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ABSTRACT

The ow eld of supersonic impinging jets is known to be highly unsteady particularly for S/VTOL
aircraft con guration. This can have adverse e ects such as high noise leels, unsteady acoustic
loads and sonic fatigue on the aircraft and surrounding structures, paveent erosion, ingestion of
hot gases into the engine nacelle and lift loss of the aircraft. Jet noisedm an aircraft has been a
problem that signi cantly impacts aircraft operational procedures and adversely a ects the health
and safety of the personnel operating nearby and the communities surrauing airports / airbases
and ight paths. In the present study, control of the highly resonant o w eld associated with
supersonic impinging jet by acoustic treatment at the impingement gane has been experimentally
investigated. Measurements were made in the supersonic impingingt facility at the Florida State
University for a Mach 1.5 ideally expanded jet. Measurements incluéd unsteady pressures on a
surface plate near the nozzle exit and impingement plate, acoustics ithe near eld and beneath
the impingement plane, and velocity eld using particle image velacimetry. The passive control
involves appropriately designed resonator panel to target discrete imipging tones and broadband
noise. Results show that this technique is very e ective in attenuating impinging tones and their

harmonics in addition to signi cant broadband reduction.

Xi



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 The Supersonic Impinging Jet

The acoustic and ow eld properties of a supersonic impinging jet have been extensively
investigated in the past due to its applications in Short/Vertical Take -0 and Landing (S/VTOL)
aircraft and impingement heat transfer for surface cooling applicationf2]. The ow eld, which is
highly unsteady, is capable of generating high noise levels which are amtpanied by acoustic loads
and sonic fatigue on the aircraft. The jet also induces an entrainment of ow which creates a low
pressure region on the underside of the aircraft resulting in lift bss up to 60 % of the primary jet
thrust [1].This chapter begins by presenting the fundamental regarch which has been conducted by
other researchers in the past to investigate the adverse e ects gengted by the impinging jet and
later transitioning to the passive and active control techniques deeloped to mitigate these adverse

e ects.

1.1.1 The Acoustic Feedback Loop

The unsteady ow eld of the supersonic impinging jet is governed by what is commonly referred
to in the literature as the feedback loop or feedback mechanism [12],[16],[18]. Small instabilities
develop at the nozzle lip in the shear layer and grow as they convect dawstream to form large
vortical structures. The impingement of these vortices on the groundplane generates large pressure
uctuations which create strong acoustic waves which travel back upto the nozzle exit. Instabilities
at the nozzle exit are excited and ampli ed by the acoustic waves subsguently completing the
feedback loop.

The concept of feedback loop and the associated mechanisms dates backRowell [12] who was
the rst to describe the mechanism governing this phenomenon and pposed a simple formula for
prediction of discrete tones which are generated upon impingement éferred to as impingement

tones).
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Figure 1.1: Acoustic Feedback Loop Schematic
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where h is the distance between the nozzle exit and ground planeC; is the convection velocity

of the large structures traveling downstream andC, is the speed of the acoustic waves which are
traveling upstream. The phase lag, due to acoustic waves propagating gream are not always in
equal phase at the nozzle and source, is denoted aswhile N is an arbitrary integer.

The supersonic impinging jet -generate sound pressure levels 8-1B chigher than that of the
corresponding free jet con guration [1],[7]. The feedback loop generatediscrete tones upon im-
pingement at amplitudes up to 160 dB depending on the nozzle to ground dtance (h/d)[1]. Ho
and Nosseir [6] investigated the upstream traveling waves which fornpart of the feedback loop.
Their work used a pre-whitening technique to investigate the diection of wave propagation. Us-
ing a correlation between two microphones placed in the near eld at vaious r/d locations they
were able to experimentally con rm the existence of the upstreamtraveling waves. Donaldson et
al. studied the e ects of impingement heat transfer[2]. Their resarch indicates that the pressure
distribution upon impingement can be related to that of the local mean properties of the free jet.

These and other research studies carried out on impinging jets, praged fundamental understand-



ing of the mechanisms of sound generation which is necessary in order tievelop e ective noise

control techniques.

1.1.2 Supersonic Impinging Jet Control Methods

Over the years, a vast amount of active and passive control techniques/daces have been de-
veloped and implemented to reduce the adverse e ects of the impiing jet. While many have
been successful in reducing noise levels, few have been ablaransition from the laboratory scale
into full scale applications. A discussion of some of these control metids will be presented in the

following sections.

1.1.3 Passive Control Methods

Passive control devices or techniques do not require any kind of actuan or energy input. They
are added into the experimental jet con guration to change the ow eld either by direct placement
in the primary jet ow (tabs, chevrons etc), on the ground plane (porous screens, compliant plates)
and even in the acoustic ow eld. Elavarasan et al. [3] used a bae (plate) to interrupt the
upstream propagation of the acoustic waves generated on the impingement gshe. This passive
control technique was able to break the acoustic feedback loop and sulpgently suppress the
generation of large scale coherent vortical structures. A 16% recovery iiift loss and 11 dB noise
reduction in the near eld was achieved. Particle image velocimetryresults showed that the large
coherent structures which developed from the excitation of instadities at the nozzle lip were
reduced in size when the region near the nozzle was shielded from thpstream propagation of the
acoustic waves which are generated upon impingement. Kweon et al. [23]imlinated screech tones
of a Mach 2.0 jet by placing two wires perpendicular to each other nearhe jet exit. This method
was able to achieve 5 dB reductions in OASPL. Similarly, Samimy et al. [15vere able to reduce
OASPL up to 6.5 dB by placing 4 tabs at the nozzle exit. However, the e et in noise reduction was
signi cantly decreased for over-expanded jet conditions. Wiley etal. [21] used a resistance screen
of 29% porosity on the ground plane. This produced a reduction in OASPL of upto 5 dB in the
near eld and 11 dB near the lift plate. While the technique was e ective in the reduction of the
broadband noise, the amplitudes of impinging tones were una ected. Tl placement of the screen
near the impingement surface changed the e ective h/d and subsequély a shift in the frequency

of the tones was observed.



1.1.4 Active Control Methods

Like passive control, active control techniques have been investigad in multiple locations
and con gurations for jet noise reduction. While passive control cannot bemodi ed for di erent
jet operating conditions after implementation, active control is on demand control which can be
utilized when it is most favorable. However, in order to achieve ths, active control requires an
external power/energy source. Shih et al. [17] used counter ow near tb nozzle exit of a Mach
1.4 rectangular jet to suppress screech tones near the nozzle exit. Afication of this technique on
over-expanded jet conditions shifted the broadband shock-associetl noise to higher frequencies.
Reductions of up to 4 dB in OASPL were achieved. However, the stagnatiompressure required
for e ective noise reduction was 1/4 of the stagnation pressure of the jet.Sheplak and Spina [24]
used high speed co- ow to shield the main jet from the near eld acousic disturbances which
created a reduction in the overall sound pressure levels of 10-15 dB bthe mass ow required
made this impractical for applications outside the laboratory. Alvi et al. [25] implemented 16
high momentum uidic microjets around the nozzle at 60 degree inclinaton. The activation of
the microjets introduced streamwise vortices and a ected the deelopment of large scale coherent
structures and resulted in the disruption of feedback loop. This ative ow control technique led

to tonal reduction of up to 22 dB.

1.1.5 Hybrid Control Methods

Hybrid control as implemented by Wiley et al. [21] is a combination of passie and active
control techniques which were investigated in order to explore theadditive e ects of both control
methods simultaneously. Wiley et al. [21] investigated the e ect of wsing a porous surface at the
ground plane in combination with micro jets placed at the nozzle exit. Their results indicate that
passive control by means of a porous surface reduced the broadband levdist was not capable
of reducing impingement tones (Figure 1.2a). The frequency of the imipgement tones appears
to have shifted to lower frequencies. The use of high momentum raio jets suppressed multiple
impingement tones but was not able to reduce the broadband levels (Fige 1.2b). However, when
both methods were implemented simultaneously, the e ects wereeven greater than the additive
e ects of implementing passive and active control. The use of hybridcontrol signi cantly reduced

the broadband levels and was very e ective in suppressing the impigement tones (Figure 1.2c).
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Figure 1.2: Near Field Noise Spectra Measured using Sideline MicrophernFrom Wiley et
al. 2010

1.2 Research Objective

Active, passive and even hybrid control techniques have been suessfully investigated in liter-
ature with favorable results. However, the biggest challenge these ethods face in the full scale
implementation is the required modi cations at the aircraft engine nozzle. For any noise control
technique to be practical, the control must be achieved without undiuly compromising performance,

signi cantly increasing cost and, for existing aircraft, may be applied as a retrot. The primary



goal of this research is to develop a noise mitigation technique which isapable of providing broad-
band and tonal amplitude reductions similar to the results achieved trough hybrid control without
requiring modi cations to the aircraft engine making it inherentl y easier to implement in full scale
applications. In the present study, control of the highly resonant ow eld associated with super-
sonic impinging jet by acoustic treatment at the impingement plane (in case of normal impingement,
STOVL con guration) has been experimentally investigated. The proposel control involves appro-
priately designed acoustic treatment panel composed of a resistive men, honeycomb cells and a
solid back plate to target discrete impinging tones and broadband noise. W also note that the
present control approach is robust and adaptable to the existing technalgy on the carrier deck with
jet blast de ector (JBD) and therefore can be easily integrated. We ervision the use of optimally
designed acoustic treatment panels that can be quickly installed on tB JBD and removed when

not in use, thus allowing the JBD to still be folded at on the deck.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Acoustic Treatment Panel Design

Acoustic liner panels have been designed and installed in the past faroise reduction applications
in turbofan engines [26],[27],[28]. Initially, the attenuation of the blade passage frequency was
desired and a single degree of freedom resonance panels were develogedingle degree of freedom
(1DOF) panel consists of a porous face-plate, a honeycomb core and a solid laglate. When
designing an acoustic panel, the most important parameter is the acoustiamnpedance. If carefully
designed, a 1-DOF resonance panel will be e ective in suppression afoise within one octave
centered around its angular resonance frequency[32]. As government rdgtions are becoming
stricter in the level of noise generated by aircraft, the desire for anincrease in noise reduction
manifested itself in the development of multiple degree of freedomesonators. In order to extend
the range of noise mitigation, a two degree of freedom (2DOF) resonance panean be designed
which is capable of extending the noise suppression to two octave$n acoustic liners for turbofan
engines, a 2DOF liner will suppress the blade passage frequency ang hext two harmonics[32].
Subsequently, multiple degree of freedom resonators have been gstigated with the limitation in
the turbofan engine being the thickness of the acoustic panel whose vwght will eventually o set
the noise reduction bene ts. This has led to the limitation of 2DOF for resonator panels currently
used in aircraft. The research currently presented uses the ldrature and past research conducted
in this area as a starting point for the design of an acoustic treatment pankfor the supersonic
impinging jet. While the ow- eld and jet velocity is di erent  from that of a turbofan engine, the
conceptual application of a resonator panel to attenuate noise is similar. flthe acoustic impedance
of the resonator is tuned properly maximum suppression of the noise at th designed frequency
will be obtained. For this research, a single degree of freedom panel waesigned and tested. A

theoretical analysis was conducted on the primary element of the panethe Helmholtz resonator.



2.2 The Helmholtz Resonator Model

The Helmholtz resonator gets its name from Herman von Helmholtz who was the st to study
the acoustics and operation of a resonator[33]. A conventional Helmholtz resonat is a single degree
of freedom acoustic system whose resonant frequency is determineg lis geometric parameters.
These are a rigid volume cavity with a solid back wall and a neck that conects it to another
medium such as the atmosphere (Figure 2.1). When an incident wave imtracts with the neck of
the resonator it will create a displacement of air within the neck and @use the air of the cavity
to oscillate. If the frequency of the incident wave is equal to theresonance frequency, the incident
wave will be re ected towards the source with a phase change such #t the frequency will be

attenuated.

—» Neck |«

Cavity

Figure 2.1: A Conventional Helmholtz Resonator

The acoustic panel designed for treating the ground plane is composed of rtiple 1DOF res-
onators which have the same geometry and will therefore have the samesenant frequency. Equal
geometries will allow for analysis of a single resonator to provide insighon the noise suppression
capabilities of the acoustic panel. Figure 2.2 shows a side view of thexgerimental placement for

the acoustic treatment panel for tonal suppression.

Single
Resonator

Figure 2.2: Schematic of the Experimental Placement of the Acoustic Tratment Panel



2.2.1 Lumped Element Modeling

Figure 2.3: Single Resonator of Fixed Geometry

As long as the characteristic length of the resonator ) is small compared to the wavelength
of interest( ), it is possible to simplify the distributed components of the system (the neck and
cavity) into lumped elements. The neck and the cavity are coupld so the acoustic impedance of

the system is the sum of the acoustic impedance of each component.
ZaC = ZaCcavity + Zacneck (21)

The cavity is modeled by Blackstock (2000) as a short closed tube of volumV = LS, driven
by an external source. The variableL is the length and S; is the cross-sectional area of the cavity.

Its speci ¢ acoustic impedance or input impedance Zj, ) is given by

Zo

- jtankL (2:2)

in
where Zg is the characteristic impedance of air,k is the wavenumber andL is the length of the

cavity. The tangent function has a Maclaurin Series expansion

tankL = kL + %k3L3+ s (2.3)

Treating it as a lumped element such thatkL  0:3, the second term is 3% of the rst term so

tankL can be approximated askL. This will result in



- _ 0C _ 00(2)
Zin = jkL — jIL (.4)
Subsequently we can obtain the acoustic impedance of the cavity by ®iding Z;, by the cross-

sectional areaS;

7z = Zi = 06 = 70(%
ACeavity Sc kLS. jIV

The neck of the resonator can be evaluated as a short open cavity with a angeNeglecting the

(2.5)

radiation resistance the impedance is given as

Zin = jZ otan(kl9 (2.6)
1%is the e ective length of the open cavity of radius a
°= 1+ 1=1+0:85 (2.7

The end correction ( ) is necessary to account for the oscillation length of the mass at the
neck which will oscillate slightly outward of the neck in both directions. Returning to the analysis
of the acoustic impedance of the neck, it is again possible to simplifyan (kl9 to ki®as long as the

lumped element assumption kI°<< 1) is true. So we get

This can be put it in terms of acoustic impedance by dividing Zj, by the cross-sectional area
(S) of the neck.

Lac= < =

(2.9)

i . o k2 ,
The radiation resistance at the neck is given by Blackstock (2000) asO2L and will be added

to equation 2.9 to give the total acoustic impedance in the neck

it ol Cok?
Zacneck :J SO + 02

Finally we can formulate the acoustic impedance of the resonator by combing Equation 2.5

(2.10)

and Equation 2.10

10
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It is important to note that S is the cross-sectional area of the neck an¥f is the volume of the

ZaCresonator = ZaCneck + Zaccavity =R+ JX =

(2.11)

cavity. The components with the j term are the reactance part of the acoustic impedance of the

resonator. The resonance frequency is obtained when the reactive pa(fX ) goes to zero.

it ol®, oG5 _
S + Vo 0 (2.12)
Solving equation 2.12 we can obtain the resonance frequency
"5
| A = R
‘p=C TV, (213)
or
"5
c
fo= LY (2.14)

As long as the the lumped element assumption holdsklL << 1), it is possible to obtain
a reasonable estimate of the resonance frequency based on the geometry bé tresonator. To
maximize the attenuation of sound, further analysis can be conducted on uning the resistive
component of the acoustic impedance as well as including calculations ofonlinear and grazing
ow e ects. Proper tuning of the resonator will allow for a theoretical attenuation of sound up to

one octave centered around the angular resonance frequenay.

2.3 Model Geometry

The acoustic treatment panel used in this research was constructeddm materials which were
readily available for purchase to allow for short construction time. A sreen of 28% porosity with
a thickness of 00283", a 3000 series commercial grade honeycomb with=4" cell diameter with a
length of 1", and a steel plate of 8" thickness were used. Each were represented in the previous
section analysis as the neck, cavity and cavity back wall respectivg. The theoretical resonance
frequency of an individual resonator and therefore of the panel was calcated to be near 33kHz.
The dimensions of the assembled acoustic panel are shown in Figure 2.4h@& front view represents

the screen which will be faced towards the ground plane and will sutequently the boundary where
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the acoustic waves will interact with the panel. The side view shavs the center of the panel which
is composed of the honeycomb cells and the back view represents theidoblate. Figure 2.4 also
shows the schematic of the experimental placement of the panel. Thiinitial con guration was

utilized to investigate the tonal suppression capabilities of the dsign.

Side View
* [ =
127

127

S B

Front View Back View

Figure 2.4: Acoustic Treatment Panel - Tonal Suppression Con guration

To increase the broadband reduction capabilities of the con guration, a sreen which did not
have a 4" center cut out but of the same dimensions and porosity as the pséous was used. Figure

2.5 shows the same views and experimental con guration as Figure 2.4 for cquarison.

Side View

v T
127

127

Front View Back View

Figure 2.5: Acoustic Treatment Panel -Tonal Suppression and Broadband Redttion Con-
guration
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Finally, an the e ect of individually tuning a percentage of the resonators to another frequency
of interest was investigated. The details and motivation for this will be further discussed in the
experimental results. To achieve this without extensive modi cations, the volume of the individual
honeycomb cells was reduced with "1/4" solid, hexagonal plugs made of Te oR PTFE. A schematic

of this modi cation is provided in gure 2.6.

Figure 2.6: Zoomed in View of Individual Resonator Before and After Volume Mdli cation
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 Short Take O Vertical Landing (STOVL) Facility

Figure 3.1: Schematic of Short Take o Vertical Landing Jet Facility

Experiments for this research were conducted at the Florida Centefor Advanced Aero-Propulsion's
Short Take o and Vertical Landing (STOVL) Jet Facility. This is a supers onic jet facility designed
to conduct experimental research for free jet and impinging jet condions. It is capable of operating

up to Mach number 2.2 and a maximum stagnation temperature of 750K.

3.1.1 High Pressure Air Supply

The high pressure air supply for the facility is supplied by threeBeliss & Morcom 209 hp (156
kW) reciprocating compressors. All three compressors operate in paral to pressurize the ambient
air to 500 psi. The air is subsequently routed to three 660 gal (2.5m3) wet tanks where it is
stored before passing it through two Parker Airtek TX100 desiccat driersin order to avoid any

condensation in the storage tanks. Finally, the dried air is sent to six5000 gal(19m?) storage
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Figure 3.2: Schematic of High Pressure Air Generation and Storage

tanks. Run times are dependent on operating condition required by tle experiment. When the
high pressure air reservoir is at 500 psi, the facility is capable of up t®0 minutes of run time for
the experimental operating condition of this research experiment.The jet can maintain favorable
operating conditions as long the pressure in the storage tanks remains abe 200 psi. At that
time it is necessary to restart the compressors to recharge the highrpssure air supply. If a longer
experimental run is desired, two compressors can be operated sintaheously with the experiment

to restore the air used by the jet and allow for unlimited run time.

3.1.2 Jet Air Supply Control

Air enters the STOVL facility through an underground pipe and passes thiough a a series of
valves, a resistive air heater and the jet stagnation chamber before exusting through the nozzle.
A Unitorg solenoid shut-o valve provides access to the air supply fromthe storage tanks. It
operates in either a fully closed or fully open con guration. The air is then routed through another
pipe to an Apollo manual ball valve and subsequently to a Leslie pressar regulating valve. The
Apollo valve is in place primarily as a manual safety valve which is able tocuto the air supply in
case the Unitorqg or Leslie valves fail to close. The Leslie regulating valvhas an electro-pnuematic

positioner which is controlled by the PC using a Labview program. Using aPID controller, it is
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possible to regulate the pressure to the stagnation chamber of the jet ithin +-1%. The Unitorg

and the Leslie valves can be operated and monitored from the control room and apate using the
pneumatic air supply(60 and 120 psi respectively). The last valve in he air control is a Kunkle
125 psi pop o relief valve. This is placed as safety feature and to avoid @r pressuring the heater

which can support a maximum pressure of 150 psi before sustaining damage.

3.1.3 Inline ow Heater and Stagnation Chamber

A 192kW inline heater is used to raise the temperature of the air up to 758 before entering the
stagnation chamber of the jet. This heater system operates on a closed loagsing thermocouples
and a temperature controller for constant heating of air with ow rates up to 600-scfm. The
stagnation chamber of the facility is a hollow cylindrical tube with a anged end to connect to the
heater and a straight pipe section leading to the nozzle. An Omega statipressure transducer and
a K-type Omega thermocouple are used to monitor the pressure and teperature conditions of the

stagnation chamber respectively.

3.1.4 Nozzle, Lift Plate and Ground Plane

Figure 3.3: Solidworks Modeling of Nozzle,Lift Plate, Kulite Insert and Extension Pipe Assembly

The nozzle used for this experiment is a converging-diverging axisgmetric nozzle with a design
Mach number of 1.5. The nozzle throat diameterd, is 1 in (2.54 cm) while the exit diameter de
is 1.09 in. It was designed using a third order polynomial and has a contradn ratio of 2.26:1.

To simulate the underside of an aircraft, the nozzle exit was ush mouried onto a 10.1d lift-plate.
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The lift plate contains 15 static pressure taps and a slot for ush mounting di erential pressure

transducers for unsteady pressure measurements.

Figure 3.4: Impinging Jet/Ground Plane Con guration

The ground plane is an aluminum plate with a thickness of 0.75" and dimensins of 28" x 23". It
was aligned normal to the jet exit and the nozzle to ground distance,h/d, @an be varied to simulate
various aircraft hover conditions. The ground plane was traversed usig a Schneider Electric M
drive 34 electric servo motor with a ball screw to allow for multiple h/d locations without changing

the experimental con guration.

3.1.5 Facility Control/Data Acquisition System

The facility control and data acquisition system consists of a Windows7 PC operating two
distinct,independent Labview-based programs; one for operating and mdtoring the facility, and
other for data acquisition. The Labview program for the facility uses a National Instruments
cDAQ-9188 8-slot ethernet chasis with a NI 9207 module( Valve Control/Monitoring),NI 9211 mod-
ule(Temperature Measurements) and NI 9265 module for (heater/facilitytemperature control.The
data acquisition program utilizes an 8-channel National Instruments PCI-4472 high accuracy data
acquisition card with 24-bit resolution capable of simultaneously samplig analog inputs at up to
102.4 kS/s.
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Figure 3.5: STOVL Facility Control GUI

3.1.6 Test Conditions

The experimental measurements presented here were conductear fan ideally expanded M=1.5
jet issuing from a converging-diverging axisymmetric nozzle. To maitain ideally expanded condi-
tion, the Nozzle to Pressure Ratio (NPR) was xed at 3.7. The temperatureratio (TR=stagnation
temperature/ ambient temperature) was xed at TR=1.0 ( 300K) and the oper ating condition
of the jet remained constant throughout the di erent experimental con gurations. The nozzle to

ground plane distance (h/d) was varied from 4,6,and 8.

3.2 Sensor Placement, Data Measurement and Analysis

3.2.1 Acoustic Measurements

Near- eld acoustics and noise transmission through the ground plane were pasured at r/d=15
and y/d=5 respectively (Figure 3.6). Measurements were made using Biel and Kaer Type 4939

1/4 inch free eld microphones with a type 2670 preampli er. The microphones were powered by
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Figure 3.6: Microphone and Pressure Transducer Locations(TOP VIEW)

a Nexus Type 2690-A-0F4 conditioning ampli er. Prior to conducting experiments, a Type 4228
Pistonphone which delivers a 250 Hz wave at 124dB was used to calibrate thenire system. The
calibration consists of sampling at the same frequency and number of datpoints to be used during
experiments and calculating the auto spectral density to verify the frequency response of each
microphone and obtain an OASPL and Prms. These must be compared to that of tb Pistonphone

and give a multiplier correction (close to one).

3.2.2 Unsteady Pressure Measurements

Unsteady pressure uctuations were measured at r/d =2 (Figure 3.6) on thelift plate using
a ush mounted ,5 psid, Kulite tranducer Model XCS-062-5D with a sensitivity of 1.226 mV/psi.
Ground plane measurements were made using a 100psia Kulite transducwith a sensitivity of
21.917mV/psi. The sensor was ush mounted on the ground plane at r/d=1 (Figure 3.6). Both
Kulite transducers were powered using a transducer ampli er wlich provides an excitation voltage

of 10V to each transducer and ampli es the transducer signal 50X before semg it to the DAQ
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card. The sensors were calibrated using a Druck DPI 605 precision caliator using a 10 point

calibration.

3.2.3 Narrowband Spectra and Overall Sound Pressure Levels

The primary method for analyzing acoustic and pressure data was calculatg the Narrowband
Spectra. This was done by using a Fourier transform to convert the acgwed data from the time
domain into the frequency domain. To convert a Fast Fourier Transform (FFT) was utilized. The
data was broken into sets of 4096 points, and processed using a Hanning wliow (to avoid leakage)
with 75 percent overlap. This allowed for a resolution of 17Hz. Overall Sond Pressure levels were
determined by taking the SPL values used to plot the narrow band spetra and transforming them
back into pressure data. Subsequently, these were divided by thfrequency spacing, f, to change
the units of the pressure values toP a?/Hz. A discrete integration technique was be used to obtain
the value area under the curve P?) which was input into the OASPL equation given as

PZ
OASPL = 1010910 5—)dB (3.1)

ref
3.2.4 Planar Velocity Field Measurements

Planar Particle Image Velocity measurements were conducted along thestream wise central
plane of the jet at h/d=6. The ow eld was illuminated by an Nd:YAG Evergr een 400mJ laser.
The light sheet produced by the laser was approximately 1.5mm. The mai jet was seeded with
glycol droplets of approximately 0.5 m and a Rosco 1600 fog generator was used to seed the
environment with smoke particles of approximately 2-3 m. A total of 1000 image pairs were
recorded with a 5.5 megapixel sSCMOS camera. The images were acquired atrae of 15Hz and a
pulse separation of 1s. The images were processed using LaVision Davis Software which usad

multipass algorithm. The initial pass was at 96 pixels and a nal pass at 32 piels.
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CHAPTER 4

RESULTS AND DISCUSSION

As stated in chapter 3, the experiments were conducted using an axisgmetric Mach 1.5, ideally
expanded jet. Microphone data was acquired at r/d=15 and behind the groundplane at y/d=5.

Unsteady pressure measurements were taken on the lift plate at r/d=2 ad on the ground plane
surface at r/d=1. The tonal suppression and broadband reduction e ects of the acoustic treatment
panel were evaluated at nozzle to ground distance (h/d) of 4, 6, and 8. An optimal ase at h/d=6
was selected to conduct planar particle image velocimetry to furthe investigate the e ects of the

control on the ow eld.

4.1 Narrowband Spectra

The narrowband spectral analysis of the experimental data primarily bcused on the near eld
acoustics and ground plane sound transmission. The results are plottecbf the frequency range
of interest, 1kHz  35kHz. Initially the results across all sensors will be discussed to prade
more insight on the noise and pressure uctuation reductions obtained k acoustic treatment of the
ground plane. Eventually, the discussion will shift to focus primarily on the sound measurements

in the near eld and across the ground plane .

4.1.1 E ect of h/d on Impingement Tones

. The acoustic treatment panel is a passive control method. Its geomeical con guration and
subsequently its noise reduction capabilities are xed to a desigrfrequency range. In order to
e ectively target and reduce the discrete tones generated upon impigement, it is necessary to
rst quantify the e ects of distance of nozzle to ground plane. As obsened in previous studies by
Ho and Nosseir (1981) the impingement tones tend to shift to lower frequecies as the nozzle to
ground distance (h/d) is increased. The narrowband spectral resultsfor all four sensors (Figure
4.1) indicate that the individual impingement tone frequencies are ndeed shifting towards lower

frequencies when the nozzle to ground distance changes from h/d=4 to/ti=8. This study provided
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the frequencies of the impingement tones which exist at all three ozzle to ground locations. The
results were used to design for an optimal tonal suppression frequepcange where tones are present

for all nozzle to ground (h/d) distances.

(@) (b)

© (d)

Figure 4.1: Impingement Tone Frequency Values at Various h/d Locations

4.1.2 Tonal Suppression Capabilities of the Acoustic Treatment Panel

The investigation of impingement tones at various h/d indicated that a desgn frequency for
the acoustic treatment panel near 3 kHz would be suitable to investigatethe tonal suppression
capabilities of the control scheme. The acoustic treatment panel was diggned to have a theoretical

resonance frequency of 3.3kHz. A reduction in the sound pressure ldge(SPL) of frequencies
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near the resonance frequency will be indicative of tonal suppressionThe initial con guration of
the acoustic treatment panel consists of all resonators at equal volume andilwbe referred to as
Con guration 1 for the remainder of this thesis. The impingement tone reduction e ects for this

con guration were investigated at h/d= 4,6 & 8.

Figure 4.2: Experimental Setup of Con guration 1 - Tonal Reduction

(a) (b)

Figure 4.3: Con guration 1 vs Baseline - Noise Transmission and Near eld Resls at h/d=4

At a nozzle to ground distance (h/d) of 4, a signi cant decrease in the frequency content in
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the range of 3-5kHz, near the design frequency is seen. This indicatelat the acoustic panel is
suppressing the frequencies near its resonance frequency. TBetkHz tone which was present in
the baseline is no longer present in the spectra with control. The dne at 4.2kHz has a relatively
smaller amplitude when propagating to the near eld but shows almost noreduction in the noise
transmission across the ground plane. The noise measurements in theareeld and ground plane
indicate that there is an increase in energy content at low frequenes (< 1:5kHz). The impingement
tone at 5.4 kHz is ampli ed and a new tone appeared at 6.3kHz. Subsequently soentones at higher

frequencies are reduced and nally the broadband beyond 15kHz shows aigit reduction.

(@) (b)

Figure 4.4: Con guration 1 vs Baseline, Lift Plate and Ground Plane Pressue Measure-
ments at h/d=4

The narrow band spectra for the lift plate indicates that the pressure uctuations with control
are reduced at the design frequency but ampli ed elsewhere. Theris an increase in the broadband
up to about 1500 Hz while the peak at 1900 Hz was eliminated. The tone at 3.4 kHz whiclvas
reduced in the near eld only shows a slight reduction. The next three tones were ampli ed while
the largest tone ( 9 kHz) detected in the baseline was reduced. Thesesults indicate that the
pressure eld changed signi cantly from the baseline when the acoust panel is implemented on
the ground plane but still show some agreement with the results of thenicrophone sensors. The
ground plane unsteady pressure measurements for the control case shtiwe reductions of the two
initial tones near the design frequency while also displaying an amlpcation of the next three

tones. The results across all four sensors at h/d=4 indicate that there las been a reduction in
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the amplitude of impingement tones near the design frequency of the aeistic treatment panel.

However, an increase in the energy content of the low frequency broadind and a few tones was

observed.

(@) (b)

© (d)

Figure 4.5: Con guration 1 vs Baseline at h/d=6

At a nozzle to ground distance (h/d) of 6, the results indicate that frequencies near the design
frequency of the acoustic panel have been reduced (Figure 4.5). Thearrowband spectra for all
four sensors shows a suppression of the largest amplitude tone and iteutmonics. The tone near
4kHz is ampli ed which was also observed at h/d=4. The results at h/d=6 ind icate that the tonal
suppression e ects of acoustic treatment panel are consistent near #h design frequency for both

nozzle to ground distances. However, the design of the acoustic panelq@res further modi cations
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to maximize tonal suppression without unwanted ampli cation e ects r egardless of the nozzle to
ground distance.
4.1.3 Broadband Reduction and Enhanced Tonal Suppression by adding
Resistive Screen

The investigation on the tonal suppression e ects of acoustically treathg the ground plane
provided insight on the fact that the panel by itself is capable of redicing speci ¢ tones but unable
to provide any signi cant broadband noise reduction. It was also apparentthat there was a need
to further enhance the design of the panel in order to avoid unwanted arpli cation of certain
frequencies. Before making extensive modi cations to acoustic gatment panel, the screen was
replaced with an identical 28% porosity screen which did not have a 4" ha cut in the center. This
was added to investigate the additive e ect of the acoustic treatment panel with a screen placed at

the center-line with respect to the jet(Figure 4.6).

(@) (b)

Figure 4.6: Test Panel Con gurations without and with Center-line Screen

Previous studies by Wiley et al (2010) indicate that a purely resistive screen is capable of

signi cantly reducing the broadband noise levels generated by the impinging jet. Figure 4.7 shows
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the device and experimental setup con guration for the investigation ofcoupling the acoustic panel

with a resistance screen.

Figure 4.7: Schematic of Con guration with Center-line Resistive Sceen

The results for this control con guration showed promise. The impinganent tone at 3.4kHz and
its harmonics were signi cantly attenuated along with an increase in nose reduction over a range
of frequencies on both sides of design frequency. This is most notedgle in the Near eld (Figure
4.8b). The 4.2kHz tone whose ampli cation was previously attributed to the acoustic panel is no
longer present. However, there is a tone at 5.1kHz in the spectra of theonitrol con guration which

appears to have been ampli ed by the implementation of acoustic panel wh screen.

(@) (b)

Figure 4.8: Con guration 1+Screen vs Baseline - Near eld and Ground Plane Noig Trans-
mission h/d=4
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(a) (b)

Figure 4.9: Con guration 1+Screen vs Baseline- Lift Plate and Ground Plane ath/d=4

Unsteady pressure measurements also provide some insight on the owld at both locations.
The lift plate shows that while there are still pressure uctuati ons causing the low frequency
bandwidth to rise, most of the impingement tones have been attenuateé at this location as well.
Finally, the ground plane spectra,(Figure 4.9b) also shows the redud@bn in the harmonics. At this
location, there is a signi cant reduction in the broadband at all frequencies. This indicates that
the pressure uctuations on the ground plane have been signi cantly educed by this new control
scheme. It implies that the screen is breaking up the primary jet ow and therefore reducing the
pressure uctuations generated upon impingement. However, the redction in pressure uctuations
will not automatically result in a decrease of the noise which propagatesThis is the main reason
that while the ground plane sensor spectra shows a large reduction, thmicrophone behind the
ground plane shows only a moderate reduction. The quantitative analys of the amount of overall
broadband reduction achieved for all four sensors will be discussed lat in this chapter.

At h/d=6 (Figure 4.10), the narrowband spectra of the near eld and ground p lane indicates
that the acoustic panel coupled with a screen is capable of e ectivelysuppressing impingement
tones and decreasing the broadband levels of the baseline without theeed to add complexity to
the design. The impingement tones are almost completely eliminated ah there are signi cant

sound pressure level reductions at almost all frequencies.
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(a) (b)

Figure 4.10: Con guration 1+Screen vs Baseline - Near eld and Ground Plane Nois
Transmission h/d=6

(a) (b)

Figure 4.11: Con guration 1+Screen vs Baseline - Lift Plate and Ground Plane Measure-
ments at h/d=6

The unsteady pressure eld at the lift plate (Figure 4.11a) shows that the impingement tone and
harmonics also have been reduced while showing no signi cant change broadband of the pressure
uctuations for this region. However, unlike the previous h/d location the low frequency broadband
is not ampli ed signi cantly. As previously stated, the ground plane nar row band spectra shows

a large reduction in the broadband across all frequencies. At this nozelto ground distance, all
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frequencies are below their respective baseline frequencyvlds. The impingement tone near 6kHz
which had a large amplitude in the baseline is signi cantly reduced vith this control scheme. The
tonal suppression e ects were greater at this nozzle to ground distancerhen compared to those at
h/d=4. This is attributed to the fact that the baseline narrowband spe ctral results at h/d=6 had
less high amplitude tones than h/d=4 and these existed at slightly di erent frequencies.

4.1.4 Optimization by Modifying the Resonance Frequency of up to 5% of the
Honeycomb Cells

The initial results indicated that the acoustic treatment panel was capable of attenuation of sound
near the design frequency. When coupled with a resisitive scree the unwanted tone ampli ca-
tion e ects were eliminated while the tone reduction e ects were ampli ed and broadband levels
reduced. At this point the e ect of tuning individual cells to re sonate at a di erent frequency was
investigated. The impingement tone with the largest amplitude at h/d= 4 was near 5.9 kHz which
was considerably di erent from the design frequency of the resonancdevice. To target the tone
at this new location, up to 5% of the honeycomb cells were modi ed to hae a resonance frequency
near 5.9 kHz. The modi cations (discussed in chapter 2) consisted of @ucing the volume of indi-
vidual honeycomb cells while keeping everything else constant Ib®een con gurations. The amount
of cells modi ed was kept small <5%) to maintain the favorable reduction observed around the
design frequency while trying to target a single discrete tone. Mdi cation of these cells was also
time consuming since 5% consisted of about 100 cells. The initial con guation for the location of
the honeycomb cells with a reduced volume is shown in Figure 4.12a. Taiwas done to accomplish
equal reduction in all radial locations.

While the e ect of the reduced volume resonators is additive and equabmounts of noise reduc-
tion should be achieved, it was not possible to detect a signi cant chage in the narrow band spectra
in any of the four sensors. Up to 2.5 % of the cells were modi ed and eveyldistributed radially
with no signi cant change in the amplitude of the tones in the narrow band spectra. Modi cation
of these cells was also time consuming and it was not feasible to contiauincreasing the amount
of these cells radially. To verify if these would have any e ect in the reduction of the impingement

tone at 5.9 kHz, all of the modi ed cells were concentrated in the region dtected towards the near
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eld microphone (Figure 4.11b and Figure 4.13). With this new con guration, t he narrow band

spectral results gave new insight on the e ect of the modi ed resonabrs.

(@) (b)

Figure 4.12: Initial and Subsequent Placement of Modi ed Cells

Figure 4.13: Experimental Setup of the Acoustic Treatment Panel with Modi ed Cells

Before presenting the results, a schematic of four di erent concetrations of the modi ed cells

is presented. This is done to provide a visualization of the con guratons tested which will be
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compared to each other in the narrowband spectral results. Con gurationl1 is the previously
discussed con guration which had no cells modi ed. Con guration 2 and Con guration 3 had 2.5%
and 3% of the cells modi ed respectively. Finally, Con guration 4 had an even distribution on two
sides which was primarily due to cell modi cation issues. Ideally all 5% of the modi ed cells would
have been placed in the direction of the near eld microphone. The reults for the near eld and the

ground plane microphones will be discussed for all four con gurations.

Figure 4.14: Experimental Con guration and Placement of Modi ed Cells
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The near eld microphone spectra (Figure 4.15) at h/d=4 does not vary signi cantly from Con-
guration 1 to Con guration 2. However, for Con guration 2 (2.5 % modi ed), th e impingement
tone shifts slightly and the tone appears to have become more narrow wbi is indicative of a small
but noticeable e ect of the reduced volume cavities. The sound trasmission spectra shows the

same results(Figure 4.16).

(a) (b)

Figure 4.15: 0% (a) vs 2.5 % (b) Cell Volume Modi cation, Sound TransmissionSpectra
at h/d=4

() (b)

Figure 4.16: 0% (a) vs 2.5 % (b) Cell Volume Modi cation, Near eld Spectra at h/d=4

33



At a nozzle to ground distance (h/d) of 6, the noise transmission measureents show a reduction
in the only remaining tone in the previous con guration. The near eld m easurements reinforce
the observations in the ground plane sound eld. The tone near 6 kHz is sigrcantly narrower for

the new con guration.

(@) (b)

(© (d)

Figure 4.17: 0% (a & c) vs 2.5 % (b & d) Cell Volume Modi cation, at h/d=6

The results were favorable for both h/d=4 and h/d=6. However, at h/d=4, the impingement
tone targeted still had a signi cant amplitude which led to the experimental investigation of in-
creasing the amount of reduced volume cavities from which were degied to target the frequency

of the largest impingement tone.
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(a) (b)

© (d)

Figure 4.18: 2.5% (a & c) vs 3 % (b & d) Cell Volume Modi cation, at h/d=4

The ground plane measurements indicate that by increasing the concération of modi ed cells
from 2.5% to 3% there has been reduction in the amplitude of the 6kHz tone (Fgure 4.18a & b
respectively). The near eld microphone spectra (Figure 4.18d) alsashows a larger reduction in
amplitude than that measured for the previous con guration(Figure 4.18c). These results indicate
that an increase in the amount of cells reduced the amplitude of the immpmgement frequency while
all other reduction e ects remained constant for both cases. No other sigincant changes can be
observed from this comparison.

At h/d=6, the noise transmission across the ground plane for 2.5 % (Figure 4.19ajad no high

amplitude tones in the narrow band spectra. However, when the amount 06.9 kHz resonators
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was increased to 3 % (Figure 4.19b) a very narrow tone at approximately 7 kHappears. This
change is also detected in the near eld. The results for h/d=4 becamemore favorable while the
noise mitigation e ects were less at h/d=6 for the 3 % case. The opposite &s true at 2.5%. This
indicates that while it is possible to achieve signi cant reductions and completely attenuate tones
at one nozzle to ground distance, it will be necessary to further devep the control method to

maintain favorable noise reduction at all nozzle to ground distances.

(a) (b)

© (d)

Figure 4.19: 2.5% (a & c) vs 3% (b & d) Cell Volume Modi cation, at h/d=6

To further investigate the noise reduction e ects of the modi ed volume cells, the concentration
was increased to 5%. This change resulted in a favorable reduction irhe amplitude of the targeted

tone and its harmonics at h/d=4. The narrow band spectra for the near eld indicates that this
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con guration provides better tone attenuation than the 3% case at h/d=4 (Fi gure 4.20). The tone

has been decreased signi cantly and now has a negligible amplitude.

(@) (b)

(© (d)

Figure 4.20: 3% (a & c) vs 5% (b & d) Cell Volume Modi cation, at h/d=4

However, Figure 4.21 indicates that at h/d=6, the reduction of the impingement tone and its
harmonics is signi cantly less. This is true for both the sound transmitted across the ground plane
and radiated towards the near eld which indicates that the e ective ness of noise reduction at
h/d=6 has been decreased. This indicates that the optimal case for a noze to ground distance of

6 was achieved in Con guration 2 (2.5% cells modi ed).
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(a) (b)

© (d)

Figure 4.21: 3% (a & c) vs 5% (b & d) Cell Volume Modi cation, at h/d=6

4.1.5 Investigation of Directional Placement of the Modi ed Volume Cells on
the Noise Reduction in the Near Field and Across the Ground Plane
. As previously discussed, the modi ed cells of the acoustic treatrant panel were located in
the direction of the near eld microphone. The e ect of this placemert in the direction opposite to
near eld microphone was experimentally investigated using the 3% comuration. The position of
all sensors did not vary while the all the modi ed cavities were "mirrored" across the center line

of the jet to the region opposite to the original placement.
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Figure 4.22: Schematic of Experimental Placement of Modi ed Cells wih Respect to the
Near Field Microphone

The con guration is identi ed in Figure 4.22 as "left side" is the "mirror ed" con guration while
the results presented in the previous section will be referredo as "right side". This con guration
was investigated to better quantify the directional e ects in the near eld and to compare with the
ground plane sound transmission measurements which in theory shouldoh vary signi cantly due
to symmetry.

Figure 4.23 shows the e ect of changing the location of the reduced volum cavities across the
center-line of the jet. The noise transmission microphone sensor dicates that it is not a ected even
slightly when this change is made. The near eld microphone howevershows that the amplitude of
the impingement tone is signi cantly higher when the resonators are phced in the direction opposite
to the near eld microphone. All the other frequencies and even the dcation of the impingement

tone do not change at all.
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(a) (b)

Figure 4.23: Directional Placement Investigation at h/d=4

Figure 4.24 shows similar results made for the near- eld at h/d=4. The impingement tone
amplitude is signi cantly higher when the modi ed cells are placed in the direction away from the
near eld microphone. The ground plane microphone at this location showssomething which was
unexpected. The impingement tone is ampli ed signi cantly and a second and third harmonics
have now appeared in the narrow-band spectra. These harmonics werégi cantly reduced in the

"right side" con guration. The lack of symmetry for these results must be further investigated.

@) (b)

Figure 4.24: Directional Placement Investigation at h/d=6
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Figure 4.25 shows the e ect of the directional placement of the modi &l cells in the acoustic
treatment panel at h/d=8. The results indicate that the cells are not a e cting the amplitude of
the impingement tone at all for both cases at h/d=8. This is due to the fact that the impingement

tone frequency is more than 1kHz away from the targeted frequency of thénvestigation.

(@) (b)

Figure 4.25: Directional Placement Investigation at h/d=8

Initial studies with even distribution in the radial direction sh owed no signi cant reduction
or change in the amplitude of the tones which was the primary reason for plang the modied
volume cells in only one direction. The directional placement of the aused the impingement tone
and subsequent harmonics to change in amplitude but not frequency wbh indicates that even
distribution is necessary to achieve reduction in the sound eld n all directions. The optimum
resonator concentration must high enough in each region while also tryingd maintain an even
radial distribution. Even radial distributions will require highe r number of resonator concentrations

in order to e ectively reduce the amplitude of the tones of intereq.

4.2 Overall Sound Pressure Levels

The Overall Sound Pressure Levels will be evaluated for all four senssiat each nozzle to ground
distance (h/d). As stated in chapter 3, the overall sound pressure legls were calculated by means
of a discrete integration of the power spectral density ( inPa?=Hz) overall all frequencies. The

pressure value obtainedP?, was converted to dB using the following equation.
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2
OASPL = 1OIog10(PPT)dB (4.1)

ref

Subsequently, the amount of reduction achieved with respect to tle baseline OASPL will be

presented in terms of OASPL.
OASPL = OASP Lpaseine OASPLcontrol  [dB] (4.2)

The results for h/d=4 (Table 4.1 & 4.2) indicate that the largest reducti on of OASPL for control
was in terms of unsteady pressure uctuation reductions in the groundplane up to 13dB. In terms
of sound, the noise transmissions across the ground plane saw a reductiohup to 8 dB while the
Near eld obtained a maximum reduction of 5 dB. The Lift Plate unsteady pressure uctuations
remained constant for the initial three con gurations while the con gur ation with 5% of the cells

modi ed saw a reduction of 3 dB.

Table 4.1: OASPL-2.5-5%+Screen vs Baseline h/d=4

Mic y/d=5 | Mic r/d=15 | Lift Plate | Ground Plane
Baseline 124 143 162 181
2.5% 118 139 162 169
3% 116 139 162 169
3% Mirrored | 117 141 162 169
5% 116 138 159 168

Table 4.2: OASPL h/d=4

Mic y/d=5 | Mic r/d=15 | Lift Plate | Ground Plane
2.5% 6 4 0 12
3% 8 4 0 12
3% Mirrored | 7 2 0 12
5% 8 5 3 13

Tables 4.3 & 4.4 indicate than an even higher amount of reduction in the OASE with control
at h/d=6. The amount of reduction in this location correlates well with th e Narrowband Spectral
results. The optimal case at this location was the 3% con guration with up to 9 dB reductions in
the sound transmitted across the ground plane, 6 dB reductions in the Nar eld sound, 7 dB & 14

dB reductions in the pressure uctuations in the Lift Plate and Groun d Plane respectively.
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Table 4.3: OASPL-2.5-5%+Screen vs Baseline h/d=6

Mic y/d=5 | Mic r/d=15 | Lift Plate | Ground Plane
Baseline 125 144 161 181
2.5% 117 138 154 167
3% 116 138 154 167
3% Mirrored | 120 140 158 169
5% 117 139 156 167

Table 4.4: OASPL h/d=6

Mic y/d=5 | Mic r/d=15 | Lift Plate | Ground Plane
2.5% 8 6 7 14
3% 9 6 7 14
3% Mirrored | 5 4 3 12
5% 8 5 5 13

As stated earlier, there was a minimal tonal suppression achieved at h/d8. However, Table
4.6 indicates that there was a signi cant reduction in OASPL. The OASPL achieved is 4 dB and
5 dB in the ground plane and near eld sound measurements respectivel The lift plate pressure
measurements indicate that the unsteady pressure uctuations hae increased while the ground

plane measurements indicate a large (12 dB) reduction of the pressurectuations in the region.

Table 4.5: OASPL-2.5-5%+Screen vs Baseline h/d=8

Mic y/d=5 | Mic r/d=15 | Lift Plate | Ground Plane
Baseline 123 142 154 181
2.5% 121 138 156 169
3% 120 140 157 169
3% Mirrored | 119 140 158 169
5% 119 139 155 169

Table 4.6: OASPL h/d=8

Mic y/d=5 | Mic r/d=15 | Lift Plate | Ground Plane
2.5% 2 4 -2 12
3% 3 2 -3 12
3% Mirrored | 4 2 -4 12
5% 4 5 -1 12
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4.3 Planar Particle Image Velocimetry

Velocity Field Measurements were made for an optimal case at h/d=6 to stidy the e ects of
the acoustic treatment on the associated velocity eld. As stated previously, measurements were
made for an ideally expanded Mach 1.5 Jet at NPR=3.7 and a Temperature Ratio ofl. The
con gurations tested were for a baseline case and subsequently the 5%mtguration without and
with a resistive screen. First to be analyzed are the contour plots othe ensemble average stream

wise velocity.

Figure 4.26: Ensemble Average Streamwise Velocity Contours - Baseline &fd=6

(a) (b)

Figure 4.27: Ensemble Average Streamwise Velocity Contours for 5% Con guradn and
5% Con guration+Screen at h/d=6
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The baseline case exhibits a mean jet velocity at the nozzle exit of ggoximately 432 m/s.
When compared to the passive control case without the screen (Figure 27a), the contours are
very similar which indicate that the mean jet velocity varies only slightly downstream near the
impingement surface. For the second con guration (with the resistive screen) the velocity near the

impingement region has been reduced (Figure 4.27b).

Figure 4.28: Streamwise RMS Velocity Contours - Baseline at h/d=6

@ (b)

Figure 4.29: Streamwise RMS Velocity Contours for 5% Con guration and 5% Con gu
ration+Screen at h/d=6

The streamwise rms velocity Urms) was plotted for the same three con gurations previously
discussed to analyze the ow unsteadiness. For the baseline casehet Uns levels are highest in

the shear layer. For the passive control with no screen, thdJ;s levels are reduced both near the
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jet exit and downstream near the impingement surface. When coupledvith the resistive screen,
the Urms at the impingement surface is signi cantly decreased. However, ths case also shows some

unsteady uctuations in regions outside the shear layer.
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CHAPTER 5

CONCLUSIONS

A passive noise reduction device was developed and experimentallgviestigated for a normal im-
pingement con guration. This method was initially comprised of an acousic panel tuned to 3.3
kHz, placed at 1d from the ground plane. The narrow band spectral resultsridicate that this
initial con guration is indeed capable of tone amplitude reduction. However, this technique also
resulted in unwanted ampli cation of high frequency tones. In order to reduce these, the acoustic
panel was coupled with a purely resistive screen with 28% porosity wibh was located in the cen-
ter line of the jet. This modi cation, while simple, greatly incre ased the reduction in broadband
levels and increased the noise reduction achieved around the desigrequency. Signi cant noise
reductions and impingement tone elimination were achieved for h/d=4 ard h/d=6. The results
obtained after modi cation of 5% of the resonators indicate that if a percertage of the honeycomb
cells are tuned to a second impingement frequency it will be podsie to achieve similar results to
those obtained at the other two nozzle to ground locations. The technige presented o ers a new
approach to noise reduction of the supersonic impinging jet which is @ssive yet highly tunable and
capable of achieving noise reductions greater than previous methods plemented. While further
development is necessary in order to provide maximum noise mitigatin e ects, we believe that this
passive control device should present fewer challenges when tratishing from the laboratory to a
real jet application.

The primary focus of this thesis was to investigate the noise mitigatbn e ects of acoustic
treatment on the ground plane. While favorable reduction of tones and broattand were achieved,
it is still necessary to develop a more robust method for the design ofcoustic treatment panel
which will include nonlinear and possible grazing e ects. It is alsorecommended that the optimum
amount and distribution of the modi ed cells needed for noise reducton at a given frequency be
investigated. Finally, the noise mitigation device must be tested under oblique impingement as well

as high temperatures .
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APPENDIX A

ADDITIONAL FIGURES

(@) (b)

(© (d)

Figure A.1: Con guration 1 vs Baseline at h/d=8
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(@) (b)

(© (d)

Figure A.2: Con guration 1+Screen vs Baseline Case at h/d=8
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(a) (b)

Figure A.3: 0% (a) vs 2.5 % (b) Cell Volume Modi cation (No Resistive Screen), Sound
Transmission Spectra at h/d=4

(@) (b)

Figure A.4: 0% (a) vs 2.5 % (b) Cell Volume Modi cation (No Resistive Screen), Near eld
Spectra at h/d=4
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(a) (b)

© (d)

Figure A.5: 0% (a & ¢) vs 2.5 % (b & d) Cell Volume Modi cation (No Resistiv e Screen),
at h/d=6
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(a) (b)

© (d)

Figure A.6: 2.5% (a & ¢) vs 3 % (b & d) Cell Volume Modi cation (No Resistiv e Screen),
at h/d=4
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(@) (b)

(© (d)

Figure A.7: 2.5% vs 3 % Cell Volume Modi cation (No Resistive Screen), ath/d=6
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(@) (b)

(© (d)

Figure A.8: 3% vs 5% Cell Volume Modi cation (No Resistive Screen), at h/d=4
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(@) (b)

(© (d)

Figure A.9: 3% vs 5% Cell Volume Modi cation(No Resistive Screen), at h/d=6
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