2.5 Jet

Profiles of the hot-wire voltage fluctuation amplitude were made in
the Mach number 2.5 jet excited at St = 0.16 to determine the radial dis-
tribution of the full spectrum (St = 0.03 to 0.64), St = 0.16, component
(ASt = 0.01) and phase averaged component. Profiles of the mean hot-wire
voltage were also made. The profiles of the mean hot-wire voltage
(Figure 26) can be used to obtain a qualitative measurement of how the
mean flow of the jet is changing as it progresses downstream. As shown
in Appendix B, for high overheat ratios the hot-wire responds primarily
to mass velocity (pu) and can be interpreted in this way. However, it
should be noted that the hot-wire mean voltage profiles bear a strong
resemblance to the Mach number profiles (see Figures 9 and 26). The
mean hot-wire voltage profiles show that the potential core ends at
about x/D = 15 and that the mean flow decays rapidly after that.

Profiles of the full spectrum in Figure 27 show the spreading of the

high fluctuation region as the flow moves downstream with the maximum
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fluctuations occurring at about the center of the shear layer (point of
inflection in the man flow profile) which is common with free shear
flows. The profiles also indicate that the end of the potential core

is around x/D = 15. The radial profiles of the St = 0.16 component in
Figure 28 show the same axial development as the full spectrum except

at x/D = 15.7, where the profile peaks on the centerline instead of on
the sides. The fluctuations of the +z side of the jet are larger in
amplitude from x/D = 8.8 to 17.1. The reason for this asymmetric condi-
tion is puzzling since close to the exit of the jet (x/D < 7.1) the pro-
files show the same amplitude on either side of the jet. The asymmetry
is not caused by the excitation of the jet since it is present in the
unexcited jet also. The asymmetry is probably due to probe interference
(the probe being slightly yawed in one direction), the machining of the
nozzle, or a slight asymmetry in the exciter electrode near the exit of
the nozzle.

The radial profiles of the phase averaged hot-wire voltage shown in
Figure 29 develop the same as the St =‘.16 profiles. At x/D = 15.7 the
profile has a distinct peak on the centerline of the jet. This shows
that there is an increase in the level of organized fluctuations on the
centerline of the jet when the shear layers grow together. The center-
lTine fluctuations then subside at x/D = 17.1 into the profiles previously
seen. At x/D = 20 almost all of the organized structure has disappeared.
These measurements demonstrate that there is a violent organized inter-
action occurring on the centerline of the jet when the shear layers grow
together which climaxes the growth of the fluctuations in the jet.

Experiments were also performed to investigate the radial amplitude

distributions of the numerous spectral components which were discussed
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in the axial growth rate section earlier. Figure 30 shows the radial
distribution of the flow fluctuation amplitude in}the natural Mach num-
ber 2.5 jet which are contained in a 1 kHz wide band (aASt = 0.01). At
x/D = 10 the 1 kHz wide band is centered at St = 0.13 and 0.16. At x/D
= 15 the 1 kHz wide band is centered at St 0.13, 0.14, 0.16, and 0.18.
A 3 kHz wide band (ASt = 0.03) was also centered at St = 0.32 for both
axial locations. An Ampex FR1300 tape recorder was used to record the
flow fluctuations contained between 3 and 60 kHz measured by the hot-
wire for one traverse through the shear layer of the jet. The record-
ing was then replayed for each Strouhal number. In this manner the
radial profiles of the amplitude of the different spectral components
existing simultaneously in the unexcited jet were obtained. At x/D =
10 the St = 0.13 and 0.16 components attain levels of maximum fluctua-
tions at different radial locations. The same trend is apparent at
x/D = 15 for the five spectral components measured there. The radial
distributions of the different spectral components display the depend-
ence which has been found typical of other shear flow instabilities

where rore than one mode is present (37) (38) (41).
Relative Phase Measurements, Mach Number 2.5 Jet

The wavelength and wave orientation of the instability were deter-
mined by measuring the relative phase, ¢, between the normal hot-wire
and the excitation input signal. In this manner the axial wave number,
kr’ and the azimuthal mode number, n, were determined for the St = 0.14,
0.16, and 0.18 components. The radial distribution of the relative phase

was measured for the St = 0.16 component.
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Figure 31 shows the axial distribution of the relative phase for
the three spectral components mentioned above. Each measurement was made
at the radial position of maximum fluctuations. Two different days' mea-
surements are shown for the St = 0.16 component to demonstrate the
repeatability of the technique. A first order linear regression curve
fit was used to determine the wavelength and hence the wave number of the
components. These results are presented in Table III. The phase distri-
bution for each component fits a straight 1ine for the entire region of
the jet where the measurements were made. Beyond x/D = 20 the random
flow fluctuations are so large in amplitude relative to the organized
structure that it is impossible to reliably measure the relative phase
with the correlation technique described. Thus the wavelengths of the
disturbance remain constant for at least 12 diameters of the jet (x/D =
6 to 18). Since the wavelength and frequency of the disturbances are
known, then the speed at which they travel downstream, c, can be calcu-
lated (c = Af). The calculated value of c is also presented in Table
ITI. A1l three spectral components are traveling downstream supersonic-
ally at about 68% of the exit velocity, and 112% of the ambient acoustic
velocity, a.

Axial phase measurements of the radial velocity fluctuations and
the axial mass vé1ocity fluctuations were made for the St = 0.18 compo-
nent using a crossed hot-wire probe positioned at 6 = 270° (the previous
measurements were made at 6 = 180°). From the relative phase distribu-
tions shown in Figure 32 it was determined that the axial and radial
fluctuations are in phase. The wavelengths calculated from these mea-
surements are 4.04 +.84 for the axial fluctuations and 3.77 +.61 for the

radial fluctuations. Both of these fall within the 95% confidence
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interval of each other and of the normal hot-wire measurements of the
St = 0.18 axial component's mass velocity fluctuation wavelength.
Morris (17) (69) analytically predicts that the axial and radial fluc-
tuations will be in phase near the point of maximum fluctuations for an
n=1, St =0.3 instability in a Mach number 1.4 1sotherma]‘jet. The
same type of phase behavior was experimentally measured in a two-
dimensional, incompressible shear layer by Browand and Weidman (23).

Figures 33 and 34 contain relative phase measurements made with the
normal hot-wire in the radial and azimuthal directions at x/D = 8 for the
St = 0.16 component. (The azimuthal measurements were made at the radial
location of maximum fluctuations in the shear layer.) The radial phase
measurements show that there is a rapid change in phase across each shear
layer. (It is noteworthy that Winant and Browand (21) observed a 180°
phase shift across a two-dimensional, incompressible free shear layer.)
These measurements also indicate that the phase distribution is symmetri-
cal about the vertical (y) axis of the jet but has a 180° phase shift
across the horizontal (z) axis.

This symmetry and asymmetry together with the azimuthal phase dis-
tribution is consistent with an instability mode where the jet is flap-
ping up and down. The flapping mode results from a superposition of two

i(kx+o) 1(kx-e)’ which are often referred to as the

helical modes e and e
n=1)1and n = -1 modes (see Equation (1)). The theoretical azimuthal
phase distribution for the flapping mode is shown in Figure 34. The
data show a smoother 180° phase shift at the 6 = 90°, 270° points than
the theoretical distribution.

One factor which influences the data and may cause the less rapid

phase shift is that a normal hot-wire (wire oriented vertically) was
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used to make the measurements. At the sides of the jet (90° and 270°)
the hot-wire is aligned with the shear layer so as to measure the phase
at that exact radial location making its phase very sensitive to the
position of the probe due to the rapid variation of phase in the radial
direction. However, at 6 = 0° and 180° the hot-wire is perpendicular to
the shear layer making the measurements less sensitive to the radial
location. Yet another factor to consider is that the jet may not oscil-
late in the same plane continuously. The plane may vary slightly in the
azimuth angle. These effects would cause the ideal phase distribution
to be spread out and the sharp discontinuity to become more gradual.

At x/D = 12 the same radial dependence of the phase is present as
indicated by Figure 35. The radial variation still changes approximate-
1y 180° across the shear layer but it occurs less rapidly since the shear
layer has broadened. Again, the azimuthal phase distribution (Figure 36)
is smoother than the ideal one but still representative of the flapping
mode.

At x/D = 16 the radial phase variations have become less rapid, as
would be expected, since the shear layers have grown together and become
wider (see Figure 37). The azimuth distribution in Figure 38 has changed
in a quite unexpected manner based upon the previous measurements. The
disturbance has become a helix with an n = -1 mode number. It is evident
that the jet undergoes a transition at approximately the end of the po-
tential core where the flow fluctuations are at a maximum. In fact, this
transition from a flapping mode into a helix is no doubt associated with
the large level of fluctuations. It should be noted that the level of

coherent structure decreases rapidly during and after the transition.
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Measurements of the azimuth phase distributions for the St = 0.14

and 0.18 components were also made. Both of these components possess a
flapping mode at x/D = 12. At x/D = 16 the St = 0.18 component has
transformed into a helix (n = -1). However, the St = 0.14 component
does not transform into a helix until x/D = 18. Again, the level of
coherent structure decreases rapidly at this point. These measurements
along with the axial phase measurements indicate that all of the spectral
components are initially a flapping mode that transforms into a helix at
a location near the end of the potential core. The waves all travel
dwonstream at approximately 68% of the mean exit velocity of the jet.
Tam (9) through (12), Liu (15), and Chan (13) all predict that the n = 1
mode is the most unstable for a supersonic jet and that it is this mode
(or the superposition of n = 1 and n = -1) that is present in this Mach
2.5 jet.

The artificial exciter inputs a point excitation at 6 = 0°. The
azimuth phase measurements show that the jet is flapping up and down in
the plane that passes through 6 = 0°. This indicates that the exciter
is exciting the n = +1 and -1 modes simultaneously. The theoretical
developments for the jet's instability (9) (13) (15) show no preference
for a left hand or right hand>he11x. Both are equally unstable. There-
fore, the instability in the natural jet may be any combination of these
modes. Measurements have shown that the frequency, growth rate and
sound radiated by the jet (presented later) are the same for the natural
and excited jet. In addition, in the excited jet the wavelength remained
constant whether the instability was in the flapping mode or a helix.

It is therefore apparent that the instability ﬁrocess is very similar for

all the modes (whether the jet is flapping, n = +1 or n = -1). Thus, the



measurements of the instability present in the excited jet is repre-

sentative of the one occurring in the natural jet.
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CHAPTER V
ACOUSTIC MEASUREMENTS, MACH NUMBER 2.5 JET
*Microphone SPL Contours, Mach Number 2.5 Jet

Figure 39(a) contains sound pressure level (SPL) contours of the
full spectrum (St = 0.03-0.64) for an unexcited jet. Since these mea-
surements have been made in a vacuum chamber, the reference pressure
used to calculate the SPL was scaled to the ambient pressure in the test
facility in the following manner:

| P;'ms
L = 20 Tog,, 5 > (1)
_ (2x10" Nt/m") (Pc/P

SP
ATm)

The sound pressure levels occurring in this jet have about the same mag-
nitude as found in high Reynolds number atmosphere model jets at a simi-
lar position. This was shown in one of our earlier papers (53). The
acoustic field is highly directional in its radiation pattern which is
characteristic of supersonic jets and has been seen by other investiga-
tors (50) (69) (70).

Figure 39(b) shows the SPL contours for the jet excited at St =
0.16. The jet was excited at St = 0.16 since the spectra shown later in
this section contained discrete peaks at St = 0.16 and its harmonics and
not at the band of other frequencies found in the hot-wire data. The
shape of the SPL contours is almost identical for the natural and ex-

cited jet; the main difference is the upstream shifting of the contours
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in the excited jet case. This shift can be attributed to the flow fluc-
tuations reaching a méximum sooner in the excited jet than in the
natural jet. A somewhat surprising feature of the acoustic field of the
excited jet is that at a radial distance of 10 diameters from the axis
of the jet the SPL peaks at 2 db less than the value measured in the
natural jet. This difference is even more pronounced in the Tower Mach
number jets (see Chapter VIII).

Figure 40 is the SPL contours for a 1 kHz wide band centered about
St = 0.16 (St = 0.155 to 0.165). In this manner the sound preséure
levels of the noise radiated at this frequency can be studied. Also
shown are the SPL contours for the phase averaged pressure fluctuations.
These SPL contours represent the level of the sound radiated by the in-
stability. The maximum amplitudes shown for both SPL contours are only
6 db down from the full spectrum. This shows that a large portion of
the noise is radiated at this frequency by the organized structure. The
noise radiated by the organized structure is even more directional than
the noise radiated by the full spectrum. This indicates that the direct-
ivity of the noise radiated by the jet is controlled by the St = 0.16

component.
Microphone Spectra, Mach Number 2.5 Jet

Noise spectra in an unexcited jet are shown in Figure 41 where the
microphone was kept at a radial distance of 12 diameters from the
centerline of the jet and moved in the downstream direction. At x/D =
6 the spectrum contains a peak at St = 0.16. However, at x/D = 14 the
spectrum is very broad band. Both of these spectra were made in the

acoustic field where the sound pressure level is below 140 db. This is
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not in the region of large noise radiation. As the microphone approaches
the contour of maximum noise radiation the spectra contain a more pro-
nounced peak at St = 0.16. The spectrum at x/D = 40, which is outside
the contour of maximum noise, shows the St = 0.16 component becoming

less important as was the case before the contour of maximum noise

level. This clearly indicates that the St = 0.16 component is a major
noise generator in the areas of large sound pressure levels.

Figure 42 shows microphone spectra in the excited jet (St = 0.16)
at the same locations as the previous spectra. The main effect of ex-
citation is the slight enhancing of the St = 0.16 peak and the increased
presence of harmonics.

A common way of representing spectral information in noise analysis
is using the autocorrelation function. Presented in Figure 43 are the
autocorrelation functions of microphone signals for both the natural and
excited jets. The microphone is located at x/D = 30, and y/D = 12 and
hence these figures correspond to the spectra presented in Figures 41(d)
and 42(d). The features of the spectra discussed above are also evident
on the autocorrelation function plots.

The fraction of sound radiated by the coherent portion of the jet
at the locations of the above spectra is shown in Figure 44. The frac-
tion of coherent sound drops considerably near x/D = 15. The coherent

sound is comprised mainly of the St = 0.16 component as shown by the

phase averaged wave form and spectrum at x/D = 30 and y/D = 12 in Figure
45. Therefore, the spectra presented earlier which showed low levels of

the St = 0.16 component in the acoustic field near x/D = 15 confirm this

drop in amplitude. These measurements reinforce the findings from the
SPL contours that the directivity pattern of the jet is controlled mainly

by the sound radiated from the coherent portion of the flow fluctuations.
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Acoustic Wave Front Measurements,

Mach Number 2.5 Jet

There has been speculation for the last ten years as to whéther the
flow disturbances in the jet that move downstream supersonically (which
is the case in this Mach number 2.5 jet) produce noise in the form of
Mach waves. To help establish the nature of the noise generation pro-
cess, lines of constant phase were measured in the acoustic field of the
jet. These Tines of constant phase can be interpreted as acoustic wave
fronts. Figure 46 is a plot of lines of constant phase (0° with respect
to the excitation signal). Note the area of no correlation present
around x/D = 15. The dashed Tine is the Mach angle corresponding to the
instability ane speed ratioed to the ambient speed of sound. For the
Mach number 2.5 jét c/a0 = 1.11. Therefore, the Mach angle corresponding
to this wavespeed is u = sin_] (1/1.11) = 64°. Clearly, the Mach angle |
line does not correspond to any of the wave fronts. Between x/D = 15 and
25 there are some wave fronts that are straight Tines. The angle they
make with respect to the x-axis is approximately 53° which is not within
the uncertainty range of the Mach angle above. Therefore, the sound
radiation is not in the form of Mach waves, but is characteristic of
waves emitted from a localized source around x/D = 15.

This type of radiation pattern is consistent with a noise source
distribution which is moderately localized, having a length of 3 to 5
jet diameters for the dominant portion. (A point source would radiate
perfectly circular wave fronts with no interference pattern of the type

found here at x/D = 15.)
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By using a simple ray tracing technique* in the region of the acous-
tic field where the sound pressure levels are large, one can approximate
the position from where the major portion of the noise is radiated. The
apparent source location is between x/D = 12 and 18. This seems to be
reasonable since the flow fluctuation amplitude maximizes at approximate-
ly x/D = 15 (the end of the potential core) and the jet undergoes a
transition from a flapping mode to a helical mode with large levels of
fluctuations. Laufer et al. (72) have also observed (from directional

microphone measurements) that the maximum noise seems to be radiated from

the end of the potential core in supersonic jets. This situation is also
predicted by Tam (12). However, the indication stated by Goldstein (73)
that the maximum noise source location is just downstream of the sonic
line is not borne out in the present measurements. (From Figure 8 one
can see that the sonic line extends to x/D = 26.)

The dominant noise generation region in the Mach 2.5 jet is remark-
ably localized. No doubt it is the action of the rapid growth and decay
of the instability that generates the noise. This takes place over a
relatively short distance in the jet (approximately one wavelength of
the instability). The coherence of the instability is drastically de-
creased after the flow fluctuation reaches this maximum. It is there-
fore hypothesized that rapid growth and decay of the instability gener-
ates noise in a manner similar to a whip cracking. Figure 47 is a
schematic diagram of the jet configuration and noise radiation pattern

envisioned from this study.

" *This technique is a simplification of one proposed by Schubert
(71) and consists of following Tines drawn perpendicular to the orienta-
tion of the wave fronts presented in Figure 46.
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A mechanism very similar to the one described has been hypothesized
by Ffowcs Williams (74). He attributes the "crackle" (the intense spas-
modic short duration compressive elements of the wave form) portion 6f
the noise radiated by high Reynolds number supersonic jets to a "buck-
1ing" of the jet column. It appears that for the low Reynolds number
jets used in this study a similar phenomenoh is occurring. However,
this study indicates that the instability is responsibie for the major
portion of the continuous noise radiated by the jet, and not simply an

intermittent portion.



CHAPTER VI
SUMMARY, MACH NUMBER 2.5 JET

Flow field andvacoustic-meaSurements have been made in a low Rey-
nolds number Mach 2.5 jet. There are several unstable frequencies
present in the natural jet. The wave properties of the St = 0.14, 0.16
and 0.18 spectral components were measured. All three components are
initially a flapping type mode (simultaneous n = +1 and n = -1 modes)
that transform into a helix (n = -1) near the end of the potential core.
This transformation occurs at the axial location of maximum flow fluc-
tuations and is accompanied by a decrease in the level of coherence of
the instability. Axial phase measurements show that all three spectral
components travel downstream supersonically with respect to the ambient
air (1.12a0) at approximately 68% of the exit ve]ocity of the jet. This
wavespeed was found to be constant from x/D = 6 to 18. The growth rates
of the full spectrum and St = 0.16 component are exponential over the
first 12 diameters of flow. The St = 0.32 component also grows exponen-
tially from x/D = 5 to 14. The growth of the harmonic does not cause the
fundamental to deviate from its exponential growth indicating minimal
nonlinear interaction. Thus, a linear stability theory can be applied
to the jet using a wave representation for the flow fluctuations for at
least the first 12 diameters of flow.

The spectra of the sound radfated from thé jet contains a major

peak at St = 0.16. This shows that the St = 0.16 spectral component of
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the flow fluctuation is generating a major portion of the noise. The
sound radiated by the flow instability governs the directivity of the
acoustic field. Acoustic wave front measurements show that the sound
is not radiated in the form of Mach waves. Instead, the sound is
generated by a localized phenomenon, the rapid growth and decay of the
instability which maximizes in fluctuation level and transforms from a
flapping mode into a helix near the end of the potential core. At this

location the fraction of coherent structure is greatly decreased.



CHAPTER VII
FLOW MEASUREMENTS, MACH NUMBER 1.4 AND 2.1 JETS
Mean Flow, Mach Number 1.4 and 2.1 Jets

Pitot and static pressure probe measurements were made in the Mach
number 1.4 and 2.1 jets as was done in the Mach number 2.5 jet. The jet
centerline Mach number distributions calculated from these measurements
are shown in Figure 48 along with the Mach number 2.5 jet data. As in
the Mach number}2.5 jet there is a cell structure present in the lower
Mach number jets. The Mach number 2.1 jet possesses a centerline varia-
tion of +2% in Mach number and the Mach number 1.4 jet has a +4% varia-
tion. In the Mach number 1.4 jet there is a region of no cell structure
from x/D = 0 to 3.5, even though it is found downstream of x/D = 3.5.
The exact reason for this absence of cell structure from x/D = 0 to 3.5
is not known. It is interesting to note that both the static and pitot
pressure measurements show the absence of the cell structure. The poten-
tial core ends at x/D = 8 and 7 for the Mach number 2.1 and 1.4 jets,
respectively. Figure 49 shows how the axial location of the end of the
potential core (xc) changes with Mach number. Data for high Reynolds
number cold jets measured by other investigators (75) (76) (77) and the
isothermal jets studied by Lau et al. (78) are included. The location
of Xe for the low Reynolds number jets used in this study follow the
same trend as those measured by the other investigators. (The value of

Xe increases with increasing jet Mach number.)

49
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Radial profiles of Mach number are shown for the Mach number 1.4
and 2.1 jets in Figures 50 and 51, respectively. These can be compared
with the profiles presented in Figure 9 for the Mach number 2.5 jet.

A11 three jets have top hat profiles at x/D = 1 and develop in a similar
fashion, except for the length of the potential core region as discussed
above.

Axial variation of the local stagnation temperature for the jets
is shown in Figure 52. As in the case of the Mach number 2.5 jet, T0 is
constant along the centerline of the jet and equal to TOoo until the end
of the potential core. At the end of the potential core, T0 begins to
increase and approaches the value of TO for the ambient air. The radial
profiles of T0 in Figures 53 and 54 show the local stagnation temperature
varying across the shear layer of the jet from the value of TOm in the
potential core to the value of the stagnation temperature of the ambient
air. The same phenomenon was measured in the Mach number 2.5 jet (see

Figure 11).
Spectra, Mach Number 1.4 and 2.1 Jets

Figure 55 contains a farfield microphone spectrum of the unexcited
Mach number 2.1 jet. There is a peak present at St = 0.22. Figure 56
depicts hot-wire spectra made at x/D = 5, 10, and 15 in the unexcited
jet. At x/D = 5 there is a peak at St = 0.22 and some less pronounced
peaks at St = 0.19 and 0.38. At x/D = 10 only the St = 0.22 remains.
As the flow progresses to x/D = 15 the spectrum is broad and contains no
discrete peaks. The Mach number 2.1 jet was excited at St = 0.22 and
the wave properties and acoustic field of this spectral component were

studied. Only one component was selected since the measurements in the
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Mach number 2.5 jet determined that the different spectral components
behaved similarly. In addition, the St = 0.22 component possessed
larger levels of fluctuation in the flow field and acoustic field than
any other component present in the jet.

The effects of excitation upon the spectral content of the jet are
shown in Figure 57. As in the Mach number 2.5 jet the excitation sup-
presses spectral components other than the one excited.

A far field microphone spectrum of the Mach number 1.4 jet (Figure
58) shows a very dominant peak at St = 0.33. The hot-wire spectra shown
in Figure 59 explain this. At x/D = 4 and 8 the flow is clearly domi-
nated by the St = 0.33 spectral component with no other component pres-
ent. At x/D = 12 the spectrum is very broad with only a small peak at
St = 0.33. When excited at St = 0.33 there is very 1little change in
the hot-wire spectra as shown in Figure 60.

The Strouhal number of the spectral component most preferred by
each jet is plotted as a function of Mach number in Figure 61. The
Strouhal number decreases. as the Mach number increases. Chan (13) pre-
dicts the same behavior for a helium jet. Tam (12), however, predicts
increasing Strouhal number for increasing Mach number for a cold air
jet. Tam's predicted values for the Strouhal number are shown in
Figure 61 along with the measured values. This data indicates that the
frequency selection mechanism in Tam's theory is invalid.

The fraction of organized structure present in the jets was mea-
sured by phase averaging the hot-wire signal. Figure 62 shows how the
fraction changes as the flow progresses downstream for the Mach number

1.4, 2.1 and 2.5 jets. A1l of these jets are similar in that the
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percentage of organized structure decreases as the flow progresses down-

stream with a dramatic drop after the end of the potential core.

Axial Growth of Flow Fluctuations,

Mach Number 1.4 and 2.1 Jets

Figure-63 shows the axial variation of the mass velocity fluctua-
tions for the unexcited Mach number 1.4, 2.1 and 2.5 jets. The flow
fluctuations are band pass filtered from 3 to 40 kHz for the Tower two
Mach number jets. This includes a Strouhal number range from 0.05 to
0.72 for the Mach number 2.1 jet and from 0.07 to 0.92 for the Mach
number 1.4 jet. This bénd width contains the full spectrum of the im-
portant jet fluctuations. The flow fluctuation amplitudes increase
exponentially for about the first seven diameters of flow.

For all of the jets used in this study the flow fluctuation ampli-
tude saturates near the end of the potential core. The growth of the
fluctuations can be characterized by a linear stability type representa-
tion for the first several diameters of flow. Table IV contains the
growth rates for all the spectral components measured in the three Mach
number jets.

The growth rate of the full spectrum in the natural jet for differ-
ent Mach numbers and Reynolds numbers are shown in Tab]é V. The growth
rates measured in jets}with Reynolds numbers between 5,000 and 10,000
are grouped together. For this Reynolds number range the growth rate
(-kid) decreases with increasing Mach number. Thus, increasing the
Mach number tends to stabilize the flow. It is interesting to note that
several of the jets were produced using simp]é conical contours instead

of a contour designed by the exact method of characteristics. This
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simple contour does not seem to significantly alter the development of
the instability. Table V also contains a few growth rates measured at
Reynolds numbers outside the 5,000 to 10,000 range. These measurements
show that the growth rates increase with increasing Reynolds number.

The maximum Tevel of m remained between 0.3 and 0.4 for all Reynolds
numbers for the measurements made between Mach numbers 2.3 and 2.5. This
indicates that the maximum value of m remains approximately constant for
all Reynolds numbers greater than about three times the critical Reynolds
number.

A deterministic trend is apparent in the maximum fluctuation Tevels
attained in the jets. Figure 64 illustrates how the maximum level of
mass velocity fluctuations increases with increasing jet Mach number.

In the Mach number 1.4 jet the local flow Mach number at the point of
maximum fluctuations is less than 1.2. Consequently, the Mach number
independence assumed in the data reduction is 1nva11d-and the calcula-

tion of maximum m is only an estimate.

The Tevel of maximum axial velocity fluctuation can be estimated as
was done earlier by assuming negligible pressure fluctuations. The
levels of maximum axial velocity fluctuation normalized by the local
mean velocity are also shown on Figure 64. Since the maximum Tevel of»
velocity fluctuations is approximately the same for all three Mach num-
ber jets, the substantial increase in the maximum level of m with Mach
number can no doubt be attributed to an increased level of density
fluctuations. (This also implies an increased level of temperature
fluctuations at higher Mach numbers.)

Lau et al. (69) (78) have measured the radial and axial velocity

fluctuations in a Mach number 1.4 isothermal jet (static temperature of
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jet = static temperature of the ambient air) using a laser anemometer.
Just past the end of the potential core they measured an axial velocity
f]uctuation level of approximately 0.14 and a radial velocity fluctua-
tion level of 0.10 normalized by the exit velocity of the jet. Figure
64 also shows the maximum axial velocity fluctuation level measured in
this study normalized by the exit velocity of the jet. The maximum
radial velocity fluctuation level presented earlier when normalized by
the exit velocity of the jet is 0.11. This shows that the maximum
level of axial and radial velocity fluctuations measured in this study
agree favorably with those measured by Lau et al. in a Mach number 1.4
isothermal jet, even though there is over a factor of 100 difference in
the Reynolds numbers of the two experiments.

As in the case with the Mach number 2.5 jet, measurements were
made in the Mach number 1.4 ahd 2.1 jets to determine which frequencies
are most unstable. The techniques used in the Mach 2.5’jet were re-
peated. The hot-wire was placed at an axial location (x/D = 5 for
M=2.1and x/D = 4 for M = 1.4) in the region of exponential growth.
The signal was filtered by a 1 kHz band pass (ASt = 0.02 for M = 1.4 and
2.1) centered at the frequency of excitation. The response of the jets
to the excitation was measured and the results are shown in Figure 65.
The Mach number 2.1 jet contains several unstable frequencies as was the
case for the Mach number 2.5 jet. However, the Mach number 1.4 jet has
only one unstable frequency at St = 0.33.

The growth of the four spectral components in the Mach number 2.1
jet were measured and are shown in Figure 66. The St = 0.22 and 0.23
components possess higher levels of fluctuation over the length of the

jet than do the St = 0.26 ‘and 0.28 components. However, the jet clearly
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prefers the St = 0.22 component as was shown in the unexcited jet flow
fluctuation spectra. Therefore, the St = 0.22 component was studied in
the Mach number 2.1 jet and the results from the measurements of this
component should be representative of the other frequencies in the jet
(as was the case for the Mach number 2.5 jet). The St = 0.33 component
was studied in the Mach number 1.4 jet, since that jet has only one un-
stable frequency. |

Figure 67 shows the axial variation of the flow fluctuation ampli-
tudes for the full spectrum (St = 0.05 to 0.72), the St = 0.22 (aASt =
0.02) component, and the St = 0.44 (ASt = 0.06) component for the Mach
number 2.1 jet excited at St = 0.22. The full spectrum and the St =
0.22 component both grow exponentially from x/D = 2 to 9. The rate of
growth of the full spectrum is the same as the St = 0.22 component.
The harmonic (St = 0.44) also grows exponentially over this region of
the jet but at a different rate. The growth rates, —kid, are summarized
in Table IV.

The growth of the Mach number 1.4 flow fluctuations excited at St =
0.33 are shown in Figure 68. The full spectrum and St = 0.33 component
grow at the same exponential rate from x/D = 2 to 7. The harmonic re-
mains at a constant amplitude over the first 5 diameters of flow in the
excited jet and then grows exponentially from x/D = 5 to 7. The axial
distribution of the different spectral components of the Mach number
1.4 jet showed no change when the jet was excited except for the St =
0.66 component. It appears that the exciter causes a constant level of
fluctuation near the exit of the nozzle that is not present in the
natural jet for the St = 0.66 component. The St = 0.66 component's

growth in the unexcited jet is shown in the figure to illustrate how
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the harmonic grows exponentially from x/D = 4 to 7 when the jet is not
excited.

For all three Mach number jets the harmonic grows exponentially
while the fundamental is still growing exponentially. This indicates
that the initial growth of the harmonic is probably not induced by a

nonlinear interaction.

Relative Phase Measurements, Mach Number

1.4 and 2.1 Jets

Axial, radial and azimuthal relative phase measurements were made
in the Mach 2.1 jet excited at St = 0.22. The axial phase measurements
in Figure 69 were made on three different days. The wavelength of the
St = 0.22 component is (2.50 +0.11) D. The speed at which the wave travels
downstream is calculated to be 0.89 3, which is 0.58 of the exit velo-
city of the jet.

Azimuthal phase distributions shown in Figure 70 illustrate that the
jet is initially in a flapping mode at x/D = 7 and then transforms into a
helix (n = -1) by the time it reaches x/D = 13. As in the Mach number
2.5 jet case, the transformation to a helix is accompanied by a substan-
tial decrease in the fraction of flow f]uétuations which are coherent.
The radial phase distribution at x/D = 7 is shown in Figure 71. These
measurements show that thé same type of instability is present in the
Mach 2.1 jet as found in the Mach 2.5 jet. The only difference is the
less rapidly varying phase distribution in the vertical profile (at x/D
= 7) in the Mach 2.1 jet as compared to the Mach 2.5 jet when it was in

the flapping mode at x/D = 8 or 12.
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The axial variation of the relative phase for the St = 0.33 com-
ponent of the Mach 1.4 jet is shown in Figure 72. The wavelength is
1.71 #0.07 D. The wave travels downstream at O.72a0, which is 0.61 of
the exit velocity. The wave is definité]y traveling downstream sub-
sonically. Azimuthal phase measurements made at x/D = 4 and 8 (shown in
Figure 73) indicate that the wave is in the flapping mode. Radial sur-
veys of the relative phase at x/D = 4 and 8 (Figures 74 and 75) show a
slow variation in the phase across the shear layer.

The Mach 1.4 and 2.1 jets have axial wavelengths that are constant
over the region of measurements as was the case for the Mach 2.5 jet.
The two jets both contain a flapping instability at x/D = 7. The Mach
2.1 jet's instability transforms into a helix by x/D = 13. However, the
1nstabi1ityrin the Mach 1.4 jet lost its coherence before a tranformation
into a helix was apparent.

Table VI contains a summary of the axial wavelengths measured in
the three jets. Also shown are earlier axial wavelengths measured by us
(52) (53) in three other Mach number jets. The wavelength of the insta-
bility increases as the Mach number of the jet increases. The wave-
length of the instability decreases with increasing Strouhal number and
the wave speed is approximately constant. The wave speed of the insta-
bility in all of the jets was found to be from about 60 to 70% of the
exit velocity of the jet. As noted earlier, the jet nozzles used in the
previous studies had simple conical contours. It seems apparent that
the instability properties of the jets are not appreciably affected by

the details of the nozzle.
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Comparison of Measured Wave Properties

to Predicted Values

Tam's work (9) contains a linear stability analysis for cold super-
sonic jets with a top hat profile. Once the frequency of the disturbance
is known, the complex wave number k can be determined using this theory.
Table VII contains both the measured and predicted values Qf k for the
jets used in this study and two jets used in a previous study (52) (53).
The predicted value of k for the Mach 1.4 jet was estimated, since Tam's
theory is valid for Mach 1.5 to 3.0. Also shown is the growth rate and
wave number for a jet with a top hat profile as predicted by Morris (69)
for a Mach 1.4 isothermal jet. The disturbance used by Morris has a
frequency of St = 0.30 and is an n = 1 mode. The predicted values of the
real part of the wave number are all within 40% of the measured values.
Both theories predict a larger value of growth rate, 'kid’ than was mea-
sured at all Mach numbers for these low Reynolds numbers. Morris pre-
dicts that as the shear layer grows wider the growth rate will decrease.
Based on mean flow measurements, estimates of the shear layer thickness
were made. Using this estimated value, Morris's theory still predicts
the same growth rate. However, the value of krd predicted by the theory
raises to 3.53, essentially the same value as that measured. The values
of "kid measured for the full spectrum were found to increase with
Reynolds number (see Table V). This indicates that the growth rate of
individual spectral components will also increase, thus compensating for

the majority of discrepancy observed between the values measured in the

low Reynolds number jets and the values predicted for the high Reynolds
number jets. Since the mean flow profile near the exit of the jet

approximates-a top hat profile better than at increased Reynolds numbers
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this trend is reasonable. (Top hat profiles have typically larger
growth rates (36).) These results indicate that it is possible to calcu-
late the real part of the wave number with some degree of accuracy and to
obtain reasonable estimates of the imaginary part (-kid) from existing
theories.

Radial profiles of the hot-wire fluctuations as well as mean hot-
wire voltage were recorded for the M = 1.4 and 2.1 jets with the same
procedure used in the M = 2.5 jet. The data show the same features as

were apparent in the M = 2.5 case and therefore are not repeated here.



CHAPTER VIII

ACOUSTIC MEASUREMENTS, MACH NUMBER 1.4 AND 2.5 JETS

Microphone SPL Contours and Spectra,

Mach Number 1.4 and 2.1 Jets

Figures 76 and 77 show SPL contours for the Mach number 2.1 and 1.4

jets. Contours are shown for the natural jets and for the Mach number
2.1 jet excited at St = 0.22 and the Mach number 1.4 jet excited at St =
0.33. The SPL contours show that the acoustic field for both of these
jets is highly directional as was seen in the Mach number 2.5 jet. The

directivity of the radiated noise is the same for the excited and natural
jets. As was observed in the Mach number 2.5 jet, there is a decrease in
the maximum sound pressure level attained (for a given radial distance

from the centerline of the jet) when the jet is excited. This difference

in maximum sound pressure level becomes smaller with increasing Mach num-
ber (5 db at M =1.4, 3 db at M= 2.1, and 2 db at M = 2.5). In the Mach
number 1.4 and 2.1 jets, where the difference in maximum sound pressure
level is larger, the cause is readily apparent upon close examination of
microphone spectra which show a decrease in the level of the broad band
random fluctuations when the jet is excited (Figures 78 and 79).

A spectrum of the sound radiated from the natural Mach number 2.1
jet is shown in Figure 78. The microphone is located at the point of

maximum sound pressure level for a radial distance of 12 diameters. The

60
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spectrum shows that the St = 0.22 component is definitely the dominant
noise producer in the natural jet. Figure 78 also shows a microphone
spectrum made at the same location when the jet was excited at St = 0.22.
(The vertical scale is the same for both spectra.) The amplitude of the
gt = 0.22 component remains approximately the same when the jet is ex-
cited. However, the Tevel of the random fluctuations has decreased.

Figure 79 shows microphone spectra for both the natural and excited
(St = 0.33) Mach number 1.4 jet. The spectra were made at the point of
maximum sound pressure level at a radial distance of 10 diameters. The
natural spectrum shows that the St = 0.33 component is the dominant
noise producer in the Mach number 1.4 jet. When the jet is excited at
St = 0.33 the amplitude of the St = 0.33 component remains approximately
the same but as in the M = 2.1 jet the Tevel of the random flucutations
has decreased. This, no doubt, is a direct result of the flow fluctua-
tions "locking" onto the excitation frequency, suppressing the growth of
other instability components, and remaining more coherent over a longer
length of the jet.

The development of the spectra as the microphone approaches the
axial location of maximum sound pressure levels from upstream while
maintaining a constant radial distance was the same for the Mach number
1.4 and 2.1 jets as in the Mach number 2.5 jet (from x/D = 14 to 30).
This was the case for both the excited and natural jet spectra. Close
to the exit of the unexcited jet (x/D & 5) the spectrum is broad with no
discrete peaks but maximizing in amplitude around St = 0.22 for the Mach
number 2.1 jet and St = 0.33 for the Mach number 1.4 jet. When excited
a small discrete peak appears at the frequency of excitation. As the

microphone is moved downstream closer to the point of maximum sound
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pressure level the spectrum shows successively larger discrete peaks

(for both the excited and natural jets) at the Strouhal numbers of 0.22
and 0.33 for the Mach number 2.1 and 1.4 jets, respectively. This shows
that the instability is producing larger portions of the noise in the
dreas of large sound pressure levels. The percent of coherent sound mea-
sured at a radius of 10 diameters increases from about 10% at x/D = 5 to
about 60% at the point of maximum sound pressure level.

A directivity plot of the sound pressure levels generated by the
full spectrum, the St = 0.22 component, and the coherent structure
(phase aVeraged) are shown in Figure 80 for the Mach number 2.1 jet ex-
cited af St = 0.22. The sound pressure levels were measured along an
arc 26 diameters in radius centered at the jet exit and then plotted as
a function of 8, the angle from the jet axié. This was also done in
Figure 81 for the full spectrum, the St = 0.33 component, and the coher-
ent structure of the sound radiated by the Mach number 1.4 jet excited
at St = 0.33. The sound radiated by the single spectral componenf whbse
frequency is the same as the frequency of excitation comprises a large
portion of the overall sound level at the ang1e of maximum noise Tevel
for both jets. As 8 ié increased the sound pressure levels of this com-
ponent decreases more rapidly than the overall sound pressure levels.
This was also observed in the Mach number 2.5 jet and indicates that the
sound radiated by the coherent structure controls the directivity pattern
for all three Mach number jets.

A directivity plot for several Mach number jets is shown in Figure
82. The natural Mach number 2.5, 2.1, and 1.4 jets used in this study
are shown along with data estimated from directivity plots for Mach num-

ber 2.0 and 1.5 high Reynolds number jets measured by Yu and Dosanjh
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(50) (70). The Tow Reynolds number jets are generating comparable levels
of noise, accounting for the Mach number effect, thus showing that the
instability is a powerful noise generator. The directivity of the M =
2.0 high Reynolds number jet (50) is different from the others shown in
the figure. This is due to two factors. First, the arc radius used in
this study is smaller than required to be completely in the far field.
The M = 2.0 data was originally based on an arc radius of 180 diameters.
Second, we (53) showed that the maximum noise generators are located
farther downstream in the low Reynolds number jet. This affects the

directivity patterns when recorded at the relatively small arc radius.

Acoustic Wave Front Measurements, Mach Number

1.4 and 2.1 Jets

Acoustic wave front measurements for the Mach number 1.4 and 2.1
jets are shown in Figure 83, with each jet excited at its dominant fre-
- quency. For both jets the wave fronts are shaped like arcs and are
definitely not Mach waves. For x/D & 8 (near the end of the potential
core) there is a region of no correlation present perpendicular to the
jet axis. The Mach number 2.5 jet also had a similar region near the
end of the potential core. However, farther upstream the Mach number 2.5
jet again showed organized wave fronts. In the Mach number 1.4 and 2.1
jets the end of the potential core is closer to the exit of the jet.
Thus the development of the instability occurs over a much shorter axial
length and the resulting acoustic response is compacted into a shorter
axial length for the Tower Mach number jets 1n‘comparison with thé Mach

number 2.5 jet. Due to this compacting effect and low sound pressure
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levels, it was not possible to reliably determine the wave fronts for
x/D less than 8.

Performing a simple ray trace on the acoustic wave fronts in the
areas of maximum sound pressure levels indicates that the dominant noise
source is near the end of the potential core where the flow fluctuations
maximize. The acoustic measurements presented show that the instability
of the jet generates a major portion of the noise radiated by the jet
whether its axial wavespeed is supersonic or subsonic. The acoustic
measurements also indicate that the noise production mechanism of the
instability is the same for all three jets and that it is a relatively
localized source. The localized source is the fast growth, saturation
and decay of the instability which occurs near the end of the potential

core for all three jets.

Proposed Noise Generation Mechanism in

Higher Reynolds Number Jets

Flow fluctuation and microphone spectra presented in Figures 5, 6
and 7 show how the spectrum becomes broader with increasing Reynolds
number. Like most free shear flow instabilities, a broader frequency
range becomes unstable with increasing Reynolds number. Based upon the
measurements made in this study and our preliminary work (53), it appears
that the noise production mechanism in high Reynolds number jets may con-
sist of the same type of instability as is present in the low Reynolds
number jet. It is envisioned that the noise production mechanism con-
sists of a wave-type instability with several different frequencies
growing, saturating and decaying at different axial locations. Each

spectral component generates noise in its frequency range in the same
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manner (approximately) as the instability component measured in the low
Reynolds number jets. The several different frequencies naturally

account for the broadening of the spectrum.



CHAPTER IX
CONCLUSIONS

Flow field and acoustic measurements have been made in low Reynolds
number Mach 1.4, 2.1, and 2.5 jets. There is a band of unstable frequen-
cies present in‘each jet. This band is very narrow for the Mach number
1.4 jet and becomes wider as the Mach number increases. It was observed
that for all three Mach numbers the mode of the instability was initially
the n = +1 and n = -1 modes occurring simultaneously (resulting in the

jet flapping up and down). In the Mach number 2.1 and 2.5 jets it was

observed that the mode transformed into a helix (n = -1) shortly past the
end of the potential core. The transformation to a helix is accompanied
by a substantial decrease in the coherence of the flow fluctuations. The
instability in the Mach number 1.4 jet lost its coherence before such a
transformation could be observed.

Axial relative phase measurements show that the instability in all
three jets can be characterized as waves travé]ing downstream at speeds
between 60% and 70% of the jet exit velocity. The disturbances were
found to grow in amplitude exponentially over a region of the jet where
the potential core was present. Thus, a linear stability theory can be
applied to the jet using a wave representation of the flow fluctuations
for at least this region of the jet.

When the measured wave properties were compared to those predicted

by Tam (9) and Morris (69), it was found that the predicted value for the
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real part of the wave number (krd) compared favorably. However, the
growth rate (kid) did not compare as well for the low Reynolds number
jets. However, measurements indicate that as the Reynolds number is in-
creased the growth rate will increase to a value more comparable to
those predicted. The frequency selection scheme of Tam's theory was
found to be invalid in the present experiments.

Acoustic measurements show that the majority of the sound in the
areas of high sound pressure levels is generated by the instability of
the jets. The sound radiated by the instability governs the directivity
pattern of the acoustic field. It is estimated that the major noise
sources are located near the end of the potential core. This corresponds
to the axial location where the flow fluctuations reach a maximum Tevel.
Acoustic wave front measurements show that the sound is not radiated as
Mach waves, even in the Mach number 2.5 jet where the waves travel down-
stream supersonically with respect to the ambient air. Instead, the
acoustic wave fronts are characteristic of noise generated by a rela-
tively localized source.

For all three Mach number jets the major portion of the sound radi-
ated by the jets is produced by the instability's rapid growth and decay
that occur near the end of the potent1a1 core. This takes place over a
relatively short distance (approximately one wavelength of the instabil-
ity) in the jet. The coherence of the instability drastically decreases

after this and the level of random fluctuations increases.
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The effects of artificial excitation were studied in the Mach num-
~ber 2.1 and 2.5 jets. Hot-wire spectra were presented earlier in Figures
13, 14, 56, and 57 for the Mach number 2.1 and 2.5 jets both in the ex-
cited and natural states. These spectra show that the main effect of
excitation on the flow fluctuations was the stabilization of the jet onto
the excited frequency (and its harmonics) and the suppression of the
other unstable components present in the natural jet. This stabilization
also causes a reduction in the amount of broad band random fluctuations.

The fluctuation levels and growth rate of the Mach number 2.1 jet
were altered very little by excitation while in the Mach number 2.5 jet
the level of fluctuation near the exit of the jet was increased slightly.
This resulted in the amplitude of the flow fluctuations saturating closer
to the exit of the jet in the excited jet than in the natural one for the
Mach number 2.5 jet. However, the rate of growth and the maximum level
of fluctuation remained the same. Figure 84 shows radial profiles of the
full spectrum (St = 0.03 to 0.64) flow fluctuations in the excited and
natural Mach number 2.5 jets. There is no detectable difference in the
profiles that can be attributed to the excitation.

In order to better understand the disturbance induced in the jet by
the glow discharge, extensive hot-wire measurements were performed at
x/D = 3 at the top (dowhstream of the exciter) and the bottom shear layer
in the Mach number 2.1 jet. From Kovasznay mode diagrams* made from the
hot-wire data, estimates of mass velocity and stagnafion temperature

fluctuations were obtained. The level of stagnation temperature

*The Kovasznay mode diagrams and the technique used to obtain them
are discussed in Appendix B.
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fluctuation is the y-axis intercept on the Kovaznay mode diagram and

the Tevel of mass velocity fluctuation is the slope that the curve
asymptotically approaches for large values of Am/AT‘ The mode diagrams
shown in Figure 85 at x/D = 3 for the top-and bottom shear layers do
indicate a larger level of fluctuations in the top shear layer. This is
probably due to the probe being located exactly downstream of the ex-
citer in the top shear layer and to the probe interference caused by the
probe support spanning the flow from the top to the bottom of the jet.

The mode diagrams shown in Figure 85 illustrate that the ratio of
total temperature fluctuations compared to the mass velocity fluctuations
is the same whether the probe is directly downstream of the exciter or on
the opposite side of the jet. Consequently, the local intense tempera-
ture fluctuations indﬁced‘by the glow discharge, decay rapidly downstream
of the glow leaving 1ittle history of the intense temperatures character-
istic of the glow. .

The above measurements were made when the excitation device was
drawing a current of 0.2 ma DC at 415 volts DC (modulated by a 135 volt
peak to peak alternating voltage). If the level of excitation was too
large, it was found that the acoustic field was altered. Sound pressure
level contours for the full spectrum made in the Mach number 2.5 jet
presented earlier (Figure 39) show the natural jet and the jet excited
using 0.2 ma of current. The effects of the excitation are a slight
upstream shifting of the SPL contours and a 2 db decrease in the maximum
sound pressure level attained at a constant radial distance from the
centerline. The upstream shifting of the SPL contours is attributed to
the flow f]uctuations’maximizing closer to the exit of the jet in the

excited case. The decrease in maximum sound pressure level is due to
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the reduction of random fluctuations in the areas of maximum noise
levels when the jet is excited. The directivity of the contours re-
mains the same. Ifamuch larger level of excitation is used (¥ 2 ma
DC) the SPL contours shown in Figure 86 result. Here the shape of the
contours have been altered by the addition of a spurious lobe. Since
the SPL contours are no longer the same as in the natural jet at this
high Tevel of excitation, it was decided to operate the exciter with ﬁo
more than 0.2 ma current where there is not an appreciable effect on the
flow fluctuation of the acoustic field. Moore (43) has also determined
for subsonic jets that it is possible to excite the jet excessively re-
sulting in a jet which is substantially different from the naturally
occurring one.

The effects of excitation on the mean flow were also observed.
Figure 87 shows mean hot-wire voltage profiles for both the natural and
excited Mach number 2.5 jet. The excitation causes no detectable differ-
ence in the mean flow profiles.

Another check on the residual heating of the top shear layer due to
the excitation was made by measuring the mean stagnation temperature
radial distribution at x/D = 1 along the y-axis. The glow exciter is
mounted on the 4 y-axis. Both the excited and natural stagnation tem-
perature profiles are shown in Figure 88. The profiles are not affected
by the excitation of the jet. A1l of the above measurements show that
the excitation of the jet, when maintained at a low level, causes mini-

mal changes in the flow and acoustic field.
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A hot-wire data reduction technique similar to that outlined by
Rose (58) (59) was used in this study. This method directly calibrates
the sensitivity of the hot-wire to axial mass velocity and radial velo-
city for each hot-wire probe used. In this manner the substantial con-
duction end Tosses are accounted for. The sensitivity of the hot-wire

to stagnation temperature fluctuations (A;) is calculated using hot-wire

1)
voltage and resistance data recorded at constant flow conditions. This
technique is a modification of the original methods proposed by Kovasznay
(79) and Morkovin (65).

The bridge voltage, E_, of the hot-wire is comprised of two parts,

b
a fluctuating component, e', and a time averaged mean value, E. An
oblique hot-wire responds to axial mass velocity (m), stagnation tempera-

ture (To), and radial velocity (v) fluctuations according to:

._'

el ml vl
T A, T - A A T (1)
E m = T Vi

-1

0
The validity of this decomposition requires the local Mach number normal
to the hot-wire to be greater than 1.2 (59) (65) (80). The sensitivity
coefficients Am’ AT’ and Av can be evaluated as follows (59).

2 2n E

A = —(‘Tl (2)
m 32nieu TO, RW, a constant
_aw E
ST B T , R constant (3)
pUs 1o Ky
_ aankE
Ar '_aznTo‘-- (4)

poU, Rw,(xconstant

Both Am and Av were evaluated by direct calibration of each wire in the
flow using the relations above. Following the method of Rose (59) the

stagnation temperature fluctuation sensitivity was evaluated as follows:
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2 an T R . _
A = wpaen b 1 W_q.0765 A -0.9425 (5)
T 3mR, R TR IR i

Normal Wire Measurements

When using a normal wire the RMS value of e' is measured. In order
to determine values for the mass velocity fluctuations and the total tem-

perature fluctuations, values of e;m and E were recorded using five

S
overheats (wire temperatures). These data points were then used to solve
(by 2nd order polynomial regression) the following equation as was done

by Ko et al. (68).

2 _ ~2 2 ~ =2
8*" = (Am/AT) - ZRmTo m TO (Am/AT) + T0 (6)
where
e* = -e_r-r@-/_E—
Ar
m = (pu)rms/pu
To = (To)rms/To
(pu)' T!
Rt = Tow) T
0 **Trms ‘'o’rms

By using the second order curve fit, values for ﬁ, fo’ and RmTO
were determined. Figures 89 and 90 show both the second order curve fit
through the data points and the corresponding Kovaznay (80) mode diagram
for the Mach number 2.1 jet at x/D = 14 excited and natural. The data
fit the second order curve very well and are typical of the results ob-
tained in this study. The Kovaznay mode diagram's y-axis intercept is

the level of stagnation temperature fluctuation and the slope of the

curve for large values of Am/AT asymptotica]1y approaches the value of
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the mass velocity fluctuation. The correlation coefficient between the
mass velocity and stagnation temperature fluctuations (RmT ) was found
to decrease from 0.95 at x/D = 2 to 0.62 at x/D = 14. Thig seems rea-
sonable since the flow is very organized close to the exit of the jet
and becomes less organized as the flow moves downstream. It was found
that To was usually about 10% of m. It is therefore possible to neglect
To and directly approximate m by

e
s ﬁ}_ rms (7)
m

E

for re]afive]y large values of overheat. Figure 91 shows data in which
this approximation was used to determine the axial growth of the fluc-
tuations in the Mach number 2.1 jet. Also shown in the figure are the
values of m as determined from using the second order curve fit. The
amount of error due to the approximation of Equation (7) is small. |
Therefore, this approximation was used in most of the hot-wire data re-

duction.
Crossed Hot-Wire Probe Measurements

A data reduction technique similar to the one used by Rose (58) was
used for the crossed hot-wire probes. The crossed hot-wires were matched
so that Am and Av were approximately the same for each wire. The output
of the two wires were then instantaneously added and subtracted so that
the two resulting voltages would be proportional to g;-and %;—. Hence,

m u
neglecting stagnation temperature fluctuations:

L]

(el - eb) (E, A +E A ) (Y (8)
1 27vrms 1 v] 2 v2 o rms

(E-i * eé)rms B (E] Ar‘.’l-l * EZ AITIZ) m (9)
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When this technique was used and the results for m versus x/D were
compared to the measurements made using a normal wire, the crossed hot-
wire data was low in amplitude by 10 db. The reason for this discrepancy
is that when the crossed hot-wire probes were operated by two Disa 55D05
constant temperature anemometers, the frequency response was only 4 kHz.
If the 55M01 anemometer was used the hot-wires had a frequency response
in excess of 40 kHz. However, since only one 55M01 anemometer was avail-
able and two anemometers were needed to operate the probes, it was de-
cided to apply a correction factor to the measurements made using the
55D05 anemometers. For a 5u wire the typical roll off due to frequency
response is about 6 db/octave. The majority of the flow fluctuations
occur at or below 12.5 kHz in the 9mm Mach 2.5 jet when excited at St =
0.18. The response of the hot-wire is down 13 db at 12.5 kHz due to the
limited frequency response. It therefore seems reasonable that the 10
db drop in the measured values of the mass velocity fluctuations is due
to the Timited frequency response of the anemometers. In order to ob-
tain an approximation of the amplitude of the radial flow fluctuations
10 db was added to the measured values of m and v so that m measured by
the crossed wire probe would be the same as m measured by the normal
hot-wire. The corrected results are presented in the main body of the
report.

For shear flows with a large amount of velocity fluctuations it is
common practice (63) through (67) to assume that the pressure fluctua-
tions are negligible in comparison with the fluctuations in velocity,
density and temperature. With this assumption the following relation-
ships can be derived for the computations of the velocity, temperature

and density fluctuations:



where

~2
u

1 22

——— [T- + 2sR

(s + b)2 0 mT0

.2 1 22
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Figure 76. Full Spectrum SPL Contours, M=2.1

173



20 T T T
13
i 122
y/D 10 [~ /> —
m
134
0 1 | 1 ) 1
0 10 20 : 30
x/D
(a) Natural
T T 1 1
20 126 db
— 128 N
30 }
y/D 10 |- A
/]3_2_\ /
0 i 1 1 1 1
0 10 20 30

x/D
(b) Excited at St = 0.33

Figure 77. Full Spectrum SPL Contours,
M=1.4

174



175

T I I T
n - g
-
<C

| Mﬁmﬁmw*»wvaMAWW“““*#ww*uuw

0 0.2 0.4 0.6 0.8
St
(a) Natural

T T T i
aF N
-
<t

/M | ' 1 Y“‘MWM
0 0.2 0.4 0.6 0.8
St

(b) Excited at St = 0.22

Figure 78. Microphone Spectra, M = 2.1,
x/D =28, y/D = 12



w)
-
<
I 1 | 1
0 0.2 0.4 0.6 0.8 1.0
St
(a) Natural
I T ] T T
o _
-
| /A"‘Jkl u |
| n %
0 0.2 0.4 0.6 0.8 1.0
St

(b) Excited at St = 0.33

Figure 79. Microphone Spectra, M = 1.4,
x/D =22, y/D =10

176



177

130 140 150
SPL  db
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Figure 85. Hot-Wire Mode Diagram, M = 2.1,
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T, = 0.003, RmTy = 1.00;
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TABLE I

TEST CONDITIONS

M D Re D/d u/d
Basic Measurements

2.5 6.86 mm 8,700 1.12 93,300 sec”]
2.5 9 mm 8,700 1.12 71,100 sec”!
2.1 10 mm 7,900  1.06 55,800 sec”!
1.4 10 mm 3,700 1.07 43,700 sec”]
Additional Measurements

1.4 10 mm 6,400  1.07 43,700 sec!
2.1 10 mm- 4,900  1.06 55,800 sec”!
2.1 10mm 11,750  1.06 55,800 sec”!
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TABLE 11
GROWTH RATES ('kid)’ M=2.5, Re = 8,700 7 -
Natural or
Excitation
St ‘ Frequency \-kid
0.03 - 0.64 Natural ~ 0.29 + 0.05
0.03 - 0.64 St = 0.14 0.28 + 0.09
0.03 - 0.64 St = 0.76 0.28 + 0.07
0.03 - 0.64 St = 0.18 0.30 + 0.07
0.16 St = 0.16 0.32 + 0.05
0.32 St =0.16 0.20 + 0.03
Phase Averaged St =0.16 0.30 + 0.07
TABLE III
AXIAL WAVELENGTHS, M = 2.5
St A/D kpd c/ag  c/U

0.14  4.19 + 0.07  1.34 + 0.03 1.15 0.69
0.16  3.74 + 0.06  1.50 + 0.03 1.11 0.67
0.18  3.40 + 0.18  1.65 + 0.08 1.12 0.68




TABLE 1V

_SUMMARY OF ALL GROWTH RATES (_kid)
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Natural or

‘ : Excitation
M - St Frequency -kid Re
Present Study
1.4 0.07 - 0.92 Natural 0.54 + 0.13 3,700
1.4 0.07 - 0.92 Natural 0.81 + 0.08 6,400
1.4 0.07 - 0.92 St = 0.33 10.48 + 0.08 3,700
1.4 0.33 'St = 0.33 0.50 + 0.10 3,700
1.4 - 0.66 Natural - 0.63 + 0.70 3,700
2.1 1 0.05 - 0.72 Natural 0.60 + 0.12 7,900
2.1 0.05 - 0.72 St = 0.22 0.56 + 0.08 7,900
2.1 0.22 - St = 0.22 10.59 + 0.22 7,900
2.1 0.44 St = 0.22 10.46 + 0.06 7,900
2.5 0.03 - 0.64 Natural 0.29 + 0.04 8,700
2.5 0.03 - 0.64 St = 0.14 0.28 + 0.07 8,700
2.5 0.03 - 0.64 St = 0.16 0.28 + 0.05 8,700
2.5 0.03 - 0.64 St = 0.18 030 + 0.05 8,700
2.5 0.16 St = 0.16 0.32 + 0.04 8,700
2.5 0.32 St = 0.16 0.20 + 0.02 8,700
2.5 Phase Ave St =10.16 - 0.30 + 0.05 8,700
2.5 m X - probe St = 0.18 0.29 + 0.07 8,700
2.5 v X = probe St = 0.18 0.17 .01 8,700
Previous Studies (52) (53)
1.3 0.07 - 0.92 Natural 1.01 + 0.62 5,600
2.2% 0.15 St = 0.15 0.58 + 0.10 28,900
2.2% 0.18 St = 0.18 0.44 + 0.10 28,900
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TABLE IV. (Continued)

Natural or
, Excitation :
M St Frequency -k4d . ~ Re
2.2% 0.19 St = 0.19 0.44 + 0.10 28,900
2.3% 0.03 - 0.64 - Natural '0.41_i_0.02 : 9,900

2.4% 1 0.03 - 0.64 ' Natural 0.80 + 0.14 - 58,000

*Conical nozzle contours.
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TABLE V

GROWTH RATE (-kjd) OF THE FULL
SPECTRUM, NATURAL JET

Re ' -kid
5,600 1.01 + 0.62
6,400 0.81 + 0.08
7,900 0.60 + 0.12
9,900 0.41 + 0.02
8,700 0.29 + 0.04
3,700 0.54 + 0.13

58,000 0.80 + 0.74




TABLE VI

WAVE PROPERTIES
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M St A/d krd v c/ao C/Uexit
Present Study

1.4 0.33 1.83 + 0.17 3.43 + 0.29 0.72 0.61
2.1 0.22 2.65 + 0.12 2.37 £ 0.10 0.89 0.58
2.5 0.14 4.69 + 0.08 1.34 + 0.03 1.15 0.69
2.5 0.16 4.19 + 0.07 1.50 + 0.03 1.11 0.67
2.5 0.18 3.81 + 0.20 1.65 + 0.08 1.12 0.68
Previous Studies (52) (53)

1.3 0.39 1.80 + 0.20 3.50 + 0.30 0.27 0.64
2.2% 0.15 4.70 + 0.50 1.30 + 0.70 1.10 0.70
2.3% 0.18 3.90 + 0.40 1.60 + 0.20 1.13 0.72
2.2% 0.21 3.10 + 0.30 2.00 + 0.20 1.04 0.66
2.3% 0.17 3.80 + 0.40 1.70 + 0.20 1.04 0.65

*Conical nozzle contours.



TABLE VII

COMPARISON OF MEASURED VALUES OF k TO VALUES

PREDICTED BY TAM AND MORRIS
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Measured Morris

M St k,d -kd k.d -k.d k.d -kjd
Present Study
1.4 0.33 3.43 + 0.29 .50 + 0.10 A4 1.70% 2,17 0.72
2.1 0.22 2.37 +0.10 .59 + 0.22 .68 0.96 -— ---
2.5 0.14 1.34 + 0.03 .28 + 0.07 .08 0.60 -—- -—-
2.5 0.16 | 1.50 + 0.03 .32 + 0.04 .16 0.65 - ---
2.5 0.18 1.65 + 0.08 .30 + 0.05  1.40 0.75 --- -—
Previous Studies (52) (53)

2.2 0.15 1.34 + 0.13 .58 + 0.10 .10 0.64 --- ---
2.2 0.18 1.61 + 0.76 .44 + 0.10 .42 0.76 --- ---
2.2 0.21  2.03 +0.20 - 66 --- —-- ---
2.3 0.17 1.65 + 0.17 - .28 --- -—- -—-

*Estimated values.
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