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INTRODUCTION

In recent years, structural damage to nozzle flaps on the

F-iS and B-i aircraft has generated considerable interest in the

acoustical environment of closely spaced twin jet aircraft.

Acoustic wave instabilities originating in the supersonic plume

have been found to propagate upstream causing structural failure

of the nozzle flaps. A solution for the F-i5 aircraft was to

remove the nozzle flaps exposing the nozzle mechanical system to

the freestream flow (Figure 1). This solution is not acceptable

for the B-i aircraft, since the removal of the nozzle flaps would

increase the boattail drag and thus severely limit the B-i range

capability.

Historical Perspective

The acoustical phenomenon associated with nozzle flap sonic

fatigue is produced by supersonic jets, because the shock wave

structure serves as a catalyst for generating narrowband and

1
broadband shock-associated noise. Shoi.<-associated noise was

first investigated by Powell who studied choked jet noise

2
associated with axisymmetric and two-dimensional nozzles.



Powell found that turbulent mixing within the jet shear layer

was responsible for producing jet noise.2 This jet noise had no

discrete frequency and no discrete maxima over a continuous

spectrum. Powell observed a dominant pure tone over certain

ranges of pressure ratio for supersonic jet plumes. Powell

discovered that increasing nozzle pressure ratios produced

increasing pure tone wavelengths, and that these pure tone wave

structures had a tendency to propagate upstream towards the

nozzle exit.
3

Powell is credited with observing a self-sustained

aeroacoustic feedback loop in which the pure tone or screech

tone, generated by the interaction of large scale turbulent

eddies and the shock wave structure, is propagated upstream past

the nozzle exit. As the sound waves pass the nozzle exit,

embryotic disturbances originate at the nozzle exit and are

amplified as they pass downstream. These disturbances complete

.2
the cycle by sending the pure tone instabilities upstream again

(Figure 2).

In testing the axisymmetric and two-dimensional cases,

Powell measured frequency instability regions for the

axisymmetric case and a fully stable frequency region for the

two-dimensional case. Powell believed the screech feedback

2
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process would only operate under certain conditions of phase and

gain. For the two-dimensional case, Powell suggested that

screech would occur over the entire range of nozzle pressure

ratios tested, whereas for the axisymmetric case, he believed

frequency jumps existed where screech could not be present
2

(Figure 3).

Davies and Oldfield suggested that various modes of screech

existed, and that these modes could occur over the same operating

4
range. Norum investigated modes of screech, when these modes

occurred, and how to suppress amplitudes of the screech tone for

axisymmetric choked nozzles. He found that multiple stages of

screech could exist for a given nozzle configuration and

operating condition (Figure 4).5 Westley and Woolley showed that

multiple modes can exist for one configuration and one operating

condition, but that one mode was always dominant over the

others.

For the axisymmetric case, two different spatial mode

structures have been identified. The helical spatial structure,

or B mode, possesses longer wavelengths (lower frequencies) and

normally produces the highest screech sound amplitudes. The

toroidal spatial structure, or A mode, possesses shorter

wavelengths (higher frequencies) and normally produces the lower

4
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screech sound amplitudes. The two spatial mode shapes in the

region of the jet plume are shown in Figure 5.

For the two-dimensional case, Seiner and Norum agreed with

Powell's findings that only a single mode structure existed.
7

Seiner, Manning, and Ponton later found a convergent-divergent

rectangular nozzle to have at least three modes of 
screech.8

Zilz, in a recent report, suggested that four screech modes

existed for several two-dimensional nozzle configurations.
9

Zilz studied the jet operating conditions over which the two-

dimensional mode combinations existed and measured the

directivity of the sound waves to determine the dominant screech

mode. A diagram of these four flapping modes is sketched in

Figure 6.

The amplitudes of shock-associated noise and the various

modes of screech are normally increased when two jets are spaced

closely to one another. Seiner, Manning and Ponton determined

that screech modes of the two closely spaced jet plumes can

become coupled with each other, and that this mode coupling

mechanism produces dynamic pressures exceeding the fatigue

failure limit for metallic aircraft structures.10 In a related

study, Wlezien showed that a strong helical mode coupling existed

for convergent-divergent axisymmetric nozzles at certain jet Mach

6
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numbers. Shaw investigated twin jet axisymmetric

configurations and observed that for one particular comparison,

the twin jet configuration resulted in a sound pressure amplitude

20 dB higher than the single jet configuration (Figure 7).12

This sound amplitude difference of 20 dB is significant

considering that the dual configuration produced a sound level of

160 dB which is large enough to cause structural fatigue.

WRDC Test Objective

A 4.7% scale, cold, static test was conducted at the Wright

Research and Development Center (WRDC) to investigate the

acoustic environment of closely spaced jet plumes. The objective

of this test was to complement the existing screech database by

contributing suppression and nozzle orientation results.

Axisymmetric and two-dimensional nozzle configurations for

several screech suppression concepts and nozzle orientations were

tested. Among the test parameters were screech suppression

techniques such as lateral spacing, secondary air jet, tab

suppression, and axial shift. Other control parameters include

nozzle orientations, such as canting the nozzle about the

longitudinal axis, and pitching the nozzle about the lateral

9
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axis. Design guidelines for screech reduction in various nozzle

configurations were obtained.

IL



DESCRIPTION OF TEST APPARATUS, INSTRUMENTATION,

AND PROCEDURES

This experiment was performed in the Flight Dynamics

Laboratory at the Wright Research and Development Center (WRDC),

Wright-Patterson AFB, Ohio. This cooperative research effort,

sponsored by the Aeromechanics Division and the Structures

Division, generated acoustic data using 4.7% scale axisymmetric

and two-dimensional F-15 nozzles.

Model Description

The axisym..3tric nozzles were convergent in nature having a

nozzle exit diameter of 1 in (2.54 cm) and an exit to throat area

ratio of 1. The geometry dictated a fully expanded jet plume at

an exit Mach number of 1. The two-dimensional nozzles were

convergent-divergent in nature having a nozzle throat aspect

ratio of 3.71 and an exit to throat area ratio of 1.11. This

area ratio dictates a design jet Mach number of 1.4 or a design

nozzle pressure ratio (NPR) of 3.23. This convergent-divergent

geometry allowed for both overexpanded and underexpanded exhaust

12



plumes. For a complete description of test configurations and

suppression concept configurations refer to the Appendix.

Test Apparatus Description

The test facility apparatus consisted of an 18in (45.7cm)

diameter by 48in (121.9cm) long plenum chamber with the nozzle

configuration mounted at one end. High pressure air entered the

chamber at the other end and was straightened using 4in (10.16cm)

honeycomb flow straighteners. Two flexible hoses each

approximately 17.7in (45cm) long were used between the plenum

chamber and each nozzle to allow for variable spacing of twin

nozzle configuration (Figure 8).

Tests were conducted using the test apparatus with and

without the hoses. In Figure 9, a sound pressure level (SPL) vs.

NPR plot shows a single hose-no hose comparison for the single

axisymmetric case. The hose configuration resulted in increased

screech amplitudes of more than 10 dB over the no hose

configuration for a large portion of the NPR range. In past

tests, it was shown that the addition of hoses increases the

thickness of the boundary layer at the nozzle exit, which

increases the thickness of the jet shear layer. The increased

thickness of the shear layer results in higher screech sound

13
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levels. Since the objective of this test was to observe the

effect of screech suppression techniques and not to measure exact

screech amplitudes, all acoustic data were taken using the

flexible extension hoses.

An extensive quantification of the uncertainties present in

the data was not conducted based on the above objective. The

effect on SPL trends and frequency positions of the suppression

techniques tested was more important than measuring exact SPL

levels. Possible errors occurred in the measurement of acoustic

signals using the microphones and in the determination of

critical peaks at certain frequencies during the data reduction

process. An uncertainty of 5 dB is assigned to each SPL value to

represent instrumentation error. This uncertainty value

translates into 3-5% error depending on the measured SPL

amplitude. The data reduction error is much more difficult to

quantify, since this is primarily human error. An uncertainty of

3 dB was assigned to SPL values, and an uncertainty of 100 Hz was

assigned to frequency position values. These uncertainty values

translate into 2-3% error on SPL values and 1-5% error on

frequency position values depending on the selected SPL and

frequency values.

15



Test Instrumentation Description

The instrumentation for this experiment included three l/4in

(0.63cm) Gulton microphones which were located as seen in Figure

8. The center microphone remained fixed throughout the test

while the outboard microphones moved with the nozzle exit

translations. The signals from the microphones were routed to a

real-time analyzer in order to monitor sound amplitudes during

the test and were also recorded on analog tape for data reduction

purposes. All the acoustic data presented here were measured in

the region between the nozzles using the center microphone.

Test Procedures

High pressure air was supplied to the plenum chamber using a

manual valve. Two methods of data mesurement were used: one a

steady-state method, and the other, a dynamic method. The

steady-state method allowed the pressure in the plenum chamber to

stabilize before recording an acoustic data point. The dynamic

method allowed the recording of a series of acoustic data points

as the plenum chamber pressure was varied from a high NPR to a

low NPR setting. This method saved time and money, since a

16
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maximum amount of acoustic data was measured quickly. In Figure

10, a comparison of the steady-state and dynamic measurement

methods is shown for the dual axisymmetric baseline

configuration. The dynamic measurement technique allowed for the

measurement of more acoustic data in shorter run times. Also,

the agreement for many of the configurations between data

measurement techniques was fairly good. Despite this fact, when

two or more data sets for different configurations were compared,

the data sets were generated using one measurement technique or

the other but not both.

18



ACOUSTIC DATA REDUCTION

The acoustic signals measured by the center microphone were

amplified and monitored on an oscilloscope. These dynamic data

were recorded using hard copy plots showing the relation of sound

pressure level in decibel units to a frequency spectrum of 0 to

10,000 Hz. Plots of sound pressure level (SPL) versus frequency

(f) were recorded for an NPR range of 1.4 to 5.0 for each

configuration.

Acoustic Spectrum Data

A typical acoustic spectrum plot for the single axisymmetric

baseline configuration at an NPR of 2.8 is shown in Figure 11.

The measured voltage reading, NVOLT=0.257, at the top of the plot

is converted to an NPR setting using the following pretest

calibration equation:

NPR = NVOLT x 100. + PSIA (1)

PSIA

19
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where PSIA is the measured ambient atmospheric pressure

(lbf/in 2). In the upper right-hand corner of the data plots, the

frequency and peak amplitude of the dominant, narrowband

frequency peak over the given frequency spectrum is displayed.

The root mean squared value (RMS) or Overall Sound Pressure Level

(OASPL) which is an integrated value of sound amplitudes over the

entire spectrum is also displayed. In Figure 11, three

narrowband frequency peaks are observed. The amplitudes are

approximately 129.0 dB, 155.166 dB, and 131.0 dB respectively.

The frequencies are approximately 2400 Hz, 4800 Hz, and 9600 Hz

respectively. The second narrowband peak, f2 ) is defined to be

the screech peak or the fundamental peak of the spectrum. This

screech peak is the dominant peak over the frequency spectrum.

The third peak, f3, occurs exactly 4800 Hz later in the spectrum

and is defined to be a harmonic of the screech peak, f2 "

Harmonic peaks occur at frequency multiples of the fundamental

peak over a given spectrum. The first narrowband frequency peak,

fl, occurs at 2400 Hz at every NPR setting for the entire

configuration. Since fI remains at a constant frequency over the

entire operating range, it is believed to be a function of the

21



constant jet noise and unrelated to the screech feedback

mechanism.

Data Reduction Challenges

There are many challenges associated with the reduction of

dynamic acoustic data from the acoustic spectra hard copy plots.

The first and foremost problem is the size of the database. A

total of 34 data plots were generated for each configuration

studied over an NPR range of 1.4 to 5.0. This results in a total

of 102 frequencies, dominant peaks, and OASPL values for just the

single axisymmetric configuration.

A second problem which complicates the first is that most

of the acoustic spectra possess more than one critical peak. The

acoustic spectrum for the single axisymmetric configuration at an

NPR setting of 3.1 is shown in Figure 12. This data plot shows

14 narrowband peaks which is an extreme case. However, if on the

average each data plot showed four peaks, then a total of 408

frequencies, screech peaks, and OASPL values would have to be

recorded for this configuration.

When multiple peaks are considered in the process, the

question arises as to how to determine which peak values are

critical peak values. Limitations are usually placed on the

22
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acoustic data such as a specified frequency range or a minimum

peak amplitude. For this test, narrowband peaks over 120 dB were

recorded. This minimum SPL requirement has been used by other

researchers who use automated search algorithms to process their

9
spectra plots. A threshold of 120 dB is used because it

generally represents the upper limit of broadband shock-

associated noise and the lower limit of narrowband shock-

associated noise.

An equally complicated problem is how to display screech

data in a parametric form that can accurately quantify and

qualify the screech phenomenon. The measured quantities such as

frequency, sound amplitude, and OASPL must be converted into

meaningful parameters that describe modal transformations, sound

variations versus configuration changes, and nozzle orientations.

Data Reduction Process

A personal computer in conjunction with a spreadsheet

software program was used to record the large screech database

which contained NPR, frequency, SPL, and OASPL values. The

spreadsheet program was used to incorporate column formulas, so

that data could easily be converted to desired parameters and

compared using a separate plotting package.

24



Hard copy spectra plots being the only available data

format, the reduction of the acoustic spectra data is a slow and

tedious process not amenable to automation. The data reduction

process originated with the organization of hardcopy plots in NPR

sequence for each configuration. The narrowband frequency peaks

must not only be registered, but the frequency and peak amplitude

trends from NPR to NPR must be observed. An example of this type

of analysis is shown in Figures 13 (a,b). Using the single

axisymmetric nozzle configuration, the narrowband dominant peak

occurred at a frequency of 4200 Hz at the NPR condition of 3.5.

At the next NPR setting of 3.6, the dominant peak energy

transferred to a frequency of 4800 (Hz). The peak frequency

positions should be monitored closely in the reduction process,

since these positions are related to the various screech modes

and structural resonant frequencies. Therefore, for every NPR

data point, the frequency and SPL values for each critical peak

as well as the OASPL of the entire spectrum were entered into a

spreadsheet program.

Once the significant data for a configuration had been

recorded, the next step in the process was to display the screech

data qualitatively. Several researchers have determined a

parameter that shows the particular modes of the screech

phenomenon such as the toroidal or helical modes and their linear

25
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dependence on jet Mach number. This parameter is known as the

modal frequency parameter and is defined in the following

equation:

c (2)

d fd

where d is the nozzle exit diameter, f is the frequency, and c is

the speed of sound. The above formula was entered into the

spreadsheet package and a column of frequencies was transformed

into the above parameter. Also, the measured NPR values were

transformed into ideal jet Mach numbers (M.) using the following

isentropic flow equation:

NPR = [1 + (7-1)/2 x M. 2 ] 7 / 0-I) (3)

where 7 is the specific heat ratio of 1.4 for air, and M. is the

Mach number of the jet. The data were converted into these

meaningful parameters and plotted for a first pass through the

data plots (Figure 14). Some linear trends were visible, yet

much of the plot seemed to be a collection of scattered data. A
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second pass through the data plots was completed to examine the

peaks at these data points more closely. In the second pass,

many of the peaks that were recorded during the first pass were

identified to be harmonics of the fundamental peaks. These peak

amplitude measurements were deleted from the database, since the

harmonic peaks were not a representation of the critical screech

modes. Two examples of data points that include harmonics are

shown in Figures 15 (a,b).

In Figure 14, the collection of data points at the top of

the plot seemed to be independent of the jet Mach number. There

was no appreciable increase or decrease in the frequency position

of this peak with Mach number variation. This peak corresponded

to the f, peak of Figure 11 remaining at a frequency of 2400 Hz

over the entire operating range for this configuration, hence it

was neglected from further consideration. After the harmonics

and the jet independent peaks were neglected, the X/d versus

Mach number plot for this configuration wa complete and is shown

in Figure 16. This final modal frequency plot showed good

agreement with a modal frequency plot for a similar single

axisymmetric nozzle over similar operating conditions. 11 The

presentation of X/d versus jet Mach number clearly showed the

occurrence of various screech modes over various segments of the

operating range. As mentioned in the literature, the toroidal
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mode or A mode is a high frequency, low wavelength phenomenon

that occurs at low jet Mach numbers. The helical mode can occur

in two variations: B and C modes. These modes generally occur at

high jet Mach numbers and are low frequency, high wavelength

phenomena. The linear dependence on jet Mach number was clearly

evident for the A, B, and C modes. As the jet Mach number was

increased, the wavelength of the acoustic instabilities increased

causing the degradation of the A mode and the realization of the

B and C modes.

The second major result gained from this analysis was a plot

of SPL versus jet Mach number (Figure 17). At first glance, this

plot presented purely quantitative results as no appreciable

trends in the data were visible. However, using the X/d versus

Mach number plot in conjunction with the spreadsheet database of

recorded frequencies and peak amplitudes produced a qualitative

representation of the data as well.

A third pass is made through the data plots to understand

the screech mode variation and at what NPR settings these changes

occur. For example, the spreadsheet database for the single

axisymmetric nozzle configuration was searched from low NPR to

high NPR. The first modal transfer from toroidal to helical

modes is shown in Figure 18 over a jet Mach number range of 1.16

to 1.19. At M.= 1.16, the f3 peak was the dominant screech peak
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with an SPL of 140.236 dB. This peak was a high frequency, low

jet Mach number phenomenon and thus was labelled toroidal or A

mode based on the X/d versus Mach number plot of Figure 16. At

the next jet Mach number of 1.19, the f2 peak had the highest

amplitude at a middle frequency position suggesting the dominant

screech mode to be the helical mode at this condition.

Considering the frequency position and amplitude information

obtained from the above analysis, the data points on the SPL

versus jet Mach number plot could be identified (Figure 17). At

M.= 1.16, the data point at the higher peak amplitude must

represent the toroidal mode, whereas the data point at the lower

amplitude must represent the helical mode. At M .= 1.19, the dataJ

point at the higher peak amplitude must represent the helical

mode, whereas the data point at the lower amplitude must

represent the toroidal mode. Two more modal transfer points were

found in the database for this configuration and are shown in

Figures 19 and 20. After these modal transfer points were

analyzed for amplitude and frequency, a qualitative SPL versus M.

plot was constructed over the entire operating condition to show

the variation in screech mode and amplitude simultaneously

(Figure 21).
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The reduction and presentation of dynamic jet screech data

requires the ability to determine the critical frequency and peak

amplitudes from a wealth of data. The dynamic data plots must be

reviewed several times to understand the frequency, peak

amplitude, and modal trends. Parameters must be investigated to

present the recorded data in a meaningful way, so that variations

in screech modes, frequency positions and peak amplitudes are

seen with changing jet conditions and nozzle configurations.
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AXISYMMETRIC NOZZLE RESULTS

The 4.7% scale axisymmetric nozzles were used to investigate

various methods of screech suppression. These methods included

lateral spacing of the twin jets, a secondary air jet in one

nozzle, tabs positioned at a nozzle exit, and longitudinal

shifting of one nozzle. The single and twin baseline nozzle

configurations were tested followed by various screech

suppression configurations.

Single Axisymmetric Baseline Configuration

The single axisymmetric baseline configuration results will

be repeated here for presentation completeness. The modal

frequency plot for this configuration is shown in Figure 22. The

toroidal A mode occurred at the lower jet Mach numbers and higher

sound frequencies, while the helical B and C modes occurred at

the higher jet Mach numbers and lower sound frequencies. These

wave instabilities were linearly dependent with jet Mach number,

and the modal frequency transition points were evident at three

locations as discussed in the previous section.
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The screech amplitude levels are shown in Figure 23. The

helical B mode resulted in the highest levels of screech for most

of the jet Mach number region. A maximum SPL of approximately

156 dB was measured. The C mode became dominant in the vicinity

of M.= 1.5 producing a maximum SPL of approximately 146 dB;j

however, the C mode produced relatively low levels of sound over

most of the Mach number region.

These single axisymmetric baseline results were necessary to

compare the effective screech levels of a single configuration to

a twin nozzle configuration. These comparisons were accomplished

and are presented in the next section.

Twin Axisymmetric Baseline Configuration

The data reduction procedure used for the single nozzle

baseline configuration was used for the twin nozzle baseline

configuration which had a spacing ratio, s/d, of 2.25. The

axisymmetric nozzle spacing ratio is the center-to-center

distance between the nozzles divided by the nozzle exit diameter.

Using the modal frequency parameter, X/d, to visualize the jet

Mach number dependency of the various modes resulted in Figure

24. For this configuration, a second toroidal mode was observed

and was labelled A2 based on previous conventions in the
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literature. This qualitative representation of the screech modes

for the twin configuration showed the instabilities in the jet

plumes to be essentially the same as the structures in the single

configuration plume. The toroidal modes occurred at the lower

jet Mach numbers and at the higher sound frequencies (lower

wavelengths). The helical modes occurred at the higher jet Mach

numbers and at the lower sound frequencies (higher wavelengths).

Since the helical modes occurred at higher jet Mach numbers

where the shock cell structure was the strongest, these modes

should produce the higher screech levels based on Powell's

screech feedback mechanism. A quantitative SPL vs. M plot for

this configuration is shown in Figure 25. The B helical mode

dominated the entire jet Mach number regime and produced

substantially high,.r SPL levels than did the B mode for the

single nozzle configuration as seen in Figures 26 (a,b). The twin

configuration SPL levels remained high over a much wider Mach

number region than did the SPL levels of the single jet

configuration. Many of the SPL amplitudes exceeded 160 dB over

several different Mach number data points. An example of the

single configuration versus the twin configuration acoustic

spectrum is shown in Figure 27 for the NPR=3.0 condition. A

difference of over 10 dB existed in the sound pressure level of

the narrowband tone for this NPR. The increase in SPL for the
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twin jet case was due to the coupling of the wave instabilities

in the twin jet plumes. Because the coupling of the jet

instabilities increases the jet screech tone considerably,

structural response and fatigue are a possibility. This coupling

mechanism is visualized in Figure 28 for the twin baseline

configuration at the NPR=3.0 condition.

Lateral Spacing Suppression

The coupling of wave instabilities of closely spaced jets

results in higher pressure amplitudes which continually subject

the nozzle flaps to higher sonic loadings. If the coupling

phenomenon could be prevented using screech suppression

techniques, the nozzle hardware would be less stressed and

presumably more reliable. Variable lateral spacing of the two

nozzles in a twin nozzle configuration was accomplished in the

attempt to suppress the coupling mechanism of closely spaced

nozzles. Lateral spacing was investigated by Wlezien and was

found to have a profound effect on the SPL levels of a twin

configuration. 1 1 Wlezien found that a composite plot of modal

wavelength as a function of Mach number could be constructed for

eight different spacings. The modal frequency trends and Mach

ranges were identical for each of the eight different spacings.
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For this test, the s/d was varied from 2.25 to 7.0 to investigate

the effect of lateral spacing on a twin jet configuration. The

modal frequency plots for the various spacings are shown in

Figures 29 (a-l). For this test, the modal frequency plots

confirm the baseline frequency and Mach number ranges for each of

the various modes. In general, these plots were similar to

Wlezien's results in that the A, B, and C modes were measured at

similar frequencies and over similar jet Mach number ranges for

every spacing ratio.

Although the modal frequencies and jet Mach number ranges

were similar for the twin configuration at various spacing

ratios, the SPL levels for the various spacing ratio

configurations were extremely distinct. The SPL versus M plots

for the lateral spacings of 2.25 to 7.0 are shown in Figures 30

(a-l). For the lower spacing ratios of 2.25 to 2.75, the B mode

was dominant and possessed high 'PL levels over a wider Mach

range. The C mode was suppressed and had much lower SPL levels

relative to the isolated single jet of Figure 23. For the next

spacing ratio range of 3.0 to 3.5, the B mode was lower for the

lower jet Mach numbers, then increased sharply at the higher

Mach numbers. The A toroidal mode amplitudes remained relatively

low over this range. For the acoustic runs that included the

measurement of many data points, the A2 mode can be observed. In
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the next spacing ratio range of 3.75 to 4.5, the C mode peaked

sharply between M=l.5 and 1.6 and was actually the dominant mode

in this Mach number range, whereas the B mode was fairly stable

over the entire Mach number range. Finally, for the spacing

range of 5.00 to 7.00, both B and C helical modes were fairly

constant over the Mach range with most of the amplitudes

remaining below 150 dB.

Design guidelines for screech suppression using a twin

nozzle configuration was the ultimate goal of this experiment.

Design plots of Overall Sound Pressure Level (OASPL) versus s/d

were developed to show the effect of the lateral screech

suppression technique. This OASPL value approximates the highest

peak magnitude of the spectrum or usually the screech peak

magnitude; however, it is a purely quantitative measurement since

it is not representative of any one frequency position. For the

twin axisymmetric configurations tested here, a plot of OASPL

versus s/d was constructed for several NPR conditions (Figure

31). Initial results showed that at the lower spacing ratios of

2.25 to 3.00, the OASPL levels were high with many recorded above

the 160 dB level. For a spacing ratio of 3.5, a decrease in

OASPL occurred at every NPR except for NPR=5.0. At spacing

ratios equal to 5.0 or greater, the OASPL level remained fairly

constant and low suggesting that the larger spacing gap resulted
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in a decoupling of the plume instabilities. Lower OASPL

amplitudes occurred at NPR=2.5 over all the spacing ratios due to

the weaker shock cell structure of the plumes at this condition.

These lateral spacing results showed that for all the twin

configurations tested, the modal types and frequency ranges were

essentially the same for the various spacing ratios. The SPL and

OASPL amplitudes differed over the range of spacing ratios and

remained high *)r the small spacings. For the larger spacings,

the OASPL amplitudes decreased generally with some local

increases occurring at specific NPR values.

Twin Axisymmetric Secondary Air Jet Suppression

Because an aftbody configuration is designed using many

aerodynamic, performance, and control parameters, a screech

suppression concept that does not alter the external geometry of

the configuration is preferred. A secondary air jet was

investigated as an alternative suppression technique for a twin

nozzle configuration. The secondary jet tube inside diameter

measured 0.1875 in (0.476 cm). The secondary jet was fixed to

one of the two primary nozzles and secondary jet pressure was

varied from 0 psig to 60 psig. (Appendix). The X/d versus M.J

plots for the se-indary air jet are shown in Figures 32 (a-d).
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The secondary air jet configurations reflected modal frequency

ranges similar to the twin axisymmetric baseline configuration.

Sound pressure level plots were completed for the 20-60 psig

cases which show a decrease in the SPL levels compared to the

unsuppressed configuration of 0 psig. The dominant peak

amplitudes are plotted versus jet Mach number in Figures 33 (a-

d). The peak levels at low M. and at high M. were reduced froma a

the levels of the unsuppressed configuration. Also, as the

secondary jet pressure increased, the SPL ievels decreased for

most NPR data points (Figure 34). In this figure, the

unsuppressed peak level of the twin axisymmetric baseline

configuration (s/d=2.25) is shown relative to the suppressed peak

levels at certain NPRs over the secondary air pressure range.

For the NPR=2.5 condition, the reduction in sound intensity is

over 15 dB. In all cases, the highest secondary air jet pressure

of 60 psig produced the most screech suppression.

Twin Axisymmetric Tab Suppression

Various methods to suppress screech tones have been used in

the past including adding small tabs to the nozzle exit plane.

Three different tabs of various sizes were used to determine

which style tab would be used in further suppression tests. The
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size and dimensions of the tabs are given in the Appendix. These

three tab sizes in groups of 1,2, or 3 tabs were attached to a

single nozzle exit. Steady-state results were obtained that

showed tab number 3 to be the most effective for suppressing

screech. A decision was made to use the largest tab in area, tab

3, and to use it in 1,2, or 3 number configurations on a single

nozzle in a dual axisymmetric configuration of s/d=2.25. The SPL

versus M. plots for 0,1,2, and 3 tabs are shown in Figures 35 (a-3

d). An overlay plot of these graphs is shown in Figure 36.

These SPL values corresponded to B mode values, since the B mode

was normally the strongest screech producer in these tests. The

top curve is the unsuppressed SPL values of the twin axisymmetric

configuration at a nozzle spacing ratio of 2.25. The 1-tab

suppression test resulted in lower values of SPL; however, the 2-

tab and 3-tab configurations resulted in still lower SPL values.

For the 2- and 3-tab configurations, the SPL levels were

significantly reduced at the lower and higher jet Mach number

ranges. Schlieren photographs of the 0-tab and 2-tab

configurations for the NPR=3.0 condition are shown in Figures 37

(a-b). Mode coupling is clearly seen in the unsuppressed case,

whereas the plumes are decoupled for the tab configuration cases.

Generally, more than 1-tab was needed for screech suppression

reduction of more than 15 dB.
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Twin Axisymmetric Axial Shift Suppression

Axial shifting of one of the two nozzles in the longitudinal

direction was thought to prevent the in phase coupling of the

wave instabilities in the jet plumes. Axial shift intervals of

0.25 in (0.635 cm) and 0.5 in (1.27 cm) were used and are

described in the Appendix. The axial shift results are compared

to the twin baseline configuration of .o suppression in Figure

38. The results showed that the shifting of one nozzle produced

no appreciable suppression of the screech amplitudes except at

the low NPR condition of 2.5. At the NPR=4.5 condition, the

0.25in (0.635cm) axial shift actually increased the SPL by close

to 10 dB.
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TWO-DIMENSIONAL NOZZLE RESULTS

Two-dimensional 4.7% scale model nozzles were used to test

screech suppression and nozzle orientation concepts. The single

and twin baseline configurations were tested first followed by

lateral spacing of the twin jets, secondary air jet, nozzle exit

tab suppression, and axial shift, suppression experiments. Two-

dimensional nozzle orientation tests such as nozzle cant angle

variation and pitch deflection variation were also studied.

Single 2D Baseline Configuration

A single two-dimensional nozzle with a throat aspect ratio

of 3.71 was tested over an NPR range of 2.0 to 5.0. The

corresponding jet Mach number range is approximately 1.1 to 1.75.

Acoustic spectra were recorded and reduced similar to the

axisymmetric nozzle data. However, for most of the two-

dimensional nozzle cases, the OASPL of the acoustic spectrum was

used as the figure of merit.

Just as for the axisymmetric nozzle configurations, a modal

frequency parameter chart was created to separate the various

screech modes, and then a second plot of OASPL versus M. was

J
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created to quantify the analysis. This approach was used for the

single rectangular nozzle and is shown in Figures 39 and 40.

In Figure 39, the modal frequency parameter is plotted

versus jet Mach number. As was the case with the axisymmetric

data, the frequencies of the dominant narrowband peaks were

converted into a wavelength parameter. Instead of using the

nozzle exit diameter, the nozzle throat height, ht, was used to

normalize the wavelength measurement. This modal frequency

parameter showed the linear dependence of the various screech

modes with jet Mach number.

The modal frequency plot for the single rectangular nozzle

configuration clearly showed two different modes over the jet

Mach number range. Zilz concluded that two "normal flapping"

rectangular modes existed over the NPR range for a twin high

aspect ratio nozzle configuration. He labelled these the Normal

Symmetric (NS) and the Normal Antisymmetric (NA) modes (Figure

6).9  Zilz found that for a twin rectangular high aspect ratio

nozzle configuration, the NS mode occurred below design NPR and

both the NS and NA modes occurred above design NPR. He was able

to make these qualitative measurements using directivity

instrumentation shown in Figure 41.
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Similar results were found for the single high aspect ratio

rectangular nozzle of this test. A single mode occurred below

the design jet Mach number of 1.4, and two modes occurred above

this design jet Mach number. The two modes occurred between a

jet Mach number of 1.4 and 1.5 transitioning into one mode beyond

the jet Mach number of 1.5. Zilz concluded that when the NA mode

was present just beyond the design Mach number, the OASPL

decreased. Also, he concluded that after the NS mode became

dominant again and the NA mode disappeared, the QASPL level

increased steadily. These exact trends were seen in the single

rectangular qualitative and quantitative results shown in Figures

39 and 40.

Twin 2D Baseline Configuration

The dual rectangular baseline configuration was comprised of

two rectangular nozzles of the same type used for the single

configuration. For this dual baseline configuration, a two-

dimensional spacing ratio, s/w, of 3.25 was used. This spacing

ratio is defined to be the center-to-center distance between the

two nozzles divided by the width of a nozzle exit.

The qualitative and quantitative results for this

configuration are shown in Figures 42 and 43. The nASPL
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amplitudes for this case were similar in magnitude to the

amplitudes for the single rectangular case. The OASPL decreased

over the jet Mach number range just beyond the design Mach number

suggesting that the NA mode was present in the design Mach number

region. Also, the OASPL at the very overexpanded and

underexpanded Mach numbers remained high suggesting that the NS

mode existed over these Mach number regions.

The qualitative results displayed the modal frequency

variation with jet Mach number. These results were mixed for

this configuration. The clarity and distinction between the

various modes did not exist and did not follow the modal trends

of the Zilz experiment. The two-dimensional nozzle spacing ratio

ranges differed between the two experiments with the maximum s/w

for the Zilz experiment being 3.20.

Twin 2D Lateral Spacing Suppression

The twin two-dimensional nozzle baseline configuration was

used to investigate the lateral spacing suppression technique.

The baseline configuration was tested at nozzle spacing ratios of

2.75 to 7.00. The OASPL plots for each spacing ratio are seen in

Figures 44 (a-k). OASPL trends similar to the single and twin

baseline configurations existed for each of the different nozzle
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spacing ratio configurations. The OASPL decreased after the

design NPR of 3.23 and then increased steadily over the NPR range

beyond the NPR=3.5 condition. As shown previously, Zilz stated

that the presence of the NA mode, in the region just after the

design NPR, reduced the OASPL amplitudes. Beyond NPR=3.5, the NS

mode was dominate and resulted in an increase in OASPL

amplitudes.

In general, for this dual nozzle configuration over these

NPR ranges, the OASPL amplitudes decreased with respect to nozzle

spacing (Figure 45). Especially, for NPR conditions below the

design NPR=3.23, the highest levels of OASPL occurred at the

lowest spacing of s/w=2.75, and the lowest levels of OASPL

occurred at the highest nozzle spacing of s/w=7.00. Since the NS

mode was dominant below the design NPR, these results suggested

that the NS mode was weakened and therefore the OASPL amplitudes

reduced as the nozzles were separated further. For the NPR

conditions of 2.5 and 3.0, at the nozzle spacing ratios of 4.0

and 4.5 respectively, the OASPL increased. This occurrence

suggested that for this configuration at these NPR conditions,

these spacings instigated higher interaction of the NS flapping

mode which resulted in higher OASPL amplitudes.

At the higher NPR conditions above design of 3.5 and 4.5,

the highest OASPL was again at the lowest nozzle spacing ratio of
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2.75. At the NPR=3.5 setting, both the NA and NS modes were

probably present. For spacing ratios of 2.75 to 3.75, OASPL

decreased steadily, while for spacing ratios of 3.75 to 5.0,

OASPL increased steadily. The OASPL amplitudes remained fairly

constant for the spacing ratios of 5.0 to 7.0. This irregular

trend of OASPL vs. spacing ratio suggested that the NA mode was

dominant in the spacing range of 2.75 to 4.0, and that the NS

mode was dominant in the spacing ratio range of 4.0 to 5.0.

Concentrating on the NPR=3.5 condition at the higher spacing

ratios, one can see a weak NA mode between NPR=3.0 and NPR=3.5.

At the lower spacing ratios, a much stronger NA mode exists

between 3.0 and 3.5.

The highest NPR of 4.5 should have consisted of only NS mode

characteristics and showed a general decrease in OASPL with

nozzle spacing ratio. However, at the s/w=3.5, the OASPL

increased sharply and then continued with the trend of decreasing

OASPL. At this particular spacing, the NS mode interaction must

have become stronger between the two jet plumes.

In conclusion, for lateral spacing suppression tests, the

higher OASPL amplitudes occurred at the closest nozzle spacings.

For NPRs below design, the lowest OASPL occurred at the highest

spacing, and trends generally showed a decreasing OASPL level

with increasing spacing. For NPRs above design, trends were
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mixed especially for the NPR of 3.5 which most probably had both

NA and NS mode interaction simultanuously.

Twin 2D Secondary Air Jet Suppression

A small air jet with a 0.125in (0.318cm) inside diameter was

attached to one nozzle of the twin rectangular configuration.

The baseline nozzle configuration was used with a spacing ratio

of 3.25. The results were mixed for the single secondary air jet

test. Over most of the NPR range, the OASPL amplitudes resulting

from secondary air jet runs were higher than the amplitudes for

the unsuppressed case (Figures 46 (a-d)). Some suppression of

the screech amplitudes existed at the NPR=3.0 setting; however,

these suppression deltas were minimal compared to the screech

suppression achieved using the axisymmetric configuration (Figure

47). It is possible that at the closest spacing ratio of 2.75, a

greater possiblity of suppression could exist since OASPL

amplitudes for that configuration were much higher than for the

twin baseline configuration. Also, the secondary air jet

technique may suppress the helical mode coupling of the

axisymmetric configurations more effectively than the jet

flapping type motion of the rectangular configurations.
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Twin 2D Tab Suppression

Tab suppression tests were conducted for the two-dimensional

configurations as was done for the axisymmetric configurations.

One, two, and three tabs of the tab 3 variety were tested and are

shown in the Appendix. These tab configurations were attached to

one nozzle of the dual rectangular configuration, so that the

characteristic jet flapping motion might be suppressed.

In Figure 48, a plot of OASPL versus NPR is shown. The

OASPL increased with increasing NPR as expected due to the

increasing strength of the shock cell structure with NPR. A

design plot showing OASPL variation with the number of tabs is

shown in Figure 49. Some screech reduction occurred for the

urderexpanded regions with the most screech supp-ession occurring

for the 2-tab configuration. The 2-tab configuration has been

favored by many researchers including Brown and Ahuja.13  In a

NASA report, the two authors concluded that the 2-tab

configuration produced the highest jet mixing and actually

reduced heating levels within the jet plume. In this cold test,

the introduction of two tabs into the nozzle flow disrupted the

normal jet flapping modes to an extent that OASPL amplitudes were

reduced.
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Twin 2D Axial Shift Suppression

The final suppression concept tested was the axial shifting

of one of the nozzles in the longitudinal direction. The

incremental shift distances ranged from 0.25in (0.635cm) to l.Oin

(2.54cm) (Appendix). As was the case for the axisymmetric

nozzles, this shifting technique was thought to reduce the

interaction of the screech modes and thus reduce the screech

amplitudes. However, at nearly every NPR setting, the axial

shift configurations resulted in higher levels of screech than

the unsuppressed cases (Figure 50). This was particularly true

at the very overexpanded and underexpanded NPR settings where the

NS mode was dominant. The NS flapping mode was either enhanced

or unchanged by the axial shifting of one nozzle.

Twin 2D Cant Angle Orientation

Nozzle orientation which included canting and vectoring of

the nozzles resulted in the following findings. The first nozzle

orientation test consisted of canting the two-dimensional nozzles

about the longitudinal axis (Appendix). Canting the nozzles from

the 0* position to the 900 position essentially transformed the

nozzle configuration from a high aspect ratio to a low aspect
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ratio configuration. Over the NPR range, this transformation of

the configuration resulted in increasing OASPL amplitudes (Figure

51). According to Zilz and Seiner, a low aspect ratio,

rectangular nozzle will produce a lateral flapping motion as

defined in Figure 6. The lateral flapping modes produce higher

OASPL levels than do the normal flapping modes of the higher

aspect ratio nozzles. In Figure 52, a cant angle orientation

design plot is presented. As the cant angle of the nozzles was

increased, the OASPL for each NPR setting increased steadily. At

the NPR=3.5 setting, the OASPL levels were the lowest due to the

presence of the NA mode just after the design NPR=3.23 condition.

These findings suggest that because high aspect ratio nozzles

produce the normal flapping screech modes, high aspect ratio

nozzles will produce '3wer screech amplitudes. A low aspect

ratio configuration will produce higher screech amplitudes, since

this configuration will produce lateral flapping screech modes.

Twin 2D Vectored Thrust

The second nozzle orientation was the vectoring of the twin

two-dimensional baseline nozzles to a 100and a 20 ° pitch setting.

In Figure 53, pitch angles versus NPR range are represented. For

the lower NPR values, the vectored nozzles produced the lower
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OASPL amplitudes; however, at an NPR of 4.0, the 10° vectored

nozzle produced the highest OASPL amplitude. During the test at

the NPR=4.0 condition, the 10° nozzle was seen to have a large

wave instability. In Figure 54, the SPL amplitudes of the

discrete narrowband peaks are plotted versus pitch deflection. A

100 pitch setting increased screech amplitudes, while a 20 ° pitch

setting decreased the screech amplitude especially at the highest

NPR=4.0. The large vector angle seemed to restrict the normal

flapping motion of the NS mode. This contributed to lower levels

at the 20 ° pitch setting.

93

93



04

0 4.)

4)

Z Z

0 .. 0

1.j 00. 0 .JC

0O.6  LL ( l

94)



CONCLUSIONS

Axisymmetric and two-dimensional nozzle configurations were

tested using several different screech suppression concepts and

nozzle orientations. The screech suppression techniques included

lateral spacing, secondary air jet, tab suppression, and axial

shift. For the two-dimensional nozzle configurations, nozzle

orientations such as nozzle canting and pitch vectoring were

used.

For the axisymmetric nozzle configurations, the following

general nozzle design guidelines were determined:

(1). As the NPR was increased, the SPL amplitudes generally

increased based on the stronger shock cell structure present in

the jet plume.

(2). The twin configuration produced much higher screech

amplitudes over a wider jet Mach number range than did the single

nozzle due to the strong helical mode coupling between the jet

plumes in the twin nozzle configuration.

(3). The modal frequency dependency on jet Mach number

remained the same for the twin nozzle configuration at various

nozzle to nozzle spacing ratios.
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(4). Generally, the OAPSL amplitudes were highest at the

lower nozzle spacing ratios and decreased as the nozzle spacing

ratios were increased.

(5). The secondary air jet generally decreased SPL amplitudes

with the greatest SPL reduction occurring for the highest

secondary air jet pressure.

(6). Nozzle exit tabs reduced SPL amplitudes over the entire

jet Mach number region. The tabs decoupled the helical mode

interaction between the jets and in some cases resulted in a SPL

amplitude reduction of 15 dB.

For the two-dimensional nozzle configurations, the following

general nozzle design guidelines were determined:

(1). For the single rectangular nozzle and probably for the

twin rectangular nozzle configuration, a single NS mode existed

for the overexpanded nozzle conditions.

(2). Just beyond the design NPR condition, the NS and NA

modes were present and this resulted in some reduction of OASPL.

The NS mode became dominant at the very underexpanded conditions

thus increasing the OASPL amplitudes.

(3). Lateral spacing tests showed that the highest OASPL

amplitudes occurred at the closest nozzle spacing ratio of 2.75.
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Also, for the overexpanded nozzle conditions, the lowest OASPL

occurred at the largest nozzle spacing ratio. For the highest

underexpanded condition of NPR=4.5, the general trend was a

decrease in OASPL with an increase of nozzle spacing ratio. For

the NPR condition of 3.5 just beyond the design NPR of 3.23,

results were mixed probably due to NS and NA mode interaction.

(4). Some screech suppression was achieved using two exit

tabs for the underexpanded NPR conditions. Further work is

required in this area.

(5). The nozzle orientation technique of canting the nozzles

from essentially a high aspect ratio configuration to a low

ispect ratio configuration resulted in a large increase in DASPL

amplitudes at every NPR condition. In the low aspect ratio

configuration, lateral flapping modes are usually dominant and

generally produce higher OASPL amplitudes.

(6). The nozzle orientation technique of pitching the nozzles

resulted in an increase in OASPL at the 100 setting and then a

large reduction in OASPL at the 200 setting especially at the

high NPR conditions.
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APPENDIX

A.1 Single and Twin Axisymmetric Baseline Configurations:

d = 1.0"

s,'d = 2.25

AeAe/A t = 1.0

Md = 1.0

A.2 Single and Twin Two-Dimensional Baseline Configurations:

Wt , We = 1.82"

H = 0.49"

H = 0.55"
e

s/w = 3.25

Ae/At = 1. 11

Md = 1.4

A.3 Lateral Spacing Suppression Configuration:

s/d range = 2.25 - 7.0

s/w range = 2.75 - 7.0
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A.4 Secondary Air Jet Suppression Configuration:

s/d = 2.25

0 s/w = 3.25

sec. pressure =0., 10., -

20., 30.,
40., 50.,

00 
60. psig

A.5 Tab Suppression Configuration:

s/d = 2.25

s/w = 3.25

tab 1 <====.50

tab 2 0. 100'

tab 3 0.150

A.6 Axial Shift Suppression Configuration:

X st 0.,9 .25, .5, 75,' 1.0"
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A.7 2D Cant Angle Orientation Configuration:
o o o d

O = 0.,15.,30.,45.,
C 0 0 0

60.,75.,90.

A.8 2D Vectored Thrust Orientation Configuration:
o 0 0

6 = 0.,10.,20.
p
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