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ABSTRACT

The relevance and popularity of stealth aircraft has driven the industry to create ways that
increase the low observability of these aircraft. Integration of the engine above the fuselage of the
aircraft allows the aircraft body to shield the noise and other observables from the ground. The
design for this type of installation usually includes a high aspect ratio rectangular nozzle that
exhausts onto a surface of the aircraft known as an aft deck. For military aircraft, the jet exhaust
from the nozzle is often supersonic. Supersonic flow creates shock and expansion waves. These
flow features are formed and interact with the aft deck surface. The flow from the nozzle also
creates a shear layer as it mixes with the ambient air around the aircraft. As the shear layer grows
moving downstream it can also have an effect of the aft deck surface.
This thesis presents a study to measure the aerodynamic forces caused by the flow features
on the aft deck. The study is an experimental look at high aspect ratio wall-bounded jets. The
nozzle used to perform the experiments was a rectangular nozzle with an aspect ratio of 4-1. The
nozzle was run at multiple conditions, which included a subsonic, over-expanded, on-design, and
over-expanded case. The goal was to examine the effects of Mach number on the unsteady pressure
on the deck surface. An acrylic plate was used as the aft-deck surface. Shadowgraph images were
recorded and combined with Particle Image Velocimetry (PIV) contours. The plate was also
instrumented with Kulite transducers to measure the unsteady pressure on the deck surface.
The shadowgraph and PIV showed how, at the location of the shocks, the fluctuations in
the velocity fields had increased. The PIV also highlighted the vorticity in the shear layer which is
another source of turbulence and unsteadiness in the flow. The primary sources of the surface
pressure fluctuations were shown to be the shock boundary layer interaction (SBLI) for the
upstream locations and the shear layer interactions for the downstream locations, based on the
spectral analysis of the unsteady pressure measurements with the deck mounted pressure
transducers. The PIV and the unsteady pressure measurements showed that higher Mach numbers
caused stronger shocks that covered a larger portion of the deck than those at lower Mach numbers.
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Chapter 1
Introduction
This thesis describes an experimental study of the surface pressures generated by the
exhaust from a rectangular jet on a deck downstream of the jet exit.
Stealth technology has become the driving force in the design of military aircraft. This has
placed many high aspect ratio nozzles above the fuselage in this type of aircraft. The wall-bounded
nozzle offers a lower radar profile because the nozzle is integrated with the aircraft body. This
creates a lower acoustic signature because the body of the aircraft shields the noise from the
ground. These are the obvious benefits of this type of nozzle, but there are other effects that have
to be examined as well.
The aerodynamic forces imposed by the high-speed jet over the deck are a key component
to understanding some of the effects of the wall-bounded nozzles. Most military jet engines have
an exhaust that is supersonic. The supersonic jet creates shockwaves that impact with the flight
deck. They are reflected and oscillate causing unsteady pressure forces on the deck surface. Further
downstream from the shocks, the shear layer impacts the deck creating more unsteadiness. The
unsteady loading from the jet on the deck structure can excite different modes and cause failures
to occur. The unsteady aerodynamics must be understood to allow the structure to be designed
correctly based on the predicted pressure loading.
This chapter starts out with a simple description of jet nozzles with supersonic flow. Then
it is discussed how this flow changes if it is bounded by a wall on one side. The features of this
type of flow such as shock boundary layer interactions and the shear layer are then described.
Previous studies and related works are included as well as the objectives of the current research.
Finally, the layout of the thesis is described.
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1.1 Jet Nozzles

The nozzle is the last stage of the jet engine and accelerates the air for maximum thrust and
efficiency. Most military jets have a supersonic converging-diverging nozzle to accelerate the flow
from subsonic to supersonic flow.
1.1.1 Converging-Diverging Nozzles

A typical converging-diverging nozzle is shown in Figure 1.1. The smallest cross-sectional
area is called the throat and at this point the Mach number reaches unity. The pressure ratio
determines whether the flow continues to accelerate as it is exhausted or whether it slows down
and is subsonic when it exits the diverging section. There are multiple possibilities for the
conditions of the flow as it is exhausted. Figure 1.2 shows the effect that pressure ratio has on these
conditions. The conditions of interest for the experiments in this thesis are E, F, and G as well as
the subsonic case, A.

Figure 1.1: Example of Converging-Diverging Nozzle [1]

Figure 1.2: Critical Pressure Ratios in Nozzles [2]
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Flow E is an over-expanded case when the jet pressure is still lower than the ambient
pressure at the exit, but a normal shockwave would increase the pressure above the ambient value.
This is the first case where the ambient pressure and the jet pressure do not match at the nozzle
exit, as the jet pressure is too low. This creates a series of oblique shocks that rapidly increase the
pressure, followed by expansion waves that rapidly decrease pressure, so that the jet pressure
oscillates back and forth until the oscillations decay to the ambient pressure. Flow F is the ondesign case where the pressure ratio for which the jet pressure perfectly matches the ambient
pressure without the presence of shocks or expansion waves. However, in three dimensional flows,
even the on-design case will contain weak shocks and expansion waves due to the jet expanding
in the nozzle at different rates locally across the nozzle. Flow G is under-expanded, and this occurs
when the jet pressure is higher than the ambient pressure at the nozzle exit. In order to reduce the
pressure to ambient, an expansion wave forms, and then reflects into a shockwave, similar to case
E. The oscillating pressures will eventually decay to the ambient value [1].
1.1.2 Wall-Bounded High Aspect Ratio Nozzles

The descriptions in the previous sections assumed quasi-2D nozzles and shape was ignored.
The flow characteristics were determined by the size of the throat. This thesis considers rectangular
nozzles bounded by a wall or deck on one side of the nozzle. Figure 1.3 shows the Northrop
Grumman X-47B UCAS stealth drone, which uses a high aspect ratio, wall bounded nozzle
configuration. Figure 1.4 shows a CAD design of the nozzle used for the present experiments as
well as the aft-deck surface.

Figure 1.3: Photograph of the X-47B UCAS from Northrop Grumman [3]
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Figure 1.4: CAD Drawing of a Model High Aspect Ratio, Wall-Bounded Nozzle
The flow field of the wall-bounded high aspect ratio nozzle is very different to that of an
axisymmetric nozzle. Figure 1.5 shows an example comparison between an axisymmetric jet and
a wall-bounded one or one with an aft-deck surface.

(a) Round Nozzle [2]

(b) Rectangular Wall-Bounded Nozzle [1]
Figure 1.5: Under-Expanded Jets from Two Different Nozzle Types, Contours Represent Mach
Number. Contours Represent Mach Numbers
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The shear layer of an axisymmetric jet converges toward the center of the flow and in the
case of the wall-bounded jet, with a wall on the bottom edge, the shear layer only converges in one
direction towards the deck. As well as the shear layer not being symmetric the shocks are also not
symmetric. When the shocks are reflected off the deck, a shock boundary layer interaction (SBLI)
region occurs. The shocks and the turbulence in the SBLI region create unsteady pressure loading.
The shear layer also contributes to the unsteady pressure fluctuations downstream of the shock
structures.
1.2 Shock Boundary Layer Interaction (SBLI)

The shocks generated by the supersonic jet and the surface of the deck that generates a
boundary lead to an interaction between the two known as a shock boundary layer interaction
(SBLI). The boundary layer near the wall is subsonic so the shocks can’t actually reach the deck
surface. This creates a separation bubble downstream of the shock. Dupont et al. [4] performed
experiments to measure the unsteadiness of the separation bubble. They showed that near the shock
interaction region there is a significant low frequency response that isn’t present elsewhere due to
the oscillations of the separation bubble. Figure 1.6 shows a schlieren image of a shock interacting
with the boundary layer and causing the separation bubble.

Figure 1.6: Spark Schlieren of SBLI at 8° Deflection [4]

6
1.3 Shear Layers

As the air from the jet leaves the nozzle and meets the ambient air it causes a turbulent
shear layer. The velocity difference between the two flows creates vorticity. The locations that
show high levels of vorticity are the shear layer. As the shear layer grows, the potential core, which
contains the unmixed jet flow, shrinks moving downstream. The potential core is the region of low
vorticity at the center of the flow. The length of the potential core is determined by Reynolds
number, Mach number, and temperature ratio. The length of the potential core also determines
where the shear layers connect together for an axisymmetric jet. For the wall-bounded jets, the
length of the potential core determines where the shear layer collapses to the deck surface.
1.4 Particle Image Velocimetry Processing

Particle Image Velocimetry (PIV) tracks particle movement between two images taken a
known time a part to calculate the speed of the particle. These particles are as large as a pixel on
the camera being used and cover the entire flow field. Figure 1.7 shows a sample of typical particle
images that are processed to produce a velocity field. The goal is for the pixels to move about 8
pixels between the pair of images so that the movement can be registered but not too great that it
is lost in the processing.

Figure 1.7: Raw Particle Image from PIV Processing, NPR 2.3
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The processing of the particle images into a velocity field is performed through software.
In the case of these experiments, LaVision DaVis 8.3.0 is used. There are many parameters that
can be set to ensure the velocity is processed correctly. The main process takes a certain portion
of the image and tracks the particles’ movements and then moves onto another section of the image
and so on until the whole field is mapped. The size of the portion at which the processing looks
and the overlap of the portions are all parameters that can be controlled to enhance the PIV results.
1.5 Shock Tube Basics

A shock tube is used in the present study for a dynamic calibration of the pressure
transducers. A shock tube is made up of two sections of tube with a place for a diaphragm that
separates the two sections. Figure 1.7 shows the shock tube used for the experiments in this thesis.
Air is supplied to the driver section of the tube, the right section in Figure 1.8, while the driven
section is left at ambient pressure. When the diaphragm between the two sections is broken the air
from the driver section moves through the driven section creating a shockwave. The end-plate on
the end of the tube has a pressure transducer mounted flush in it. The shockwave hits this
transducer and the pressure reading on the transducer jumps to a known pressure. There are also
two side-wall transducers used to record when the shock passes them for a calculation of the shock
speed.

Figure 1.8: Shock Tube for Dynamic Calibration
The time history of how the pressure in the shock tube reacts is shown in Figure 1.9. The
pressures shown are referenced in equations in section 5.3.2. 𝑝1 is the ambient pressure in the
driven section before the diaphragm bursts. 𝑝5 is the pressure recorded by the end-plate transducer
after the shock hits the plate and reflects back through the tube. The other relevant pressure is 𝑝2 ,
which the pressure recorded by the side-wall transducers as the shock passes.

8

(a) Before Diaphragm Burst

(b) Initially After Burst

(c) Later After Burst

(d) After Shock Reflects off End-Plate
Figure 1.9: Shock Tube Pressure Maps at Different Times [5]
1.6 Related Work

The interest in high aspect ratio rectangular jets has increased over the past several years
because of the benefits that they provide, mainly in military applications. Some of the initial work
by Quinn [6] and Tam [7] looked at high aspect ratio nozzles without an aft-deck surface. There
wasn’t research performed with wall-bounded rectangular jets. But, more recently this has become
a large area of study. The team in the Penn State High Speed Jet Laboratory has been working on
this subject, most notably by Lurie [1] and Notarangelo [8]. Both performed very similar smallscale experiments to the ones presented in this thesis, but also included extensive work with CFD
modeling of the flow. The newest designs of high aspect ratio rectangular jets have a multi-stream
exhaust. Since this is the way that designs are moving, researchers have recently performed more
work with this configuration. Berry et al. [9] have conducted both Large Eddy Simulations (LES)
and acoustic investigations of multi-stream jets with aft-deck surfaces at Syracuse University.
Tinney [10] has also reported wall pressure unsteadiness on an aft-deck of a multi-stream nozzle.

9
1.7 Objectives

The small-scale experiments presented in this thesis were performed to obtain insight into
the unsteady pressure loading on the aft-deck of a high aspect ratio, wall-bounded jet. The goal
was to gain insight into the physics of the problem for a range of different conditions including
both subsonic and supersonic conditions. A key element of understanding the physics is
understanding the effects that the shocks have on the flow and the deck. Being able to understand
what causes the unsteady pressure loading enables appropriate designs of the aft-deck structure.
Finding the cause and location of the fluctuations in the pressure as well as velocity also allows
for better structural designs of the aft-deck.
As well as gaining this understanding, another goal was to further the work of previous
experiments of the same type. There have been several experiments on the same project performed
in the Penn State High Speed Jet Noise Acoustics Laboratory. But the goal of the present work
was to produce new results and knowledge to obtain a better understanding of the problem and its
possible solutions. This thesis has two new ways in which the problem was examined including,
PIV and dynamic calibration of pressure transducers with a shock tube.
1.8 Thesis Outline

Chapter 2 explains the setup of the facility used for all of the experiments including the
anechoic chamber and air delivery system and helium-air mixture capabilities. The design of the
nozzle and the aft-deck plate are also outlined. Chapter 3 provides an explanation of the
instrumentation and software setup. The pressure measurement experimental instrumentation is
described including the transducers and the LabVIEW panel used to record the data. The physical
setup and instrumentation of the shadowgraph experiments is also explained. Chapter 4 presents
the results of the different flow visualization techniques. The shadowgraph images are examined,
and the PIV results are analyzed. Chapter 5 describes in detail all the different aspects of the
pressure measurement experiments. The dynamic calibration procedure is explained and the results
from the unsteady surface pressure measurements taken with the transducers are shown. A
summary of the research and suggestions for future work are provided in Chapter 6.
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Chapter 2
Experimental Facility
This chapter describes the setup of the laboratory used for all of the experiments presented
in this thesis along with how the facility generates unheated and heat-simulated jet flow. The
design of the aspect ratio 4 rectangular nozzle and the aft-deck plate are also described.
2.1 Facility Description

The Pennsylvania State University High Speed Jet Acoustics Laboratory was used for all
of the experiments presented in this thesis. The facility involves a high-pressure air system that is
supplied to an anechoic chamber. The anechoic chamber is a room covered with fiberglass wedges
and measures 5.02 x 6.04 x 2.79 m (16.5 x 19.82 x 9.15 ft). The theoretical cut-off frequency of
the room is 250 Hz. The air supply can be used through a single stream horizontal plenum or dual
impinging jets. For these experiments, the single horizontal plenum was used. Figure 2.1 shows a
diagram and an image of the facility with the horizontal plenum. The diagram also shows an
exhaust duct opposite to the plenum that is used to pull any PIV seeding or helium-air mixture out
of the room and that is then exhausted outside.
Also, in the chamber, is an array of microphones used to measure far-field noise. The array
consists of 17 GRAS type 40DP 1/8 in microphones at 6 ft or approximately 70 hydraulic diameters
from the nozzle exit in a grazing incidence. The microphones are at polar angles from 20° to 130°
from the downstream axis of the jet. For the experiments with the surface pressure transducers, the
microphones were also recording data to have on file, but this data is not used in this thesis.
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(a) Schematic [11]

(b) Photo [12]
Figure 2.1: The Pennsylvania State University High Speed Jet Aeroacoustics Laboratory
2.2 Air Delivery System

The air for the facility is supplied by a CS-121 compressor from Kaeser Compressors. The
air from the compressor in then run through a KAD-370 air dryer also from Kaeser Compressors
before being stored in two holding tanks that supply the facility. The air in the tanks in controlled
in a piping control cabinet that consists of values and regulators to adjust and control the pressure
and flow of air to the plenum and nozzle. A schematic of the piping control cabinet is shown in
Figure 2.2. Also shown in the schematic are the controls for the helium gas delivery, which is
explained in section 2.3.
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From the piping control cabinet, the air supply is piped to the plenum, which is a 1.83 m
(6 ft) long aluminum pipe with an inner diameter of 11.43 cm (4.5 in). In the pipe, there is a 5 inch
conical section of perforated plate and a 3 inch section of honeycomb to reduce the turbulence in
the flow [13]. This also works to better mix the helium-air mixtures. There is a pitot probe in the
plenum that measures the total pressure that is used to calculate the nozzle pressure ratio (NPR).
The end of the plenum has a location to quickly attach and change nozzles for different jet
experiments.

Figure 2.2: Schematic of the High Pressure Piping Control Cabinet in the High Speed
Jet Aeroacoustic Laboratory. Pure Air Delivery is Depicted with Blue Lines While Red Lines
Depict Helium Gas Delivery [12]
2.3 Heated Jet Simulation through Helium-Air Mixtures

The facility is capable of simulating higher jet exhaust temperatures by suppling a mixture
of helium and air to the plenum and nozzle. The piping control cabinet as shown above controls
the pressures of the helium and air to obtain the correct mixtures. The added helium lowers the
density and increases the gas constant from those of pure air. Those changes result in an acoustic
effect that closely matches an actual heated jet. Doty and McLaughlin [14] showed that the acoustic
data from the helium-air mixture jet matches very closely with that from an actual heated jet.
This thesis will reference ‘unheated’ or a total temperature ratio (TTR) of 1.0 experiments,
which corresponds to pure air. There are some experiments that are ‘heat-simulated’ with a TTR
greater than unity, which are experiments where the helium-air mixture is used.
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2.4 Nozzle Design

The nozzle that was used for all of the experiments was a rectangular nozzle with an aspect
ratio of 4. All of the dimensions of the nozzle are shown in Figure 2.3. The nozzle starts with a
circular section that attaches to the end of the plenum and then transitions to a rectangular section
gradually to ensure that the flow remains uniform. Once it has transitioned to a rectangular section,
the converging section starts. In the converging section, only the top and bottom walls converge
while the sides remain at the same width. The diverging section is next and here the side walls
diverge while the top and bottom walls remain at the same height.
This leads to a final exit area of 0.785 sq-in with exit dimensions of 0.443 x 1.773 in. The
nozzle lip around the sides and top is 0.040 in while the bottom lip is larger at 0.25 in, so it is easier
to be aligned flush with a downstream flat plate. The nozzle has a design Mach number of 1.26
and a hydraulic diameter of 1 in. The nozzle is also wrapped with carbon fiber strips and duct taped
to ensure that the high stresses in the corners of the rectangular nozzle doesn’t break the nozzle.

Figure 2.3: CAD Model of Aspect Ratio 4 Rectangular Nozzle
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2.5 Plate Design

There are two plate designs used in these experiments for the aft deck, which is placed
flush against the nozzle exit. The first is a metal plate designed by Lurie [1] and was used for a
small set of experiments with Endevco pressure transducers. The second plate is an acrylic plate
that was used with the Kulite pressure transducers.
The support structure on which the plate is mounted comes from the main structure that
supports the plenum and forward flight duct surrounding the plenum. There are large angle
brackets that extend from this main structure and those brackets support a table made of 80/20
rails. Two rails extend from this table to mount the plate. The table is adjustable so that the plate
can be positioned flush with the bottom lip of the nozzle. The rails on which the plate is supported
can be adjusted in the spanwise direction of the nozzle to move the array of transducers. This
creates the field of pressure measurements.
The metal plate is a combination of multiple sections of 0.50 in thick aluminum plates. The
first section has the mounting locations for the Endevco transducers. The other 3 sections are of
varying sizes as shown in Figure 2.4. These 4 plates can be shuffled, and the instrumented plate
can be reversed to create the complete array of pressure measurements. This metal plate was only
used for a small set of experiments with the Endevco transducers to compare with previous
experiments.
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Figure 2.4: CAD Model of Metal Aft Deck Plate Design [8]
The acrylic plate is designed to be used with the Kulite transducers. The plate was made
from acrylic so that it could also be used for the Particle Image Velocimetry (PIV) experiments,
where the laser is mounted below the plate and the laser sheet shines through the plate and into the
exhaust from the jet flow above the plate. Figure 2.5 is a drawing of the acrylic plate with
dimensions. The plate is 8 x 8 x 0.375 in with mounting holes in each corner to connect it to the
rails on the support structure. The plate has mounting locations for 9 Kulites along the centerline
spanwise and at the edge of the plate that is placed against the exit of the nozzle. The Kulites are
mounted beneath pinholes with an area ratio of 8 compared to the sensing surface of the transducer.
More on the pinhole study can be found in Appendix A. The plate can be reversed so that the
transducers would be in a far downstream position. The upstream array spans from approximately,
0 to 5 nozzle heights downstream and the downstream array covers from 13 to 18 nozzle heights
downstream. The array and matrix of transducers that was used for these experiments is further
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explained in section 5.4. A secondary un-instrumented 8 x 8 x 0.375 in acrylic plate was fabricated
for the flow visualization experiments.

Figure 2.5: Aft Deck 0.375 in Acrylic Plate Design
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Chapter 3
Software/Instrumentation Setup
This chapter follows the setup of the instrumentation and software required to run the
experiments presented Chapter 4 and 5. The DAQ and computer software are explained. The
instrumentation require for the different pressure transducers is presented. The physical setup of
the shadowgraph experiments is outlined as well as the instrumentation require to record the
shadowgraph images.
3.1 Data Acquisition System

The measurements taken during all of the experiments are in the form of raw voltages that
are recorded and digitized by a National Instruments DAQ that consists of 2 PXIe-6358 blades and
a PXIe-6356 blade. These blades have 40 channels that communicate directly with the lab
computer that runs LabVIEW. The LabVIEW code, which was used for live monitoring of the
inputs from the DAQ, allows the user to select the channels to record and change other input
options, and records the data to a file for later post-processing. Figure 3.1 shows a sample view of
the LabVIEW front panel where all of the inputs and settings can be adjusted. Mainly, for these
experiments, the LabVIEW panel was used to monitor the NPR of the plenum and record the
channels connected to the pressure transducers.

Figure 3.1: Sample Screen-Shot of LabVIEW Panel During Operation
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3.2 Pressure Measurement Instrumentation

The various transducers used in different experimental pressure measurements required a
different setup for the instrumentation. The Endevco transducers used the same setup that was used
in previous experiments in 2014 [1] & 2015 [8]. The Kulite transducers required new signal
conditioners and some additional instrumentation.
3.2.1 Endevco Transducer Instrumentation

The Endevco transducers used were a combination of 8510C-50 transducers and 8507C-5
transducers. The 8510C-50 transducers measure gauge pressure up to 50 psig and the sensing area
has a diameter of 0.15 in. These were mounted in the plate flush to the surface by 10-32 threads
through the bottom of the plate as seen in Figure 3.2. The 8507C-5 transducers, shown in Figure
3.2, measure up to 5 psig and have a sensing area diameter of 0.089 in. These were flush mounted
by using a flexible tube and hole in the plate. The tube surrounding the transducer ensured it didn’t
move during the experiments.

(a) 8510C-50 [15]

(b) 8507C-5 [16]

Figure 3.2: Endevco Transducer Diagrams. Dimensions are inches (mm)
The Endevco transducers were powered by Endevco Model 136 Voltage Amplifiers. Each
unit has three channels where one channel was connected to a single transducer. A BNC cable for
each channel then connected to the DAQ to communicate with the computer and LabVIEW. There
are settings on each channel that can be adjusted directly on the unit itself.
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3.2.2 Kulite Transducer Instrumentation

The Kulite transducers were XCS-150-25G which are 25 psi gauge pressure transducers.
They consist of an all metal cylinder with dimensions as shown in Figure 3.3. The sensing surface
of the transducer has a diameter of 0.148 in.

Figure 3.3: Kulite XCS-150-25G Diagram. Dimensions are inches (mm) [17]
For some initial experiments, the Kulite transducers were connected to the same power
supplies as the Endevco transducers. Although, after examining at some initial results a large peak
in the spectra was found, so a move to some different instrumentation was made. There is more
discussion of the peak in the spectra in section 5.2.2.
The new signal conditioners used with the Kulite transducers were a combination of 9
Vishay 2310 and 2 Vishay 2311 signal conditioners. A Vishay 2350 Rack Adapter was used to
easily power and hold 10 of the conditioners. Figure 3.4 shows 10 of the conditioners in the power
rack. Each of the conditioners powered one transducer and the output was via a BNC cable. These
signal conditioners also had adjustments for different settings.
The output from the signal conditioners was then run through a Krohn-Hite Model 3384
Filter. The filter was set as a low-pass filter of 150 kHz. The filter had BNC cable inputs and
outputs so the output from the signal conditioners was input and then output to the DAQ system,
so it could be recorded with the computer and LabVIEW.

Figure 3.4: Vishay 2310 & 2311 Signal Conditioners in 2350 Power Rack
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3.3 Shadowgraph Experimental Setup & Instrumentation
3.3.1 Experimental Setup

A shadowgraph imaging technique was used to visual the shock structures in the flow field.
A beam of light passes through the test section and is refracted from the changes in density of the
flow. The pattern is related to the second derivative of density and is captured on a camera. The
setup that was used for the shadowgraph is thoroughly explained by Powers [11] and many of the
theories and equations are given by Settles [18].
The type of shadowgraph setup used in these experiments is known as a z-type system
since the light follows a ‘z’ shape. The light source is passed through a lens and a silt, placed at
the focal point of the lens and the parabolic mirror, to converge it into a single point of light. The
light beam then diverges conically towards a parabolic mirror which takes the diverging beam and
straightens it into a parallel beam of light. The light is then passed through the test section and onto
another parabolic mirror that reverses the effects of the first mirror. Now the light beam becomes
conical again and converges back to a single focal point and a camera is placed at this location to
capture the light and create an image. Shown in Figure 3.5 is a diagram of the setup.

Figure 3.5: Diagram of Shadowgraph Setup [12]
3.3.2 Instrumentation

The light source used for these experiments was a strobe light that could be controlled by
a pulse generator. An Agilent 33220A Wave Generator was used to generate the pulses for the
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light source. A square wave of +5 Volts at 200 kHz was used to pulse the light. The camera that
recorded the images was a Mightex BCE-C030-U that is a 3MP color CMOS camera that has a
resolution of 2048 x 1536 pixels. The camera was connected to the computer via a USB connection
and controlled by the Mightex Camera Software program. This program allows for the control of
different features of the camera including orientation, frame rate, exposure time, and file saving.
The pulsed light source and exposure time of the camera allowed for the saved images to
be optical averages based on the number of light pulses in each image. The exposure time was set
such that an integer number of pulses of light were recorded in each image. Thus, a single image
had that many averaged optical images present. The exact number of averaged optical images is
explained further in section 4.1 where the shadowgraph images are shown.
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Chapter 4
Flow Visualizations
This chapter looks at two different flow visualization techniques to better understand the
physics of the flow over the aft-deck surface. These visualizations show where the greatest
fluctuations in the velocity fields are located and what type of shock structure is present there that
could be causing those fluctuations. Since there are run conditions performed at different Mach
numbers it also shows how the fluctuations are affected by the change in Mach number.
Shadowgraph images were taken at different run conditions and optical averages calculated to see
the shock structures and how they change with different NPR conditions. The setup for the PIV
experiments is then outlined followed by the presentation of the velocity fields and subsequent
calculations produced by the PIV experiments.
4.1 Run Conditions

The aspect ratio 4 (AR4) nozzle has a design Mach number of 1.26 and was used for all
the experiments described in this thesis. Table 4.1 shows the different run conditions that were
used for the different types of experiments. The final 2 entries in Table 4.1 are the helium-air
mixture cases that simulate a heated jet. The helium-air mixture cases were only performed for
pressure measurements and are described in section 5.6
Table 4.1: Run Conditions

NPR
1.5
2.3
2.62
3.5
2.62
3.5

TTR
1.0
1.0
1.0
1.0
2.0
2.0

Mj
0.783
1.16
1.26
1.47
1.26
1.47

Description
Subsonic
Over-Expanded
On-Design
Under-Expanded
On-Design
Under-Expanded
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4.2 Shadowgraph

Shadowgraph images were taken of the flow for the unheated conditions listed in Table
4.1. For each of the run conditions, a different number of optical averages were taken. The optical
averages were the number of light pulses per image as discussed in section 3.3.2. The main
difference that is noticeable between the different averages is the brightness of the image. The
number of averages taken was 3, 5, 10, and 20 per image. Looking closely at Figure 4.1, it can be
seen that there isn’t a great deal of difference between the shock structure that is shown. So, for
further comparison, 20 averages will be shown since it is the brightest image.

(a) 3 Optical Averages

(b) 5 Optical Averages

(c) 10 Optical Averages

(d) 20 Optical Averages

Figure 4.1: NPR 2.62 Averaged Optical Images Comparison
The shadowgraph images with the non-instrumented deck in place for the 4 unheated cases
are shown in Figure 4.2. The main reason that images are of interest is to examine the shock
structures that originate from the nozzle exit. There are two main structures that are present in the
supersonic cases, one from the bottom of the nozzle and one from the top lip of the nozzle. The
darker line originating from the bottom edge of the nozzle that reflects off the shear layer is most
likely due to the nozzle and deck being separate pieces. There was time spent on trying to align
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the bottom edge of the nozzle exactly with the surface of the deck, but it couldn’t be made perfect
and any little lip or bump is going to cause a Mach wave. Although the bottom shock is present, it
is shown as lighter than the one originating from the top of the nozzle suggesting the nozzle and
deck are lined up well.
The shock that originates from the top lip of the nozzle is of most importance in these
experiments. It is the one that interacts with the boundary layer that develops on the surface of the
plate and is reflected back to the shear layer. For the different cases, the axial length of the shock
structure increases as the NPR is increased. This moves the interaction with the boundary layer
further downstream, an effect that can be seen in the pressure measurements examined in section
5.5.1. The shear layer is also clearly visible in all of the conditions. Although the shadowgraph
image region doesn’t show the whole plate, it shows enough to see the shear layer take over as the
primary feature in the flow.

(a) Subsonic, NPR 1.5

(b) Over-Expanded, NPR 2.3

(c) On-Design, NPR 2.62

(d) Under-Expanded, NPR 3.5
Figure 4.2: Shadowgraph Comparison for All Run Conditions
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4.3 Particle Image Velocimetry (PIV)

PIV was another method of flow visualization used to examine the flow across the plate.
In this case, the velocity field was mapped as explained in section 1.4. The average velocity field
was found for each of the unheated cases in Table 4.1 and combined with the shadowgraph images
to get a clearer picture of how the flow was behaving.
4.3.1 Experimental Setup & Instrumentation
The PIV system used in these experiments was borrowed from the Applied Research
Laboratory at Penn State as well as components from previous LDV experiments performed in the
anechoic chamber. The laser used was a New Wave Solo Dual-Head Nd:YAG laser with a
maximum repetition rate of 15 Hz at 200 mJ/pulse and a wavelength of 532 nm. Mounted on the
laser head was a 15 mm cylindrical lens followed by a 500 mm spherical lens to create a diverging
laser sheet large enough to illuminate the whole region of interest. The laser was mounted
vertically directly below the acrylic plate so that the laser beam didn’t have to be bent before being
made into a sheet. The sheet from the laser was aligned along the centerline of the nozzle as this
was the plane of the flow to be mapped. The orientation and location of the laser can be seen in
Figure 4.3.
The camera used to record the illuminated flow was a PCO 1600 color camera with a 12bit resolution. A 105 mm Nikon lens was placed on the camera to be able to focus on the
interrogation window of interest. The lens could be adjusted such that the centerline plane of
interest could be put in focus and the shutter within the lens could be adjusted to control the amount
of light that the camera could see, which was mainly used to make sure none of the pixels on the
camera were overexposed and ruined. The placement of the camera is shown in Figure 4.3. It is
off to the side and perpendicular to the flow across the plate and the laser sheet.
The controls for the laser and camera are routed through a LaVision PTU-X timing unit.
The timing unit was connected to both the laser and camera as well as the computer where the
whole system was controlled. The timing unit made sure that the laser and camera were
synchronized correctly to record the images of the illuminated flow field. The computer to control
the timing unit was loaded with LaVision’s DaVis 8.3.0 PIV software. This software allowed the
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control over the whole system. It was used to control the triggering of the camera and laser,
sampling rate, and also took the images of the particle field and computed the velocity fields. With
a maximum sampling rate of approximately 15 Hz, mean turbulence quantities as well as first and
second order statistics could be obtained for analysis. However, in the present experiments,
computing restrictions only allowed a sampling rate of 1 Hz.
The flow was seeded so that the laser could create a particle field for the camera to see.
Both the core flow of the nozzle and the co-flow around the nozzle had to be seeded so the main
flow of the nozzle as well as the shear layer would be visible. A LaVision high-pressure seeder
was used with Sebacate (DBS) as the seeding fluid. Sebacate is an oil-like liquid that is used
because it evaporates better than regular oil such as canola and was easy to clean up after the
experiments were completed. The seeder atomized the Sebacate into particles on the order of
microns, suitable for PIV. The co-flow was seeded with a theatrical show fogger. It was placed
upstream of the nozzle in the forward flight duct and exhaust around the plenum. This allowed it
to surround the nozzle and mix with the jet, so it was visible to the camera.
For the software to produce a velocity field, it needs a distance reference to calculate the
movement of the seeding particles in the flow. This was achieved by using calibration targets
placed in the interrogation window. Two calibration targets were used for the different
interrogation sizes. A LaVision 106-10 100 x 100 mm target was used for the initial large
interrogation window and a LaVision Type 7 50 x 50 mm target was used for the small main
interrogation window. The targets were placed such that their front surface lined up with the laser
sheet and centerline of the nozzle and rested directly on the acrylic plate. They were held in place
by a temporary structure that can be seen in Figure 4.3. Once the target was in place, two images
were taken to record its location and then, using the software, a coordinate system with correct
dimensions was generated for the entire interrogation window. In both interrogation windows, a
two-component interrogation region in the streamwise-vertical orientation is obtained. The
interrogation region starts at the nozzle exit in the streamwise direction and at the aft deck surface
in the vertical direction.
Reflections of the laser from metal surfaces could cause signal to noise issues in the PIV
images. Therefore, reflection minimization was addressed in two ways. First, the nozzle was spraypainted matte black to avoid reflections at the nozzle exit. Second, the optical rails and other metal
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surfaces on the ceiling and above the plate were covered with black fabric to avoid additional
reflections.

Figure 4.3: PIV Experimental Setup
4.3.2 Velocity Field Processing Method

The sampling rate of the PIV system was 1 Hz as stated before and since this was the case
all of the velocity fields shown in this thesis are averages. The storage on the camera allowed for
300 images to be taken a one time. For a good statistical average. Multiple sets of 300 images were
used together to obtain the final velocity field. The large interrogation window was an average of
about 1200 images and the small interrogation window was an average of about 2100 images for
each NPR except for NPR 3.5, which was only 300 images because running at this pressure used
a lot of air and seeding.
Each set of 300 images was processed through DaVis individually and then combined later
in MATLAB. Each image was a set of two images of just the particles and DaVis calculated the
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velocity from the movement of the particles between the two images. Once all 300 velocity fields
were calculated, they were examined to find any that were missing large sections of the flow that
could throw off the average. The missing sections of flow were most likely caused by the seeding
being not uniform enough, not enough seeding in a certain area, or the laser couldn’t light up that
missing section. This happened to 5-20 images per set of 300 which decreased the number of
averages just slightly, but it makes the results more accurate.
The instantaneous velocity fields for each are then exported so that they can all be
combined. Each set of about 300 was exported and combined with the others of the same NPR.
All of the instantaneous velocity fields were then combined into one average field for each NPR.
This average velocity field is the velocity field that is shown in this thesis. These fields were also
used to calculate any of the other parameters that are shown in the PIV results section 4.2.3 and
4.2.4
4.3.3 Large Interrogation Window Results

The initial setup captured a large downstream portion of the aft deck flow. The
interrogation window was about 5” x 3.5” and extended from the edge of the nozzle downstream
and from the plate upwards. After 1200 images were taken at this window size, the average fields
were calculated to determine if the results were what was expected. Since the results seemed
physically reasonable, it was decided that since the area close to the nozzle was of more importance
that it would make sense to change to a smaller window and get better resolution in a smaller area.
The initial velocity fields can be seen in Figure 4.4. The top contour is the horizontal or streamwise
velocity, the middle contour is the vertical velocity and the bottom is the velocity magnitude.
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Figure 4.4: Large Interrogation Window Velocity Field Contours, NPR 2.3
Looking at the contours, the streamwise velocity makes up most of the magnitude. The
vertical velocity makes up a much smaller portion of the overall magnitude. However, the vertical
velocity is the most interesting of the contours since it shows the different shocks cells. The dark
blue regions of flow are the negative vertical velocities within each of the shock cells of the flow.
The region that is above the flow from 6-9 nozzle heights downstream is the shear layer moving
away from the deck. The growth of the shear layer can also be seen in the streamwise and
magnitude contours. The smaller interrogation window contours don’t go downstream far enough
to capture the shear layer as in this larger window but there is better resolution of the shock cells.
4.3.4 Small Interrogation Window Results

After the initial tests with the larger window, the new calibration target was mounted. The
new window was calibrated, and the coordinate system was defined. The smaller window was
about 2 in long and 1.5 in high. All of the run conditions were recorded at this window size with
NPR 1.5, 2.3, 2.62 having about 2100 images recorded and NPR 3.5 having 300 images recorded.
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The contours for NPR 1.5 are of less interest since the flow is subsonic therefore there are no
shocks cells present. The contours of NPR 2.3 and NPR 2.62 are very similar so only the NPR
2.62 case is shown in Figure 4.5. The contours for NPR 3.5 are shown in Figure 4.6. The same gap
at the bottom of all of the contours is a result of the interrogation window starting slightly above
the deck surface. This had to be done to avoid some strongly reflective pixels along the edge of
the plate facing the camera. This effectively removes the boundary layer from the field of view,
but its effects are still very present in the flow field.

Figure 4.5: Velocity Field Contours, NPR 2.62
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Figure 4.6: Velocity Field Contours, NPR 3.5
Again, the contours show that the streamwise velocity is dominant and the vertical velocity
shows the shock locations. Comparing the two NPRs, the shock cells in the higher NPR 3.5 have
a larger axial length than those in NPR 2.62 which is consistent with the results recorded in the
shadowgraph images. Using the shadowgraph images together with the velocity contours creates
a very clear picture as to the characteristics of the flow field. Figure 4.7 shows a comparison of
NPR 2.62 and NPR 3.5. Just the streamwise and vertical velocity contours are shown with a semitransparent overlay of the shadowgraph image.
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(a) NPR 2.62

(b) NPR 3.5

Figure 4.7: Velocity Field Contours with Shadowgraph Overlay
The overlay of the shadowgraph shows where the shocks are in respect to the changes in
the velocity contours. The first strong change in the vertical velocity contour for both NPRs
corresponds directly with where the shock from the top lip of the nozzle comes down through the
flow. Also, the peak of the arch shape along the shear layer matches up with where the shock from
the bottom lip of the nozzle reflects off of the shear layer. The end of the first arch shape or bubble
lines up with where that shock then returns to the surface of the deck. This location also
corresponds to where this shock interacts with the boundary layer suggesting that the interaction
between the two features is what causes the change throughout the flow field. The vertical velocity
contours show where the shocks interact with the shear layer. The large sections of negative
vertical velocity correspond to where the shock from the top lip of the nozzle is reflected after
interacting with the boundary layer and separation bubble.
The second calculation made from the flow field was the RMS value. The RMS values for
NPR 2.62 and NPR 3.5 are shown in Figures 4.8 and 4.9, respectively. The root mean squared
values were calculated by taking all of the instantaneous velocity fields and subtracting the average
velocity field to get the fluctuations in each of the instantaneous velocity fields. The RMS was
then calculated from those fluctuations and the contours in Figures 4.8 and 4.9 are the results. The
RMS contours highlight the sections of the flow that have the most fluctuations. For the two cases
that are shown, the highest fluctuations are located along the plate, which is expected since the
boundary layer is present and would have high disturbances. The highest levels are where the
shock from the top lip of the nozzle interacts with the boundary layer, which would be the location
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that is the changing the most. Another region highlighted by the RMS contours is right at the
bottom lip of the nozzle due to the lip created where the nozzle meets the plate. Even with this lip
minimized as much as possible it still creates a disturbance in the flow. The far downstream edge
of the window also shows high RMS values but that is more a result of the PIV calculations than
the flow itself. Since the particles that are being tracked move out of the interrogation window the
system loses the ability to accurately calculate the velocity, resulting the higher fluctuations that
show up in the RMS contours.

Figure 4.8: RMS Velocity Contours, NPR 2.62
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Figure 4.9: RMS Velocity Contours, NPR 3.5
The RMS contours highlighted the effects of the boundary layer for analysis. So, to look
at the next feature of the flow, the shear layer, the vorticity within the flow was calculated. Since
the boundary layer isn’t in the interrogation window the vorticity field only highlights the shear
layer. The vorticity calculation is based on the combination of the derivatives of the streamwise
and vertical velocity field as shown in Equation 4.1.

𝜔=

𝑑𝑣 𝑑𝑢
−
𝑑𝑥 𝑑𝑦

(4.1)
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The resulting contour plots of the vorticity for NPR 2.62 and NPR 3.5 are shown in Figure
4.10. The dark sections of the contour are the shear layer which originates from the top of the
nozzle and follows along the top of the shock cell and spreads out as it goes downstream. As
mentioned above the boundary layer would also include some vorticity but since it is not visible
in the interrogation window it isn’t shown in the contours. NPR 3.5 shows a stronger level of
vorticity in the shear layer which would be expected for a faster velocity difference.

(a) NPR 2.62

(b) NPR 3.5
Figure 4.10: Vorticity Field Contours
For both the velocity and vorticity fields, line plots were created to look at the fields in a
slightly different way. Figure 4.11 shows the streamwise velocity line plots, and Figure 4.12 shows
the vorticity line plots. These line plots offer a good way to compare the differences in the two run
conditions. As expected, the streamwise velocity for NPR 3.5 is higher than that for NPR 2.62.
The streamwise velocity also shows the growth of the shear layer as the flow goes downstream.
The sharp decrease of the flow speed back to freestream at the nozzle exit transitions to a more
gradual change from the nozzle flow to freestream further downstream across a much wider shear
layer. The location of the shear layer is also shown in the streamwise velocity to be higher above
that plate for NPR 3.5 and the vorticity line plots show this effect very clearly. The peak vorticity
for NPR 3.5 is about 0.2 nozzle heights above that of NPR 2.62 at the position 2 nozzle heights
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downstream. The magnitude of the vorticity is very similar for both conditions at all the positions
aside from close to the nozzle where NPR 2.62 has stronger vorticity.

Figure 4.11: Streamwise Velocity Line Plots, NPR 2.62 is Solid & NPR 3.5 is Dashed

Figure 4.12: Vorticity Line Plots, NPR 2.62 is Solid & NPR 3.5 is Dashed
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Chapter 5
Surface Pressure Measurements
This chapter describes the measurement of the unsteady pressure loading on the aft-deck
surface using pressure transducers. The measurement of the unsteady pressure gives insight into
the frequency of the fluctuations, the flow features that are causing those fluctuations, and where
they are located. Since there are run conditions at different Mach numbers it also shows how the
fluctuations are affected by the change in Mach number. The initial tests were performed with
Endevco transducers to verify that the setup of the deck and transducers were able to match
previous experiments. The experiments then moved to preparing Kulite transducers to be used for
the pressure measurements. This included setting up new signal conditioners and performing a
dynamic calibration with a shock tube. The Power Spectral Densities were then examined along
with mean and RMS pressure values at different locations of the aft-deck surface.
5.1 Initial Endevco Validations

The initial pressure measurements were performed with Endevco transducers described in
section 3.2.1. The transducers were mounted flush in a 0.5 in metal segmented plate. The layout
of the transducers is shown in Figure 5.1 and images of the setup in the facility are given in Figure
5.2.

Figure 5.1: Endevco Transducer Layout
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Figure 5.2: Experimental Setup of Segmented Plate & Endevco Transducers
This initial set of measurements was conducted to compare to previous experiments, as
well as achieve an increased grid size with fewer arrangements for segmented sections of the deck.
The fewer arrangements were achieved by adding two new transducers to the plate that weren’t
available for the previous experiments. The grid of pressure measurement locations was created
from 6 different arrangements of the plates. Figure 5.3 shows the resulting grid of transducers that
gave a line of transducers along the centerline of the nozzle.

Figure 5.3: Transducer Locations & Plate Arrangements
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The spectra in Figure 5.4 are a sampling from the transducer grid and comparisons with
results from Lurie [1]. Each of the locations shows results for the subsonic, on-design, and underexpanded run conditions.

(a) 2016 Experiments, 2.73 Nozzle Heights
Downstream

(b) 2014 Experiments, 2.5 Nozzle Heights
Downstream [1]

(c) 2016 Experiments, 4.33 Nozzle Heights
Downstream

(d) 2014 Experiments, 4.5 Nozzle Heights
Downstream [1]

Figure 5.4: Endevco PSD Comparison for Current and Previous Experiments
The upstream locations used for comparison here are at 2.7 and 2.5 nozzle heights
downstream. The subsonic case at the lower frequencies is as much as 10 dB different but the peak
values of 110 dB match well at 5 kHz. The supersonic cases follow the same trends. At the low
frequencies they are approximately 120 dB in both experiments and trend downwards as the
frequency is increased. The other locations at 4.3 and 4.5 nozzle heights downstream show the
same trends between the two sets of experiments. Most notably, the screech tone at 9.5 kHz for
the NPR 2.62 case is very strong in both experiments. Since the trends of the pressure
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measurements with the Endevco transducers matched previous experiments, the focus was shifted
to working with the new Kulite transducers.
5.2 Kulite Transducer Preparations
The Kulite transducers used in these experiments had never been used in the Penn State
High Speed Jet Facility before so there was a learning curve that involved troubleshooting some
initial issues with the transducers. The Kulite transducers were initial powered by using the
Endevco Model 136 power supplies since the transducers are of the same format and wiring it was
assumed that the power supply and signal conditioner could be kept the same for the different
transducers.
5.2.1 Kulite Transducer Mounting Methods
The first decision made was how the transducers would be mounted in the plate. The layout
of the transducers was explained with the description of the plate design in section 2.5. To better
improve the resolution of the transducers and the frequency response a pinhole study was
conducted with different area ratios and pinhole tube lengths. The details of the pinhole study are
given in Appendix A. The spectra from this study gave rise to the next issue that had to be solved
before accurate results could be achieved.
5.2.2 Vishay Signal Conditioners & Tracking Noise Source
Sample spectra from the pinhole study are shown in Figure 5.5. The feature in the spectra
that was unexplained is the large peak in the data at 23 kHz for all of the Kulite transducer spectra
but isn’t present for the Endevco transducer spectra. Since the Endevco power supplies were used
with the Kulite transducers, the first attempt to remove the unknown peak was to verify that the
Kulite transducers could be used with the Endevco power supplies.
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Corrected Power Spectra, M = 1.16, Cold Jet, Scaled R /D = 100, JNA 26August2016 #2a, Rectangular Nozzl
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Figure 5.5: Cross Flow Pinhole & Endevco Comparison

This was achieved by splicing the wires from the transducers and isolating power supply
circuitry from the amplifier circuitry within the Endevco power supply. Another external power
supply was also obtained to power the transducers when the power circuitry of the Endevco 136
was not being used. The combination of these three separate circuits were used to create 6 different
data paths from the transducer to the computer. This was performed with both the Endevco and
Kulite transducers to compare the results. Figure 5.6 shows a schematic of the different setups that
were used and a description of each component of the setup. These pieces were used together to
get the six combinations that were tested.
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Figure 5.6: Noise Isolation Schematic Setup
This test was run for no-flow, subsonic flow, and supersonic flow cases. The supersonic
case is shown in Figure 5.7 and shows enough information to make a conclusion from these tests
so the spectra from the other cases aren’t shown. The spectra for the Kulite transducer on the left
all show a sign of the peak at 23 kHz even for the combination that only uses the external power
supply. The peak is still present without the Endevco power supply, which means that the source
of the peak isn’t from using the Endevco power supply with the Kulite transducers.

Figure 5.7: Supersonic Flow Noise Isolation Spectra, AR 8 No Pinhole Length, NPR 2.3, 2.75
Nozzle Heights Downstream
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This led to getting new signal conditioners/power supplies for the Kulite transducers. The
Vishay 2310 and 2311 signal conditioners are the suggested signal conditioners for the Kulite
transducers being used, so those were the signal conditioners that were purchased and used for the
remainder of the experiments. Learning to use and setup the Vishay signal conditioners started
with some tests that used a small test plate and “shop air” supply which was just a small hose and
nozzle for use in a machine shop. The test plate was the same one that is used for the pinhole study.
The shop air nozzle was setup to deliver flow across the flush mounted Endevco and Kulite
transducer. The signal from the corresponding signal conditioners was routed through an HP
35660A Dynamic Signal Analyzer that was used in situations where the DAQ and lab computer
couldn’t be used. Then the signal was also sent to the DAQ for a comparison of the two resulting
spectra. Figure 5.8 shows the setup of the shop air nozzle and test plate and includes an image of
the signal conditioners and the signal analyzer.

Figure 5.8: Shop Air Comparison Test Setup
The spectra displayed by the signal analyzer were digitized and are shown with the results
from the DAQ in Figure 5.9. The spectra from the DAQ Endevco, DAQ Kulite, and signal analyzer
Kulite are shown. From this comparison, it can be seen that the peak at 23 kHz is present in the
DAQ Kulite data but not the signal analyzer data. This suggests that the peak is originating from
the DAQ system, which led to looking more closely at the details of the DAQ components.
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Figure 5.9: Spectra from Comparison of Kulite and Endevco Transducers
The specifications of the DAQ system showed that there was no anti-aliasing filter present
in the system. The published data on the XCS-152-25G Kulites puts the natural frequency of the
sensor approximately 250 kHz and the data was sampled at 300 kHz with a Nyquist frequency of
150 kHz. This suggests that the natural frequency of the transducer was being aliased back into
the data at 50 kHz. Figure 5.10 shows how the aliasing effects worked on the spectra for the
reported natural frequency and what the recorded data suggested that the natural frequency was
based on the 23 kHz peak.

Figure 5.10: Anti-Aliasing Frequency Analysis

45
To correct this issue a low pass filter was added to the system before the signal was sent to
the DAQ to try and eliminate the natural frequency peak. The filter was set at 200 kHz and the
spectra from this didn’t have the peak at 23 kHz, Figure 5.11, confirming that it was the natural
frequency being aliased back into the data. After learning that the low pass filter was needed, it
was set at 150 kHz or the Nyquist frequency for the remainder any pressure measurements that
were taken to ensure that nothing in the spectra was due to something being aliased back into the
useable range of data.

Figure 5.11: Spectra Comparison After Using 200 kHz Low-Pass Filter
5.3 Shock Tube Calibration

The next part of getting the Kulites ready for experiments was to perform a calibration.
Normally a simple static calibration gives a single Pa/Volt value for all of the spectra, but for the
Kulite transducers a dynamic calibration was desired to achieve a more accurate result across the
full frequency range of the transducers.
5.3.1 Shock Tube Setup & Instrumentation

The setup of the shock tube required slight changes from the setup from previous
experiments. New plumbing and control values and gauges were added to the driver end of the
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tube. The main adjustment made was to add holes along the driven section of the tube for
transducers to record the passing of the shock. The holes were drilled such that a Kulite transducer
could be flush mounted relative to the inside of the tube and sealant was placed around the outside
to insure there were no leaks. The distance between the two side-wall mounted Kulites was set at
18” to calculate the shock speed. Figure 5.12 shows the setup of the side-wall transducers along
with the end plate that was fabricated to also hold a flush mounted Kulite transducer. This
transducer was the one on which the dynamic calibration was being performed. The transducer
was placed in the end plate, positioned in the center of the tube and perpendicular to the flow
within the tube.

18” apart

Figure 5.12: Driven Section of Shock Tube with Transducers and Sealant
Before being placed in the shock tube, the transducers were statically calibrated with a
digital manometer, multimeter, and hand pump to obtain a calibration constant in Pa/V. This
allowed for the data in the dynamic calibration to be converted to pressure.
The diaphragm that was chosen for the calibrations was a double layer of plastic sheeting
from a thin polythene bag. After testing multiple materials such as aluminum foil, wax paper,
printer paper, and thick plastic for which the bursting pressure was too high the chosen diaphragm
was used based on having a consistent bursting pressure of approximately 10 psig. The diaphragm
was sealed in place with an O-ring between the driver and driven section of the tube and held in
place with clamps to prevent any leaks. The diaphragm location is shown in Figure 5.13.

Figure 5.13: Diaphragm Location
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The Kulite transducers were powered by the Vishay signal conditioners and the output was
passed through a low-pass filter at 150 kHz, the Nyquist frequency of the recorded data, and then
to the DAQ and lab computer where the outputs were recorded with LabVIEW. The LabVIEW
panel used had the capability of triggering the recording once the voltage on a chosen channel
reached a certain level. The channel of the first side-wall transducer was chosen and the level was
set so that it triggered when the shock passed. The code holds a buffer of recorded data before the
triggering event so the whole time history spans both before and after the diaphragm burst.
5.3.2 Data Collection
Outputs from the three Kulite transducers used in the system were recorded over a time
period of approximately 1.4 seconds. This made up one run of the shock tube. After a run, the
diaphragm was replaced, and the process was repeated to obtain multiple runs for each transducer.
This was done so that if any of the runs weren’t accurate they could be eliminated. The inaccurate
runs could be caused by inconsistencies in the diaphragm material causing it to burst at a higher
or lower pressure or in some cases the LabVIEW code wouldn’t trigger correctly. The raw voltages
then had the static calibrations applied to obtain a time history as shown in Figure 5.14.

Figure 5.14: Pressure Time History of Side-Wall and End-Plate Kulite Transducers
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The time history of 1.4 seconds shows some time before the diaphragm burst and much of
the time after the diaphragm burst is just the shock traveling back and forth through the tube as the
pressure decreases slightly because of some small leaks. Only about 10 ms of this time period
shows the effects of the shock wave that are relevant to the dynamic calibration. Figure 5.15 shows
this 10 ms time history for a sample run. The shock can be seen moving past the first side-wall
transducer then the second side-wall transducer which is shown by the large jumps in pressure.
The shock then hits the end-plate transducer, where the pressure jumps to double the value
measured by the side-wall transducers. Then as the shock moves back past the side-wall
transducers the pressure jumps again by the same amount as the first time, so all of the transducers
show the same value for the pressure.
The jump in the pressure on the side-wall transducers can be used to calculate the speed of
the shock. The time taken between the two jumps is the time the shock takes to travel the measured
distance, 18 in, between the two transducers. By simply setting a limit pressure and finding the
time where each side-wall transducer jumped above that value, then subtracting the two times a
time difference could be found. This method proved to be too inaccurate, so a method of crosscorrelation was used to determine the exact time difference between the pressure jumps. The shock
Mach number is calculated from the time and the measured distance and provides the speed of the
shock which is used in equations 5.1 and 5.2.
𝑃2
2𝛾
(𝑀2 − 1)
=1+
𝑃1
𝛾+1

(5.1)

2𝛾
(𝛼 + 2) [1 +
(𝑀2 − 1)] − 1
𝑃5
2𝛾
𝛾
+
1
(𝑀2 − 1)]
= [1 +
2𝛾
𝑃1
𝛾+1
[1 + 𝛾 + 1 (𝑀2 − 1)] + 𝛼

(5.2)

These equations reference the pressures in Figure 1.8 and are the jumps from the ambient
pressure in the driven section to the side-wall pressure and end-plate pressure. These calculations
produce the black lines in Figure 5.15 which serve as a first check of the accuracy of the shock
tube and the static calibrations. Once it is verified that the transducers and shock tube are producing
proper results, the remainder of the dynamic calibration procedure continues using the voltages
from the transducers instead of the pressures.
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Figure 5.15: Pressure Jumps Measured with Predicted Pressure Changes Plotted in Black
5.3.3 Data Refinement & Selection

Creating the dynamic calibration required multiple steps to obtain the final result. Many of
these steps smoothed out, selected clean, and combined proper data to obtain the calibration. A
sampling frequency of 300 kHz was used in recording the data which allowed for too many
infinitesimal fluctuations in the time history. To smooth out the data, a moving average was applied
and the difference between the initial recorded data and moving average data is shown in Figure
5.16. The moving average allowed the calibration computations to focus of the physical
fluctuations of the recorded data. Figure 5.16 only shows 0.5 ms as this is now the time scale that
is used for the calculations.
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Figure 5.16: Pressure Measured on End-Plate Kulite and Moving Average
The moving average was completed on all of the runs performed with one specific endplate transducer. Figure 5.17 shows the voltages for each run together on the same graph. The
difference in voltage before the shock, 𝑣𝑖 (∞), and after the jump, 𝑣𝑖 (0) are represented by the 0
before the voltage jump and the dashed lines after the jump. The closest matching average voltages
after the jumps are then used for model identification and other samples are discarded. The selected
runs are then normalized so the voltage jump is a unit jump by equation 5.3 and then averaged
together to form a single transducer response which is shown in Figure 5.18.
𝑞

1
𝑣𝑖 (𝑡) − 𝑣𝑖 (0)
𝑠(𝑡) = ∑
𝑞
𝑣𝑖 (∞) − 𝑣𝑖 (0)
𝑖=1

(5.3)
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Figure 5.17: Voltage Change in End-Plate Kulite and Average Fluctuation Voltage

Figure 5.18: Normalized Response of Selected Runs
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5.3.4 Transducer Frequency Response
The normalized step response, 𝑠(𝑡), is used to find an impulse response by taking the time
derivative. A Fourier transform of the impulse response is taken to obtain the frequency response
of the end-plate transducer. The frequency response of the transducer is used to create a model
response of the transducer which also creates a transfer function that can be applied to any recorded
data. This transfer function is the dynamic calibration that is used for any frequency response that
needs to be analyzed.
Determining the parameters of the model for the transfer function is performed by using a
model similar to Rotea et al [19] and adapting it slightly to fit for use with the present
calibration. The model is given by equation 5.4 where 𝜁0 is a damping factor between 0 and 1
and 0≤ 𝜎 ≤ 𝜌 ≤𝜔0 . This continuous time transfer function of the model is found by using the
discrete transfer function equations 5.5 and 5.6.
𝜌⁄ (𝑠
𝜎 + 𝜎)
𝐻𝑐 (𝑠) =
2
(𝑠 + 𝜌) [(1⁄𝜔0 ) 𝑠 2 + (2𝜁0⁄𝜔0 ) 𝑠 + 1]

𝐻𝑑 (𝑠) = (1 − 𝑧 −1 )𝓩 {

𝐻𝑑 (𝑧) = 𝑧

−1

𝐻𝑐 (𝑠)
}
𝑠

𝑏1 + 𝑏2 𝑧 −1 + 𝑏3 𝑧 −2
1 + 𝑎1 𝑧 −1 + 𝑎2 𝑧 −2 + 𝑎3 𝑧 −3

(5.4)

(5.5)

(5.6)

In order to identify the terms of the discrete model, appropriate steps are followed, parallel
to those detailed by Rotea et al. [19]. Data is initially passed through a low pass filter at a given
cut-off frequency. Once the given cut-off frequency is chosen, the frequency data is passed through
the low pass filter using the MATLAB command ‘idfilt’. The command ‘arx’ then
mathematically estimates other parameters of the discrete transfer function before ‘d2c’ is used to
convert from a discrete to a continuous time transfer function and ‘zpkdata’ is used to obtain the
zeroes, poles, and gain of the model.
The cut-off frequency is calculated using equation 5.7 where the Nyquist frequency
remains constant. Ts is the time interval between samples, 𝜔𝑁 = 𝜋/𝑇𝑠 . The filter frequency is
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varied over a range until the best fit is identified in shape between the Kulite data and all of the
models created at different frequencies. This is identified from the ‘compare’ command.

𝜔𝑓 =

𝜔𝑓𝑖𝑙𝑡𝑒𝑟
𝜔𝑁

(5.7)

Figure 5.18 shows the frequency response of the generated model compared to the
experimental results. This model frequency response and the transfer function were to be used to
as a dynamic calibration, but the final application proved to be more difficult than expected. In the
case of the data for the following pressure measurements the response calculation uses the static
calibrations with the frequency response shown in Figure 5.19, subtracted from the experimental
pressure measurements shown in section 5.5.1.

Figure 5.19: Comparison of Model and Transducer Frequency Response
5.3.5 Transfer Function Application

The transfer function is meant to be applied directly to the frequency response of the
transducers. This process proved to be difficult, so a simpler method is used instead to test the
results of the dynamic calibration. The method explained here uses the direct frequency response
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of the transducer as well as the created model frequency response and subtracts those from the
plotted PSD results.
First, the transducer and model response that was shown in Figure 5.19 is converted to a
dB scale, so the units matched to make the subtraction possible. The flat section of the transducer
response is where the data should remain the same, so for the process to work this needed to be
shifted to 0 dB. This was achieved by taking the average value from 0.1 kHz to 10 kHz and
subtracting that from the entire range of data. The shifted data can be seen in Figure 5.20. The
dynamic calibration data is recorded separately from the aft-deck pressure data, so the frequency
values of the transducer frequency response points are different from those of the PSD plots. The
data from the transducer and model response are interpolated linearly to the frequencies that are
used for the PSD data which are also shown in Figure 5.20.

Figure 5.20: Shifted Transducer and Model Response
Once the transducer and model frequencies were converted to this form, a simple
subtraction of this data from the PSD data could be performed. A sample of this subtraction is
shown in Figure 5.21. As expected the data for the flat response section is relatively unchanged
until approximately 20 kHz, which is where the peak appears in the transducer and model
responses. After 25 kHz, the adjusted spectra start to vary from the unadjusted data. The adjusted
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data shows higher values since the roll-off of the response is being subtracted from the PSD results.
The overall effect of applying the dynamic calibration in this fashion shows that the spectral plots
are accurate up to 25 kHz without the application of the transfer function. The data above 25 kHz
is the start of the roll-off of the response. However, this is of less importance to the overall goal of
the experiments. Since this is the case, it is concluded the PSD to 25 kHz without the dynamic
calibration shows accurate results that can be interpreted properly.

Figure 5.21: Original and Adjusted Spectra

5.4 Kulite Transducer Layout & Test Matrix

An 8 x 8 x 0.375 in acrylic plate with mounting locations for 9 Kulite transducers was used
for these experiments. As stated before the transducers were mounted in the plate underneath area
ratio 8 pinholes and were push-to-fit with silicone used to seal and hold them in place. This row
of 9 transducers was shifted in the spanwise direction to create a grid of pressure measurements.
The plate could also be rotated 180° to record a grid of locations downstream as well. Figure 5.22
shows the grid layout for the unheated jet conditions where every row that is shown represents a
different position of the plate. Figure 5.23 shows the grid layout for the heat-simulated jet
conditions.
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Figure 5.22: Unheated Conditions Transducer Grid Layout

Figure 5.23: Heat-Simulated Conditions Transducer Grid Layout
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The first transducer location is 0.67 nozzle heights (0.30 in) from the edge of the plate and
the remaining 𝛥𝑥 gaps between the transducers is 0.52 nozzle heights (0.23 in). The 𝛥𝑦 was also
set at 0.52 nozzle heights (0.23 in) to create a square grid. For the grid at the nozzle exit one half
is a full square grid created by 5 different positions of the plate. Since the flow is symmetric about
the centerline of the nozzle the other half of the grid is reduced by two rows to save on time spent
running experiments. The downstream grid is also a reduced grid that is used to verify the flow
response at those downstream locations. In total, there were 10 positions of the plate to record all
of the locations in the layout grid. For the heat-simulated run conditions, the grid was even further
reduced because each condition and position of the plate used a portion of the limited helium
supply. The centerline was recorded as well as a few rows shifted spanwise in the flow for a total
of 4 positions of the plate
The unheated jet run conditions are the first four run conditions in Table 4.1 and the heatsimulated conditions were performed with TTR = 2.0.
5.5 Unheated Run Conditions

The recorded data from the transducer measurements are time histories of approximately
1.4 s that are recorded at 300 kHz. There are two main ways that the data are processed. First, the
data are shown as a power spectral density (PSD) spectrum at each location to analyze the
frequency effect the flow has at those locations. A mean and RMS pressure are also calculated for
each location.
5.5.1 Surface Pressure Power Spectral Densities

The PSD at each transducer location in the grid layout is calculated to analyze the spectral
content of the data. Appendix A shows the spectra at all of the locations, but this section of this
thesis will only analyze 6 locations along the centerline of the nozzle. All of the run conditions at
each location are plotted together and all of the plots are scaled in the same way so that
comparisons can be made between conditions and locations. Figure 5.24 shows the locations for
the selected spectra in this section and are labeled numerically to identify each location. The
spectra for all the other locations are provided in Appendix B.
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Figure 5.24: Selected Unheated Locations for PSD plots
Figures 5.25-5.30 show the spectra at the 6 selected locations. The dB levels start to roll
off at frequency of 100 kHz, but the results of the transducer dynamic calibration suggest that the
data is only accurate to about 25 kHz. Since the transducers are only accurate to 25 kHz the plots
are only shown out to this value. The unsteady pressure fluctuations present in the flow have two
distinct regions of frequency and two different flow structures that are responsible for each. The
lower frequency content, about 5 kHz or less, is a result of the shock boundary layer interaction
(SBLI) along the surface of the deck and 5kHz and higher is influenced by the jet shear layer.
Figures 5.25-5.28 indicate the differences from the SBLI. It can be seen that the NPR 1.5
case has a lower value that ranges from 95 dB to 100 dB at the lower frequencies. The other NPR
cases have values that range from 120 to 130 dB. The difference in these levels is due to the
presence of shocks. The NPR 1.5 case is subsonic so there are no shocks present, which leads to
lower fluctuations at the lower frequencies. The shocks in the supersonic cases lead to a SBLI that
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cause the lower frequency oscillations as described in Dupont [4]. During the SBLI, the increased
unsteady pressure could be a result of the reattachment downstream of the separation bubble. But,
based on Dupont it is mostly likely due to the shocks and not the reattachment.
In the spectra for transducer 73, shown in Figure 5.28, which is much further downstream,
it can be seen that NPR 2.3 has decreased to the level of NPR 1.5 for the lower frequencies. This
is also the case for the other locations downstream of transducer 73. This indicates that the shock
structure for NPR 2.3 is not contributing to the unsteady pressure at 13.2 nozzle heights
downstream. The low frequency fluctuations for the NPR 2.62 case haven’t decreased to the level
of NPR 1.5 but is starting to shift that way. Following NPR 2.62, in Figures 5.28 to 5.30, the level
of the low frequency fluctuations is moving down towards the NPR 1.5 case showing that moving
from 13.2 to 17.4 nozzle heights downstream the shocks are contributing less and less to the
unsteady surface pressure. NPR 3.5 remains at a higher level than the other cases because the
shocks are still contributing to the unsteady pressure and haven’t decreased in strength enough by
the farthest downstream location.
The trend at the higher frequencies is driven by the changes in the shear layer, as it is the
primary source of unsteady pressure at the higher frequencies. In the 3 downstream locations,
shown in Figures 5.28-5.30, the NPR 1.5 case shows a slightly lower fluctuation level than the
other cases since it is subsonic. It has a less intense shear layer, so the fluctuations are lower. At
the upstream locations, NPR 1.5 is still lower than the other cases, but they vary by about 5-10 dB.
The growth rate of the shear layer and its distance from the deck contribute to the different levels
for the different cases. The shock spacing and strength impact the velocities differently. All of
these effects change the levels for each NPR case. Looking at Figure 5.26 for transducer 41
specifically, the higher levels as the NPR is increased indicate that the smaller scale turbulences
are become more active. The higher frequencies at the first transducer location are distinct from
the other locations. The transducer isn’t at the nozzle exit but it is close enough to be considered
at the nozzle exit. The trends for the higher frequencies show that even for the higher NPR cases
the levels are relatively low due to the fact that the shear layer is just starting to form close the
nozzle exit. The NPR 1.5 case is different since there aren’t any shocks present. The high frequency
fluctuations in the NPR 2.3 case are slightly higher by approximately 5 dB than the other cases,
NPR 2.62 and 3.5, in which the high frequency fluctuation levels are almost the same.
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There are also tones visible at specific locations on the plots. These large peaks are most
likely the result of screech tones emanating from the jet. The most consistent screech tone is at 19
kHz and can be seen at all locations for the supersonic cases. It is slightly weaker for NPR 2.3 than
the other supersonic cases but is almost always the strongest for NPR 2.62 and decreases again
slightly in the NPR 3.5 case. This effect is most visible in the downstream cases where the tone
only exists for the NPR 2.62 case.

Figure 5.25: PSD for Transducer 37: 0.67 nozzle heights downstream

Figure 5.26: PSD for Transducer 41: 2.8 nozzle heights downstream

61

Figure 5.27: PSD for Transducer 45: 4.8 nozzle heights downstream

Figure 5.28: PSD for Transducer 73: 13.2 nozzle heights downstream
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Figure 5.29: PSD for Transducer 77: 15.3 nozzle heights downstream

Figure 5.30: PSD for Transducer 81: 17.4 nozzle heights downstream
5.5.2 Centerline Mean and RMS Pressure

The mean and RMS pressure distributions are examined along the centerline of the nozzle.
The plots of mean and RMS pressure are shown in Figures 5.31 and 5.32, respectively. There are
18 transducers, or data points, for each plot with 9 being in the upstream section and 9 in the
downstream section. The mean pressure plot for NPR 1.5 shows very low levels because there are
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no shocks and the RMS for NPR 1.5 confirms this as the RMS levels are much lower than the
other cases. The other NPR cases follow the same trend for both mean and RMS pressures. As the
NPR is increased the levels and amplitudes of the pressures increase. The increase in amplitude of
the mean pressure indicates the increase of the shock strength. There is also a shift of the peaks
noticeable in the mean pressure due to the shocks increasing axial spacing. The downstream
section of the mean pressures is also significantly lower in amplitude than the upstream section as
the shocks decrease in size and strength as the flow collapses. The RMS levels of the supersonic
cases are harder to interpret because some of the transducers were not showing the correct data.
However, there are some general trends that can be seen. The RMS values start lower at the nozzle
exit then increase through the upstream section of the plot. The missing center of the plate would
continue this increase as the shear layer grows and the fluctuations increase until reaching the
values that are plotted in the downstream section of the plate. This section also has a transducer
that is reading lower than it should be due to an electrical issue. The downstream section makes it
very evident that the levels of RMS pressure and thus the fluctuations increase as the NPR is
increased.

Figure 5.31: Centerline Mean Pressure Unheated Conditions
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Figure 5.32: Centerline RMS Pressure Unheated Conditions
5.6 Effects of Simulated Heat with Helium-Air Mixtures
The helium-air mixture was used on a reduced transducer grid, so the helium supply wasn’t
depleted completely. Figure 5.33 shows this reduced grid. The helium-air mixture simulates a heat
jet by decreasing the density, raising the gas constant, and increasing speed of sound, all of which
are present in air with a higher temperature. The heat-simulated jet was run for two conditions
NPR 2.62 and 3.5 and TTR of 2.0 for both. The same transducer locations were chosen as samples
to examine in this section with the remainder of the plots shown in Appendix C. The locations
plotted are highlighted in Figure 5.33. Many of the same trends and effects are visible in the heatsimulated cases as with the unheated cases. Since this is the case, a comparison to the unheated
cases will be made instead of examining the heat-simulated cases individually.
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Figure 5.33: Selected Heat-Simulated Locations for PSD plots
5.6.1 Surface Pressure Power Spectral Densities

Figures 5.34-5.39 show comparisons of the unheated and heat-simulated PSD for 6
different locations on the centerline of the nozzle. The unheated cases are shown as dotted lines.
Overall, the heat-simulated cases match very well with the unheated cases. For the lower
frequencies, the differences vary. Some of the unheated cases show higher levels than the heatsimulated cases and other shows lower levels for the unheated cases. This is most likely from
uncertainties in the heat-simulated cases from the way that the helium is supplied to the mixture.
The plenum pressure is increased to hit the proper NPR and the LabVIEW code is triggered, so
the NPR can still be somewhat transient as the data is recorded. Since, the NPR is transient this
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would have some effect on the shock structure scale and strength, which is the main contributor to
the low frequency oscillations.
The higher frequencies show a more consistent comparison between the unheated and heatsimulated results. At most of the locations, the levels for the unheated cases are lower than the
heat-simulated cases, but only by 1 or 2 dB. The shear layer is the contributor to the high frequency
fluctuations meaning that in the heat-simulated cases there are higher fluctuations in the shear layer
than in the unheated cases. Another noticeable difference is the absence of the screech tone at 9
kHz in the heat-simulated cases. The addition of helium changes the flow enough to remove these
tones from the spectra.

Figure 5.34: PSD comparison between unheated and helium-air mixture, Transducer 19: 0.67
nozzle heights downstream
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Figure 5.35: PSD comparison between unheated and helium-air mixture, Transducer 23: 2.8
nozzle heights downstream

Figure 5.36: PSD comparison between unheated and helium-air mixture, Transducer 27: 4.8
nozzle heights downstream
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Figure 5.37: PSD comparison between unheated and helium-air mixture, Transducer 28: 13.2
nozzle heights downstream

Figure 5.38: PSD comparison between unheated and helium-air mixture, Transducer 32: 15.3
nozzle heights downstream
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Figure 5.39: PSD comparison between unheated and helium-air mixture, Transducer 36: 17.4
nozzle heights downstream
5.6.2 Centerline Mean and RMS Pressure

The mean and RMS pressure comparisons along the centerline are shown in Figures 5.40
and 5.41, respectively. The unheated cases are shown as dotted lines again. The mean pressure
values compare well. The unheated cases show a slightly larger peak value than the heat-simulated
cases, which is expected since the added helium increases the gas constant of the flow. The peaks
also shift slightly downstream for the heat-simulated cases. The RMS values don’t compare as
well. The heat-simulated values are much higher than that of the unheated cases. This is a result
of the inaccuracy mention before about the NPR not being completely constant as the data is
recorded for the heat-simulated cases. The ramp up to the proper NPR is captured in the data which
adds to the fluctuations in the flow thus increasing the RMS values for the heat-simulated cases.
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Figure 5.40: Centerline Mean Pressure Unheated & Heat-Simulated Comparison

Figure 5.41: Centerline RMS Pressure Unheated & Heat-Simulated Comparison
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Chapter 6
Summary and Future Work
This chapter provides a summary of the experiments described in this thesis. It also lists
some new experiments that are already planned as well as some suggestions for future work on the
thesis topic.
6.1 Summary

The experiments were conducted in the Penn State High Speed Jet Noise Laboratory with
a rectangular nozzle with an aspect ratio of 4. The run conditions consisted of a subsonic case,
NPR 1.5, an over-expanded case, NPR 2.3, the on-design case, NPR 2.62, and an under-expanded
case, NPR 3.5. The nozzle was mounted such that an aft deck plate crated a wall-bounded surface
flush with the bottom of the nozzle. Flow visualization was recorded in the form of shadowgraph
images and PIV velocity fields. Unsteady pressure measurements were also recorded with Endevco
and Kulite transducers mounted in the plate aft of the nozzle.
The shadowgraph images provided visual evidence of the flow structure which includes
the shock cells for the supersonic cases. The PIV velocity fields gave new insight into the flow
structure as well. The calculations made from the velocity fields allowed for highlighting and
understanding certain parts of the flow. The RMS velocity fields highlighted the areas with the
most unsteadiness which was the SBLI region in most cases. The vorticity field highlighted the
shear layer of the flow and how it spread out towards the deck. The combination of the PIV velocity
fields and the transparent shadowgraph images gave an added understanding of how the shocks
affected the velocity of the flow. They also provided insight into where the highest fluctuations in
the velocity fields were and exactly what shock structure might be causing those fluctuations.
The unsteady pressure measurements were recorded with Kulite transducers mounted in an
acrylic plate, in area ratio 8 pinholes. The main focus of the pressure measurements was to examine
the PSD of the surface pressure fluctuations at different locations and conditions. The NPR 1.5
case looked similar to a free jet since it was subsonic. The other supersonic cases had a high level
of low frequency content caused by the oscillations in the SBLI and separation bubble region along
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the surface of the deck. Moving in a downstream direction for some of the cases the low frequency
content would decrease in level due to the shock cells decreasing in strength and the shear layer
taking over as the main source of unsteadiness. This was plainly visible in the downstream PSD
plots for NPR 2.62. Heat-simulated cases were also run at TTR 2.0. The temperature ratio was
simulated by mixing helium with the air supply to lower the density of the flow and increase the
speed of sound. The reduced grid of data for the heat-simulated cases showed little effect of the
heating in the PSD results.
The pressure transducers were also used to record mean and RMS pressures. The mean
pressure along the deck surface showed results as would be expected. The NPR 1.5 cases had a
constant mean pressure. The supersonic cases showed mean pressures that oscillated moving
through the shocks. The higher the NPR the higher the amplitude of the oscillations. Also, the
higher the NPR, the further down the plate the oscillations travel. The RMS pressure along the
surface of the plate increased with downstream distance and was the highest in the downstream
sections where the shear layer became the main flow feature. The RMS pressure also increased as
the NPR was increased.
6.2 Future Work

The research in this thesis has potential to be expanded in many different ways. There are
current plans in place for some new experiments to be performed and other ideas that could further
improve the results and understanding of situation. The first new experiments that are going to be
performed are another set of PIV measurements. This set of experiments will include a new laser
and camera that will allow for a much faster recording rate that will create a quasi-time resolved
velocity field. Another idea for flow visualization is that PIV and shadowgraph could be recorded
simultaneously to obtain additional understanding of how the shocks affect the velocity fields.
For future work in the pressure measurements, the actual application of the transfer
function could be considered. The current method of subtracting the frequency response wasn’t
the goal set at the beginning of the dynamic calibration process but it still added insight into the
accuracy of the Kulite transducers. The use of the transfer function in the future could allow for
the pressure data to be recorded more accurately at the higher frequencies.
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Another improvement to the pressure measurements would be to add more transducers into
the center of the plate to close the gap between the upstream and downstream sections that are
currently being recorded. Being able to map the whole aft-deck surface would create an improved
understanding of the flow physics. Mounting more transducers in the plate will create a lot more
complexity and will need more focus to be able to work with that many transducers. Pressure
Sensitive Paint (PSP) offers a way of mapping the pressure on the whole plate without using any
transducers. PSP requires a new setup and recording techniques, but once operational the unsteady
pressure across the plate could be mapped in one single run of the jet without having to work with
multiple arrangements of the aft-deck-plate.
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Appendix A
Pinhole Comparison Study
This is a summary of the study to select the size and style of pinhole used to mount the
Kulite transducers in the aft-deck plate. The experimental setup is explained and the initial spectra
are shown. The tests were continued with the rectangular nozzle creating cross flow on the test
plate instead of shop air. The resonant frequencies of the pinholes were examined. The pinholes
were compared with flush mounted Endevco and Kulite transducers in multiple configurations. It
was determined that an AR 8 pinhole with no tube length matches best to the flush mounted Kulite
transducer.
A.1 Experimental Setup

The pinhole study was conducted with the shop air setup and the signal analyzer. The shop
air supply is a simple hose and nozzle supplied with about 70 psig of air. The setup can be in Figure
A.1. the nozzle was placed flush to the test plate, so the flow was blown across the transducers as
does the rectangular nozzle across the main plate.

Figure A.1: Setup for Shop Air Cross Flow Pinhole Tests
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The test plate shown in Figure A.1 is a small piece of 0.5 in aluminum used to hold the
transducers. The pinholes to be tested were drilled into the plate. The images shown are early
images that only show 3 pinholes and a flush mounted location, but more pinholes were added to
test all of the conditions explained in the following sections.
An HP 35660A Dynamic Signal Analyzer was used initially to record the spectra for
comparison since the tests were performed outside of the anechoic chamber. After the initial testing
and finding some discrepancies from what was expected, the testing was moved into the chamber.
The rectangular nozzle was used with the test plate to record data in the chamber. The data for
these tests was recorded with the DAQ and LabVIEW computer system. For all of these tests, the
Kulite transducer was powered using the Endevco Model 136 power supplies.
There were multiple different pinhole configurations tested. Figure A.2 shows a summary
of the different configurations used. The long pinhole configuration was the first tested. The size
of the pinholes was based on an area ratio of the sensing area of the Kulite transducer. The area
ratios tested were 2, 4, 8, 23, and 28. All of the pinhole sizes tested at the long pinhole configuration
showed a peak in the frequency suspected to be some type of resonance, so the other configurations
were created to try and eliminate this peak. The short and no pinhole tests were used to eliminate
the tube of the pinhole as a source of any resonance. The tube mounted transducer was an attempt
to seal the Kulite in the plate better to avoid any interference or vibrations with the plate as the
data was recorded.

Figure A.2: Pinhole Mounting Configurations
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A.2 Initial Signal Analyzer Spectra

The initial tests with the shop air including pinholes with area ratios of 2, 4, and 8 for the
long pinhole configuration. The air was blown over each Kulite transducer with the different
pinholes individually and the results shown on the signal analyzer were photographed. The images
of the spectra are shown in Figure A.3. The pinhole spectra have an increase in the spectra at a
certain frequency based on the pinhole size. The largest pinhole, AR 2, peaks at about 12 kHz, the
AR 4 pinhole peaks at roughly 10 kHz and the AR 8 pinhole peaks at roughly 9 kHz. The flush
mounted pinhole doesn’t have any sort of peak at these frequencies. The correlation that as the
pinhole gets narrows the peak frequency decreases wasn’t a result that was expected. This
correlation as well as wanting to achieve better spectral outputs led to moving back into the lab
facility.

(a) Flush

(b) No Flow

(c) AR 2

(d) AR 4
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(e) AR 8
Figure A.3: Signal Analyzer Spectra Pinhole Comparison
A.3 Rectangular Nozzle Cross Flow

The setup of the rectangular nozzle and the test plate is shown in Figure A.4. The smaller
pinholes for AR 23 and 28 were added at this stage of the testing.

Figure A.4: Cross Flow with Rectangular Nozzle
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A.3.1 Resonance Frequencies
The tests were run for a condition of NPR 2.3. Two different Kulite transducers were tested
for all of the pinhole sizes as well as a flush mounted one. It should be noted that there are still all
of the long pinhole configuration. The spectra for the two different Kulite transducers are shown
in Figure A.5. There are peaks in all of the pinhole sizes that are not present in the flush mounted
case and at different frequencies depending the size of the pinhole. Since the frequency of the peak
changed based on the size of the pinhole it was assumed that it be a resonance frequency that was
causing the peak. Different types of resonance frequencies were calculated and compared to the
peaks shown in the spectra. Rossiter Mode, Closed Cylindrical Pipe, Screech Tone, and Helmholtz
Resonator calculations were all performed and the only one that matched up to of the peaks in
Figure A.5 was the screech tone at 50 kHz which was present in all of the pinhole sizes and not
any of the peaks of interest caused by the pinholes.

Figure A.5: Cross Flow Pinhole Comparison, NPR 2.3
A.3.2 Endevco Transducer Comparisons
After the resonance frequency calculations failed to determine the source of the peaks, a
flush mounted Endevco transducer was added to the test plate for comparison. The run condition
was NPR 2.3 again and the resulting spectra are shown in Figure A.6. The flush mounted Kulite
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transducer and Endevco transducer match well until the Kulite transducer has peak at 23 kHz. The
AR 2 and 4 pinholes have a small increase above the shape of the flush transducer, while the AR
23 and 28 pinholes have large decreases before the 23 kHz peak. The AR 8 pinhole matched the
closest to the flush transducer, so AR 8 was chosen as the pinhole size to move forward with further

testing. Spectra, M = 1.16, Cold Jet, Scaled R /D = 100, JNA 26August2016 #2a, Rectangular Nozzl
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Figure A.6: Cross Flow Pinhole & Endevco Comparison

Understanding the peak at 23 kHz was the next goal. The different pinhole tube lengths
were an attempt to understand this peak. Figure A.7 shows the spectral comparison of the long,
short, and no pinhole length configurations with the AR 8 pinhole. The flush mounted Kulite and
Endevco transducers are included in the comparison. The long and short pinholes have a dip before
the peak at 23 kHz where the no pinhole length matches the shape of the flush mounted Kulite
almost exactly. The AR 8 pinhole with no tube length was confirmed at the design that was be
used in any further experiments.
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Corrected Power Spectra, M = 1.16, Cold Jet, Scaled R /D = 100, JNA 26August2016 #60a, Rectangular Nozz
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Figure A.7: AR 8 Pinhole Tube Length Comparison

The peak at 23 kHz was still an issue that had to be addressed. The experiments moved
into trying to identify the source of this peak. The methods and results of this process are explained
in section 5.2.2.
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Appendix B
Unheated PSD Plots
The full grid for the unheated run conditions is shown in Figure B.1. There is a total of 90
transducer locations and are numbered from the top-left to the bottom-right in the upstream section
then the downstream one.

Figure B.1: Numbered Transducer Grid Layout
The power spectral densities for each transducer location can be found in Figures B.2-B.91
on the following pages of Appendix B.
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Figure B.2: Unheated PSD Plot for
Transducer 1

Figure B.3: Unheated PSD Plot for
Transducer 2

Figure B.4: Unheated PSD Plot for
Transducer 3

Figure B.5: Unheated PSD Plot for
Transducer 4

Figure B.6: Unheated PSD Plot for
Transducer 5

Figure B.7: Unheated PSD Plot for
Transducer 6
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Figure B.8: Unheated PSD Plot for
Transducer 7

Figure B.9: Unheated PSD Plot for
Transducer 8

Figure B.10: Unheated PSD Plot for
Transducer 9

Figure B.11: Unheated PSD Plot for
Transducer 10

Figure B.12: Unheated PSD Plot for
Transducer 11

Figure B.13: Unheated PSD Plot for
Transducer 12
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Figure B.14: Unheated PSD Plot for
Transducer 13

Figure B.15: Unheated PSD Plot for
Transducer 14

Figure B.16: Unheated PSD Plot for
Transducer 15

Figure B.17: Unheated PSD Plot for
Transducer 16

Figure B.18: Unheated PSD Plot for
Transducer 17

Figure B.19: Unheated PSD Plot for
Transducer 18
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Figure B.20: Unheated PSD Plot for
Transducer 19

Figure B.21: Unheated PSD Plot for
Transducer 20

Figure B.22: Unheated PSD Plot for
Transducer 21

Figure B.23: Unheated PSD Plot for
Transducer 22

Figure B.24: Unheated PSD Plot for
Transducer 23

Figure B.25: Unheated PSD Plot for
Transducer 24
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Figure B.26: Unheated PSD Plot for
Transducer 25

Figure B.27: Unheated PSD Plot for
Transducer 26

Figure B.28: Unheated PSD Plot for
Transducer 27

Figure B.29: Unheated PSD Plot for
Transducer 28

Figure B.30: Unheated PSD Plot for
Transducer 29

Figure B.31: Unheated PSD Plot for
Transducer 30
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Figure B.32: Unheated PSD Plot for
Transducer 31

Figure B.33: Unheated PSD Plot for
Transducer 32

Figure B.34: Unheated PSD Plot for
Transducer 33

Figure B.35: Unheated PSD Plot for
Transducer 34

Figure B.36: Unheated PSD Plot for
Transducer 35

Figure B.37: Unheated PSD Plot for
Transducer 36
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Figure B.38: Unheated PSD Plot for
Transducer 37

Figure B.39: Unheated PSD Plot for
Transducer 38

Figure B.40: Unheated PSD Plot for
Transducer 39

Figure B.41: Unheated PSD Plot for
Transducer 40

Figure B.42: Unheated PSD Plot for
Transducer 41

Figure B.43: Unheated PSD Plot for
Transducer 42
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Figure B.44: Unheated PSD Plot for
Transducer 43

Figure B.45: Unheated PSD Plot for
Transducer 44

Figure B.46: Unheated PSD Plot for
Transducer 45

Figure B.47: Unheated PSD Plot for
Transducer 46

Figure B.48: Unheated PSD Plot for
Transducer 47

Figure B.49: Unheated PSD Plot for
Transducer 48
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Figure B.50: Unheated PSD Plot for
Transducer 49

Figure B.51: Unheated PSD Plot for
Transducer 50

Figure B.52: Unheated PSD Plot for
Transducer 51

Figure B.53: Unheated PSD Plot for
Transducer 52

Figure B.54: Unheated PSD Plot for
Transducer 53

Figure B.55: Unheated PSD Plot for
Transducer 54
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Figure B.56: Unheated PSD Plot for
Transducer 55

Figure B.57: Unheated PSD Plot for
Transducer 56

Figure B.58: Unheated PSD Plot for
Transducer 57

Figure B.59: Unheated PSD Plot for
Transducer 58

Figure B.60: Unheated PSD Plot for
Transducer 59

Figure B.61: Unheated PSD Plot for
Transducer 60
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Figure B.62: Unheated PSD Plot for
Transducer 61

Figure B.63: Unheated PSD Plot for
Transducer 62

Figure B.64: Unheated PSD Plot for
Transducer 63

Figure B.65: Unheated PSD Plot for
Transducer 64

Figure B.66: Unheated PSD Plot for
Transducer 65

Figure B.67: Unheated PSD Plot for
Transducer 66
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Figure B.68: Unheated PSD Plot for
Transducer 67

Figure B.69: Unheated PSD Plot for
Transducer 68

Figure B.70: Unheated PSD Plot for
Transducer 69

Figure B.71: Unheated PSD Plot for
Transducer 70

Figure B.72: Unheated PSD Plot for
Transducer 71

Figure B.73: Unheated PSD Plot for
Transducer 72
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Figure B.74: Unheated PSD Plot for
Transducer 73

Figure B.75: Unheated PSD Plot for
Transducer 74

Figure B.76: Unheated PSD Plot for
Transducer 75

Figure B.77: Unheated PSD Plot for
Transducer 76

Figure B.78: Unheated PSD Plot for
Transducer 77

Figure B.79: Unheated PSD Plot for
Transducer 78
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Figure B.80: Unheated PSD Plot for
Transducer 79

Figure B.81: Unheated PSD Plot for
Transducer 80

Figure B.82: Unheated PSD Plot for
Transducer 81

Figure B.83: Unheated PSD Plot for
Transducer 82

Figure B.84: Unheated PSD Plot for
Transducer 83

Figure B.85: Unheated PSD Plot for
Transducer 84
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Figure B.86: Unheated PSD Plot for
Transducer 85

Figure B.87: Unheated PSD Plot for
Transducer 86

Figure B.88: Unheated PSD Plot for
Transducer 87

Figure B.89: Unheated PSD Plot for
Transducer 88

Figure B.90: Unheated PSD Plot for
Transducer 89

Figure B.91: Unheated PSD Plot for
Transducer 90
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Appendix C
Heat-Simulated PSD Plots
The full grid for the heat-simulated run conditions is shown in Figure C.1. There is a total
of 36 transducer locations and are numbered from the top-left to the bottom-right in the upstream
section then the downstream one.

Figure C.1: Numbered Transducer Grid Layout
The power spectral densities for each transducer location can be found in Figures C.2-C.37
on the following pages of Appendix C.
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Figure C.2: Heat-Simulated PSD Plot for
Transducer 1

Figure C.3: Heat-Simulated PSD Plot for
Transducer 2

Figure C.4: Heat-Simulated PSD Plot for
Transducer 3

Figure C.5: Heat-Simulated PSD Plot for
Transducer 4

Figure C.6: Heat-Simulated PSD Plot for
Transducer 5

Figure C.7: Heat-Simulated PSD Plot for
Transducer 6
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Figure C.8: Heat-Simulated PSD Plot for
Transducer 7

Figure C.9: Heat-Simulated PSD Plot for
Transducer 8

Figure C.10: Heat-Simulated PSD Plot for
Transducer 9

Figure C.11: Heat-Simulated PSD Plot for
Transducer 10

Figure C.12: Heat-Simulated PSD Plot for
Transducer 11

Figure C.13: Heat-Simulated PSD Plot for
Transducer 12
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Figure C.14: Heat-Simulated PSD Plot for
Transducer 13

Figure C.15: Heat-Simulated PSD Plot for
Transducer 14

Figure C.16: Heat-Simulated PSD Plot for
Transducer 15

Figure C.17: Heat-Simulated PSD Plot for
Transducer 16

Figure C.18: Heat-Simulated PSD Plot for
Transducer 17

Figure C.19: Heat-Simulated PSD Plot for
Transducer 18
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Figure C.20: Heat-Simulated PSD Plot for
Transducer 19

Figure C.21: Heat-Simulated PSD Plot for
Transducer 20

Figure C.22: Heat-Simulated PSD Plot for
Transducer 21

Figure C.23: Heat-Simulated PSD Plot for
Transducer 22

Figure C.24: Heat-Simulated PSD Plot for
Transducer 23

Figure C.25: Heat-Simulated PSD Plot for
Transducer 24
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Figure C.26: Heat-Simulated PSD Plot for
Transducer 25

Figure C.27: Heat-Simulated PSD Plot for
Transducer 26

Figure C.28: Heat-Simulated PSD Plot for
Transducer 27

Figure C.29: Heat-Simulated PSD Plot for
Transducer 28

Figure C.30: Heat-Simulated PSD Plot for
Transducer 29

Figure C.31: Heat-Simulated PSD Plot for
Transducer 30
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Figure C.32: Heat-Simulated PSD Plot for
Transducer 31

Figure C.33: Heat-Simulated PSD Plot for
Transducer 32

Figure C.34: Heat-Simulated PSD Plot for
Transducer 33

Figure C.35: Heat-Simulated PSD Plot for
Transducer 34

Figure C.36: Heat-Simulated PSD Plot for
Transducer 35

Figure C.37: Heat-Simulated PSD Plot for
Transducer 26
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