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Abstract

Two-dimensional and three-dimensional shockwave/boundary-layer interaction (SBLI) dy-

namics are investigated using surface measurements on compression ramps in the University

of Tennessee Space Institute’s Mach 4 Ludwieg Tube. The experiments in the present work

are building upon prior experiments conducted in a smaller facility at Mach 2 conditions. The

goal of the current experiment was to conduct a “scale-up” exercise to investigate the effects

of Mach number, Reynolds number, and other pertinent flow conditions on the dynamics

of 2D and 3D SBLIs. The three model configurations consisted of a high sweep ramp (λ =

27.5◦), a low sweep ramp (λ =10◦), and an unswept ramp (λ = 0◦). All three ramps had

a compression angle of 30◦. Oil flow visualization, pressure sensitive paint, and pressure

transducers were used to gather information on the separation shock location, separation

region shape, and unsteadiness within the separation region.

The unswept ramp was not able to be analyzed due to loss of data via hard drive failure

and damage that occurred to the model during the second pressure sensitive paint campaign.

The low sweep and high sweep ramp data were able to be reduced and analyzed. The low

and high sweep ramps exhibited cylindrical and quasi-conical symmetry, respectively (as

anticipated). Other key findings included that the low sweep cases had greater unsteadiness

globally compared to the high sweep case. In addition, the reattachment region had pressure

fluctuations three times greater than the pressure fluctuations in the separation region for

both sweep angles. The motion of the separation shock foot was normally distributed in both

sweep cases, with dominant frequencies ranging from 200–400 Hz (for the low sweep case)

and 700–800 Hz (for the high sweep case). Non-dimensionalizing these frequencies using the

intermittent length as the characteristic length scale yielded Strouhal numbers in the range

of 0.02 ≤ StL ≤ 0.05.
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Chapter 1

Introduction

1.1 Motivation

Shockwave/boundary-layer interactions (SBLIs) have been a topic of study within the

aerospace community since the mid-twentieth century. SBLIs are known to cause a myriad of

undesirable effects on aerospace vehicles. Some examples of these deleterious effects include

unsteady pressure loads, increased heating, increased drag, and possible loss of control

authority. Each of these effects can be detrimental to a flight vehicle [9]. This is evidenced

by the infamous NASA X-15-2 incident where a pylon holding a dummy ramjet engine failed

due to thermal and mechanical loading induced by shock-shock and shockwave/boundary-

layer interactions despite having an ablative coating [64]. As a result, there has been strong

interest in improving numerical modeling capabilities and obtaining a better understanding

of the dynamics of SBLIs from experimental and numerical studies in order to control and/or

mitigate these effects.

One of the primary considerations among much of the past research into SBLIs has been

the state of the incoming boundary layer. The variations found in the literature are named

as follows: shockwave/laminar boundary-layer interaction (SLBLI), shockwave/transitional

boundary-layer interaction (XSBLI), and shockwave/turbulent boundary-layer interaction

(STBLI). Laminar boundary layers and interactions can be predicted reasonably well

with computational fluid dynamics (CFD) solvers [15]. Historically, CFD has struggled

to accurately predict the dynamics of strong transitional and turbulent boundary-layer

interactions, particularly in regards to the surface pressures, heat transfer, and primary
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separation location [30]. Consequentially, many experimental investigations tend to focus on

these two types of SBLIs.

In addition to their characterization based upon the incoming boundary-layer state,

SBLIs are also categorized as having two-dimensional (2D) or three-dimensional (3D)

interactions. The distinction between 2D and 3D is determined by the model geometry,

typically from the extent of the spanwise variation in the interaction. Well-known reviews

on several canonical geometries and the associated SBLI dynamics are available from Clemens

and Narayanaswamy [7] as well as Gaitonde and Adler [16]. The former focuses on closed

interactions (i.e., typically 2D) and the latter focuses on open interactions (i.e., 3D), although

there is significant crossover between the two in discussing the nuances of both types of

interactions.

1.2 Overview

Compression ramps are commonly used as the shock-generating geometry in both 2D and 3D

SBLI studies because they have large variations in spanwise flow relief that are dependent

upon the sweep angle of the ramp face. Normally, a compression ramp would generate a

2D interaction, whereas a swept compression ramp would generate a 3D interaction as the

ramp geometry varies in the spanwise direction and allows the flow to follow the sweep angle

of the ramp face. This brings about another important consideration for SBLI dynamics:

the nature of the separation region (e.g., whether it exists in a closed or open form). If the

separation region is closed, then the separated fluid is effectively trapped and mostly all of

the fluid in this region continuously recirculates. An unswept compression ramp produces a

closed interaction. In contrast, if the separation region is open, the separated flow can move

downstream. A swept compression ramp produces an open interaction, but the shape of the

separation region can change depending on the sweep angle (primarily).

Settles and Teng [55] observed this phenomenon and defined swept interactions based

on the shape of the separation region. If the separation and reattachment shocks are

approximately parallel, they define that interaction as exhibiting cylindrical symmetry. On

the other hand, if the separation and reattachment shocks diverge from one another in the
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spanwise direction but with constant angles with respect to the incoming flow direction, they

define that interaction as having conical symmetry. Low sweep compression ramps typically

produce interactions with cylindrical symmetry; however, as the sweep angle increases, the

separation region begins to exhibit a conical shape. Settles and Teng [55] created schematics

of these interactions as shown in Fig. 1.1. For conically symmetric separation regions, it is

useful to specify the geometry by defining a singular point or origin from which the conical

shape can be traced. This location was originally defined by Settles and Teng [55] as the

intersection point of lines tracing the upstream influence, separation shock, and reattachment

shock. They called this intersection point the Virtual Conical Origin (VCO). They also

noticed that the interactions were neither cylindrical or conical in nature close to the apex of

the ramps due to the curvature of the separation and reattachment shocks. For this reason,

they began to refer to the symmetry as “quasi”-conical. The region where the separation

and reattachment shocks were curved was defined as the inception zone, denoted as Li in

Fig. 1.1, which is the length along the ramp face required for the flow to fully establish either

cylindrical or conical symmetry. Lmi denoted the length from the reattachment shock to the

upstream influence.

Over the past forty-five years, there have been several experiments conducted on swept

compression ramps in supersonic flows. As discussed earlier, Settles and Teng [55] first

defined the cylindrical and quasi-conical symmetry seen in swept compression ramp flows.

Several other key investigations on swept compression ramps have been summarized in the

following paragraphs.

Erengil and Dolling [12] conducted a study focusing on the effects of sweep angle on

compression ramps at Mach 5. The compression angle of their ramps were 28 degrees and

the sweep angles they used were 0, 10, 20, 25, 30, 40, and 50 degrees. They found that ramps

with sweep angles less than 25 degrees were cylindrically symmetric, whereas ramps with

sweeps greater than or equal to 25 degrees exhibited quasi-conical symmetry. They also found

that as the sweep angle increases, the pressure fluctuations decreased within the observable

interaction region. The length of the intermittent region decreased with increasing sweep,

resulting in higher frequencies of shock foot translation. The frequencies of the dominant
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separation shock foot motion ranged from 0.3–0.5 kHz for unswept flows and 2–7 kHz for

highly swept flows.

Vanstone et al. [59]–[63] conducted a series of experiments over the course of several years

on a swept ramp at Mach 2 with a compression angle of 22.5 degrees and a sweep angle of 30

degrees. Their first set of experiments consisted of oil flow visualization and Particle Image

Velocimetry (PIV) [61]. The oil flow revealed the expected quasi-conical symmetry of the

separation and reattachment lines. Further investigation of the separation region showed

reduced streamwise velocities, although reversed flow was only present close to the ramp

face. Strong cross flow velocities (spanwise along the width of the ramp face) were observed

in the separation region.

The second set of experiments utilized PIV and Planar Laser Scattering (PLS) to continue

to observe flow structure and unsteadiness on the same ramp geometry [62]. They found that

the instantaneous separation line was correlated to streamwise fluctuations in the incoming

boundary layer, and that the bulk motion of the separation line appeared to be affected

by the momentum of the incoming boundary layer. Although, they did acknowledge that

additional sources of unsteadiness may be still be present.

In 2018, Vanstone et al. [63] detailed their findings for swept ramps with identical sweep

but differing compression angles at Mach 2 using PIV and oil flow visualization. One ramp

had a compression angle of 19 degrees and the other had a compression angle of 22.5 degrees.

Both ramps had sweep angles of 30 degrees. They showed that both ramps exhibited quasi-

conical behavior, as expected, given the large sweep angle. They found that the bulk flow

features, such as the upstream influence, separation shock, and reattachment shock, exhibited

quasi-conical behavior. The streamwise velocity fields showed similar quasi-conical behavior,

but the velocities within the region of separated flow did not. They hypothesized that the

separation region was highly sensitive to how the flow originated. This implied that the

inception length was not uniform for every swept SBLI, but rather it seemed to depend on

strength of the interaction. This thought process led them to believe that swept interactions

traditionally coined as cylindrically symmetric may actually be more appropriately deemed

very weakly quasi-conically symmetric.
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Allen et al. [2] conducted a study on swept compression ramps at Mach 2. They

found that for their highly swept ramp (λ = 30◦), the average separation location was

approximately 1.9δ99 upstream of the ramp centerline, and the dominant frequencies of the

unsteady pressure fields associated with this region ranged between 0.7 and 2.2 kHz. The

average separation location of their low sweep ramp (λ = 10◦) was approximately 1.14δ99

upstream of the ramp centerline and the dominant frequencies were about 0.7 kHz. In

both cases, the pressure fluctuations within the separation region had elevated content at

frequencies ranging from 8–15 kHz.

1.3 Research Objectives

Figure 1.2 shows the parameter space of compression ramp SBLIs in terms of Mach number

and sweep angle. Here, available literature has been referenced and the configurations from

the present study are included. Currently, there are limited experimental investigations of

turbulent SBLIs generated by swept ramps, and to the author’s knowledge, there are no

results published for turbulent SBLI experiments on swept ramps subjected to Mach 4 flow

(i.e., the present conditions). The goal of this work is to “scale up” from the prior work

conducted by Allen et al. [2] to see how the increase in physical scale, Mach number, and

Reynolds number affect the SBLIs on similar swept compression ramps. In addition, this

work will help fill the gap in turbulent swept ramp SBLI research at Mach 4. The following

goals for this work are outlined:

1. Fill critical research gaps for turbulent SBLIs on swept compression ramps at Mach 4

The results of this experiment will provide data points to the existing research space on

swept compression ramps. Additionally, the large size of the Ludwieg Tube used for the

experiments also allows these experiments to have larger models and boundary-layer

thicknesses than any previous swept compression ramp research.

2. Determine which aspects (if any) of the separation region unsteadiness can be related to

known parameters, such as physical scale, Mach number, Reynolds number, boundary-

layer thickness, etc.
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The results produced from this experiment will be compared to the work of Allen et

al. [2] as a part of a direct “scale-up” exercise. Additionally, results from existing swept

compression ramp literature will be used for comparison of the parameters listed above.

Location, magnitude, and characteristic frequency of separation region unsteadiness are

critical for determining increased thermal/mechanical loading and control authority of

a flight vehicle.
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(a) Cylindrically symmetric interaction

(b) Conically symmetric interaction

Figure 1.1: Schematic of cylindrical and conical symmetry in swept compression ramp
flows. Reproduced from Settles and Teng [55] with permission.
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Figure 1.2: Parameter space for existing swept ramp turbulent SBLI research. The asterisk
shaped markers denote the present experiment.
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Chapter 2

Methodology

2.1 Experimental Methodology

2.1.1 Wind Tunnel Facility

The Tennessee Aerothermodynamics Laboratory (TALon) at the University of Tennessee

Space Institute (UTSI) houses a large scale Mach 4 Ludwieg Tube. It operates by pressurizing

a long section of pipe, called the driver tube, until one or more stacked Mylar® diaphragms

burst and allow the pressurized air to flow downstream through a 2D nozzle into the test

section and subsequently into a vacuum tank. Diaphragms can be stacked to vary the unit

Reynolds number over a range spanning from 1-16 ×106 /ft (3.3-53 ×106 /m). The facility

generates steady-state Mach 4 flow in the 24” × 24” × 72” test section for approximately

105-120 ms per run. The test section has two large windows (11” × 17”) for optical access.

The turbulent boundary layer on the tunnel floor has a thickness of approximately 2.5”

(δ99∼2.5”). Figure 2.1 shows an illustration of the Mach 4 facility from Kreth et al. [33].

Note that the expansion joint connecting the driver tube to the nozzle experienced a failure

and is no longer implemented in the current operating state of the Mach 4 tunnel. The

tunnel was redesigned for the driver tube to mate directly to the nozzle block. This does

not affect the operating conditions of the facility.
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Figure 2.1: Schematic of the UTSI Mach 4 Ludwieg Tube and ancillary equipment [33]
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Data shown in the current work are obtained at tunnel operating conditions using two

stacked diaphragms, which results in a nominal burst pressure of 50 psia (345 kPa). The

stagnation pressure realized after the rupture is approximately 90% of this burst pressure,

which corresponds to 45 psia (310 kPa). Using this stagnation pressure value with the

pressure ratio obtained from the isentropic flow relations (at Mach 4), the nominal test-

section static pressure was 0.3 psia (2.1 kPa), and pressure transducers in the tunnel floor

show a mean pressure during steady-state of 0.3 psia (2.1 kPa). The unit Reynolds number

achieved at these conditions is approximately 4.4 ×106 /ft (14.4 ×106 /m).

2.1.2 Wind Tunnel Models

The compression ramp models used for these experiments are shown in Figure 2.2. All three

compression ramps have a span of 12”, height of 3”, and a compression angle of 30◦. The 30◦

compression angle was selected based upon the Korkegi criterion for 2D incipient separation

[32] and compressible flow theory. The Korkegi criterion at Mach 4 indicates a minimum

angle of 21.7◦ compression for separation to occur, while the oblique shock relations limit

the compression angle to a maximum of 38.7◦ for the shock to remain attached to the ramp

corner. A 30◦ compression angle falls firmly between these upper and lower limits and

ensured separation of the flow without detachment of the shock. Sweep angles of 27.5◦ and

10◦ were chosen to produce open and closed interactions, respectively. An aerodynamic fence

attaches to both of the swept ramps to prevent spillage of flow over the apex side and to

isolate the interaction. The fence extends 4 inches (1.6δ99) past the apex of the ramps. All

of the models were painted matte black to provide contrast with the fluorescent dye for oil

flow visualization and to reduce laser reflections for future molecular tagging velocimetry

experiments.
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(a) 27.5◦ Sweep (b) 10◦ Sweep

(c) 0◦ Sweep

Figure 2.2: 3D-resin-printed compression ramps with varying sweep angles. Note that 2.2b shows the 10◦ sweep ramp with
pressure sensitive paint applied to the ramp face.
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2.1.3 Oil Flow Visualization

Oil flow visualization has been utilized by aerodynamicists in wind tunnel testing for

many decades. It is extremely useful in identifying key flow features. Oil flow is largely

a qualitative diagnostic. However, once key flow features have been identified, further

measurement techniques can be employed to collect quantitative data in the regions of

interest. Traditionally, oil flow was conducted using lamp black pigment or titanium dioxide

as dyes mixed with an oil. This mixture was spread on a surface just upstream of an area of

interest. As the flow moved over the surface, it “dragged” the oil along with it. This process

left streaklines that allowed experimentalists to visualize how the flow interacts with the

model surface. Lu [37] provides a helpful history and overview of surface oil flow visualization.

In the past, experimentalists would observe the streaklines and take photographs of them

after the tests had concluded. More recently, the maturation of high-speed photography has

allowed for hundreds to thousands of frames to be captured per second. This means that

experimentalists can observe the formation of the streaklines and choose frames where the

streaklines are fully-developed but not yet disturbed by tunnel unstart or wave passages.

Additionally, the choice for dyes has largely shifted to fluorescent pigments. These pigments

are excited by ultra-violet (UV) light and their fluorescence can be captured by high-speed

cameras.

For the present experiment, oil flow visualization experiments were conducted to highlight

key features of the flowfield (e. g. , the separation and reattachment regions) induced by the

ramp geometries. Given the short run time of the Ludwieg tube utilized for this experiment,

it was challenging to produce the necessary streaklines to reveal the flow patterns. An oil

with low viscosity was required to produce enough movement to visualize the streaklines.

In addition, a high-speed, triggerable camera was required to capture images during the

steady-state portion of the tunnel run.

Eagan et al. [11] had success conducting oil flow experiments on a Busemann Inlet in the

UTSI Mach 4 Ludwieg Tube. As a result, their mixture was used in the present experiments.

The oil used was polydimethylsiloxane with a viscosity of 5 cSt and the pigment was Smooth-

On Silc Pig fluorescent silicone pigment. They recommended an oil to pigment mixture ratio

DISTRIBUTION STATEMENT C. Distribution authorized to U.S. Government agencies

and their contractors. Data subject to restrictions on title page.

13



of approximately 12:1 by volume. The oil mixture was applied in a loose grid pattern of large

circles using a pipette. Each circle contained approximately 700 µL of the oil mixture. Once

applied, the oil was exposed to ultraviolet light produced by two UV LEDs. These were

high-intensity, water-cooled LEDs (manufactured by Innovative Scientific Solutions, Inc.)

and produce UV light at a wavelength of 400 nm. When excited by the UV light, the oil

mixture fluoresced, and its emission was captured using a Photron FASTCAM Mini AX200.

The camera acquisition rate was set to 5000 frames per second in order to capture the

most amount of frames while maintaining full field of view of the ramp. A 450 nm longpass

filter was used to block out the excitation wavelengths from the UV LEDs. A photo from

the end of an oil flow experiment is shown in Fig. 2.3. Note the streaklines following the

spanwise relief of the ramp and the reattachment shock on the ramp face. This image

provides a good view of oil flow in general, however, due to the rebounding expansion wave

and tunnel motion the oil can move after the steady-state portion of the tunnel run. For

this reason, instantaneous images during the tunnel run are used for analysis.

2.1.4 Pressure Transducers

Two Kulite pressure transducers (model numbers XCE-080 and XCE-062) were used in the

floor plate directly upstream of the ramp models for discrete pressure measurements. One

transducer was located 0.75” (0.3δ99) upstream of the ramp face, and the other was located

8” (3.2δ99) upstream of the ramp face. An illustration of the floor plate insert for the Mach

4 tunnel with embedded Kulite locations is shown in Figure 2.4. Both Kulites were sampled

at 80 kHz and were calibrated at the same time as the PSP using the Druck DPI612 pressure

calibration unit. The Kulites were connected to a KSC-2 signal conditioner that provided

power to the transducers and conditioned their outputs which were amplified by an input

gain of 8 and an output gain of 12.5. The KSC-2 filter cutoff frequency was set to 32 kHz.

The amplified signal from the KSC-2 was input into a National Instruments (NI) PXIe-6358

data acquisition system (DAQ) held within an NI PXIe-1090 chassis.
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Figure 2.3: Top-down view of the 27.5◦ swept ramp immediately following the end of a tunnel run.
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Figure 2.4: Schematic of the floor plate, ramp, and Kulite locations.
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2.1.5 Pressure Sensitive Paint

Pressure sensitive paint (PSP) is a recently developed diagnostic technique capable of

measuring global surface pressures. This application can be incredibly useful in aerodynamic

testing to obtain full-field pressure data when pressure transducers are not feasible. In

general, PSP works by exciting luminescent particles (sometimes referred to as luminophores)

within the paint using an ultra-violet light of appropriate wavelength. The wavelength

required for excitation is dependent on the properties of the luminophores used in a

particular PSP formulation. The luminophores fluoresce when exposed to UV light, and

the intensity of the fluorescence is dependent on the local partial pressure of oxygen at

those specific luminophore particles. Luminophores that interact with oxygen molecules

experience “oxygen quenching”. This is the process by which oxygen molecules interfere

with the emission of photons by the luminophores. A higher partial pressure of oxygen

results in more oxygen quenching and a lower intensity fluorescence by the luminophore.

The luminescent intensity can be measured using a high-speed camera and processed to yield

pressure fields in the painted areas of interest. When coupled with pressure transducers as

anchor points, PSP can provide quantitative pressure values at each pixel of the acquired

images [39].

One of the first instances of fluorescence being leveraged as a diagnostic technique was a

demonstration of flow visualization via oxygen quenching of luminescent particles by Peterson

and Fitzgerald [45]. This process was pioneered for aerodynamic testing by scientists in the

Soviet Union throughout the 1980s and 1990s at the Central Aero-Hydrodynamic Institute

(TsAGI), although their research was not well known until the 1990s. TsAGI partnered

with an Italian company called INTECO to produce a PSP system that was demonstrated

in wind tunnel facilities in the United States and Germany in the early 1990s [35, 36].

Similarly, pressure sensitive paints were developed by a research group at the University of

Washington in the early 1990s [28]. The concepts and fundamental principles of PSP were

later expounded upon by McLachlan and Bell at NASA Ames Research Center for use in

further wind tunnel testing [39].
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As the flight regimes of interest increased in speed, continued investigations of the

response times of paint formulations were required in order for PSP to remain useful as

a high-speed diagnostic technique. Baron et al. [5] found that the diffusivity of the base coat

material has significant effects on the response time of the paint. This led to the revelation

that porous substrate materials can be utilized to push the response time of the paint into

the sub-millisecond range. Ponomarev and Gouterman [47] were the first to discover that

high concentrations of hard pigment particles created a porous substrate leading to a fast

response paint formulation.

More recently, a company based in Dayton, Ohio called Innovative Scientific Solutions,

Inc. (ISSI) has developed several proprietary PSP formulations. These formulations have

primarily been fast response PSPs to accommodate the need for high-speed wind tunnel

testing with the recent rise of hypersonic aerodynamics research. ISSI has partnered with

several institutions to research high-speed aerodynamic phenomena [8, 66, 43]. ISSI currently

offers their PSP formulations for sale for use in external research along with other ancillary

devices, such as high-intensity light sources, calibration systems, and PSP starter kits.

Theory

The general theory behind pressure sensitive paints is that they take advantage of the

oxygen-quenching properties of certain luminescent molecule in order - for the images of

the fluorescence - to be extrapolated to pressure fields. To accomplish this, most PSPs

consist of some form of base coat on the model as well as a top coat that carries and deposits

the luminescent particles, also known as luminophores, onto the desired surface. Figure 2.5

shows a graphic that depicts the excitation and emission of luminophore molecules on a

model surface.
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Figure 2.5: Schematic showing the excitation and emission of luminophores for polymer-ceramic PSP. Reproduced from
Gregory [23] with permission.
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Figure 2.6: Possible energy state paths for excited luminescent molecules to return to the ground state. Adapted from Kavandi
[27]
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The painted area of interest is exposed to a UV light source that excites the luminophores

to an elevated energy state. This elevated energy state has a finite lifetime. Through several

different processes, the excited luminescent molecules will return to the ground state. The

first of these processes is the emission of photons, the second is the release of heat, and

the third is a reaction with oxygen. The ground state of oxygen reacts with the excited

luminescent molecules when they come into contact thereby reducing the overall emission

intensity. This process is called oxygen quenching. Figure 2.6 shows energy conversion paths

for the excited molecules.

An excited electron in the luminescent molecule can exist in a singlet state (Si) or a

triplet state (Ti), where i represents the energy level. In the singlet state, the electron

has the same spin as the ground state electron. In the triplet state, the electron does not

have the same spin as the ground state electron. Higher energy levels Si (i > 1) decay to

S1 through an internal conversion process that converts vibrational energy to heat. From

S1, the electron may continue to decay to the ground state (S0) by releasing heat or by

emitting photons. The electron may also move to a triplet state (T1) via a process called

intersystem crossing. Eventually all higher energy level states must relax to the ground

state. Emissions from S1 to S0 are called fluorescence. Emissions from T1 to S0 are

called phosphorescence. Phosphorescence has longer lifetimes than fluorescence and both

are classified as luminescence [36, 18].

Both fluorescence and phosphorescence are affected by the phenomenon of oxygen

quenching. This means that more oxygen content in the air will result in greater quenching.

Therefore, higher pressures in systems that use air or oxygen as a working gas result

in increased oxygen content and lower luminescent intensities. The opposite also holds

true: as pressure decreases the luminescent intensities increase. This inversely proportional

relationship is described in a modified version of the Stern-Volmer relationship [36] shown

in Eq. 2.1.

P

PREF

=
N∑

n=0

An(T )

(
IREF

I

)n

(2.1)
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In Eq. 2.1, I are the intensity values of a given image, IREF are the intensity values of

an image at a known reference pressure, PREF is the known reference pressure, and P are

the desired pressure values. When the calibration coefficients, An, are known, it becomes

trivial to convert a measured intensity value to a pressure value. For commercially available

PSPs, these constants are typically provided by the manufacturer. For PSPs where these

constants are not readily known, a calibration curve must be constructed. This can be done

by stepping through a series of known pressures and measured intensity values. The intensity

ratios can then be plotted against the pressure ratios and have a curve fit applied to them.

The coefficients of the nth order curve fit correspond to the An coefficients. It is important

to note that these coefficients are temperature dependent. For the most accurate results, it

is recommended to perform in situ calibrations by repeating the above process within the

facility while taking special care to note the ambient temperature at time of calibration.

Recent Developments

Significant work has been done on developing and refining PSP technology for large scale wind

tunnel testing by NASA Ames Research Center and the Arnold Engineering Development

Complex. Research by Roozeboom et al. [50, 49] and Murakami et al. [41] have focused

on the implementation of PSP in the NASA Ames Unitary Plan Wind Tunnel and data

reduction processes. A notable example of their work at Ames is the use of PSP to measure

fluctuating surface pressures for the pre-flight ground testing of the NASA Space Launch

System.

Researchers at the University of Tennessee Space Institute have been experimenting with

the use of PSP in both Ludwieg Tubes and blowdown facilities. Ledbetter et al. [34] used

PSP to investigate the streamwise vortices on a hollow-cylinder/flare model using a Mach

4 Ludwieg Tube. They found that the frequency of the pressure fluctuations caused by the

vortices were typically between 2-3 kHz. Butera et al. [6] attempted to use PSP to observe

boundary layer transition on the BOLT II model geometry in the Mach 7 Ludwieg Tube,

but ultimately found that the extremely low static density of that facility led to poor paint

response. Allen et al. [2] performed PSP experiments on swept compression ramps with

varying sweep angle in the Mach 2 blowdown facility. They found that the unsteadiness of
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the separation region pressure fluctuations increased to higher frequencies as the sweep angle

of the ramp increased.

Current Experiment

For this experiment, Pressure Sensitive Paint (PSP) measurements were performed using

ISSI’s Porous, Fast-Response PSP formulation. This is a single luminophore formulation

which has a purported response time less than 100 µs, and ISSI claim their paint can resolve

frequencies greater than 10 kHz [1]. The base coat of the paint is an oxygen porous polymer-

ceramic, and the top coat consists of luminescent, oxygen sensing particles. The base coat

is applied to the models and allowed to dry overnight. The top coat is applied directly over

the base coat. Both the base coat and top coat were applied using high volume, low pressure

(HVLP) spray guns. The paint is replaced for each model configuration or if the paint is

significantly damaged by pieces of the Mylar® diaphragms.

The excitation light for the PSP is provided by the same UV lamps used for the oil flow

experiments. Parabolic reflectors were attached to the UV LEDs to focus the light onto

the models. The PSP images were captured using a Photron FASTCAM SA-Z high-speed

camera and were acquired at 20 kHz with an exposure time of 48.39 µs. A 50 mm f/1.4 Nikon

lens is used in conjunction with a 450 nm and 610 nm longpass filter. The 450 nm longpass

filter blocks the UV LEDs excitation wavelength and the 610 nm wavelength filter blocks

any remaining wavelengths shorter than 610 nm. The PSP emission has a wavelength of 650

nm. This setup can be seen in Fig. 2.7. The ramps were mounted on the tunnel ceiling

with the high-speed camera looking through a viewport on the floor of the tunnel. The

excitation light was provided by UV LEDs through large windows installed in the sidewalls

of the tunnel.
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Figure 2.7: Photograph of the experimental setup for the compression ramp PSP campaign.
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An in situ static calibration was performed while vacuuming the test section during the

standard tunnel operation procedures. A series of five points between 5 psia and 0.1 psia

were measured using a Druck DPI612 pressure calibration unit as the reference pressure.

Simultaneously, images were taken of the PSP so the reference intensities could be related to

the reference pressures. The pressure ratios and intensity ratios were related with a second-

order curve fit that provides the Stern-Volmer coefficients. These coefficients, as well as the

reference pressure and intensity values, were used to convert the “wind on” image intensities

to pressure using the Stern-Volmer relationship shown in Eq. 2.1. This process was repeated

each time a new coat of paint was applied.

2.1.6 Molecular Tagging Velocimetry

Molecular Tagging Velocimetry (MTV) is an optical diagnostic technique used to measure the

velocities of particles that have been “tagged” by imaging those particles at two discrete times

across which they are displaced by some amount. Similarly to pressure sensitive paint, MTV

takes advantage of the fluorescence and phosphorescence of excited molecules. However,

rather than exciting molecules via ultraviolet light, these molecules are excited using a laser

pulse. The wavelength of the laser pulse required depends on the target molecule. There

are numerous types of MTV, including acetone seeded MTV, krypton tagging velocimetry

(KTV), femtosecond laser electronic excitation tagging (FLEET), etc. Fundamentally, all of

these techniques operate on the same principle: a laser is pulsed through a region of interest

creating an illuminated line known as the “write” line. This line of energized particles

propagates with the movement of the flow, and a subsequent image is captured of the line.

The second image of the line is referred to as the “read” line. The displacement between

the “write” and “read” lines along with the known frame rate of the camera allows for the

calculation of a velocity profile using the simple distance over time relationship. For an

in depth discussion of the theory and application of MTV, the author directs the reader to

Chapter 14 of Optical Diagnostics for Reacting and Non-Reacting Flow: Theory and Practice

[46].

At UTSI, significant work has been conducted using FLEET and acetone MTV in their

high-speed facilities, particularly on characterizing the boundary layer that forms on the

DISTRIBUTION STATEMENT C. Distribution authorized to U.S. Government agencies

and their contractors. Data subject to restrictions on title page.

25



tunnel floor. Siddiqui and Gragston [57] were able to use a diffractive optical element to

create a multi-point FLEET measurement at a 1 kHz sampling rate to measure the velocity

profile near the floor of the UTSI Mach 4 Ludwieg Tube. They sampled at discrete locations

starting at 7 mm above the tunnel floor and extending above the turbulent boundary layer

into the freestream. They found that their measured velocity profile matched well with

theoretical turbulent floor boundary layer predictions. Gragston and Smith [19] performed

similar experiments using acetone MTV at a 10 kHz sampling rate, and they were able to

obtain velocity measurements for both the freestream and boundary layer. Their results

compared favorably to isentropic theory for the freestream velcocity. The boundary-layer

thickness determined from the measured velocity profile compared favorably to schlieren

imaging of the floor boundary layer. Notably, they were limited to probing 7 mm above the

tunnel floor and higher due to low signal-to-noise ratio below the 7 mm height.

For the present experiment, the goal was to measure the boundary layer profile

approximately 17.5 inches (∼7δ99) upstream of the ramps along the centerline of the tunnel

using acetone MTV. Unfortunately, the pulse-burst laser required for this experiment had

several component failures which rendered it inoperable. Given the long lead times and

expense involved with ordering replacement parts for the laser, the MTV experiments were

canceled.

2.2 Analytical Methodology

The following section details the data reduction techniques applied to the raw data collected

from each of the diagnostic techniques described in Section 2.1.

2.2.1 Oil Flow Visualization

Due to the nature of oil flow visualization, there is little data reduction that can be done

to gain further insight quantitatively. However, the following techniques were used to make

approximations of characteristics relevant to three-dimensional SBLIs. Using a single image

taken from the end of the steady-state portion of the tunnel run and a spatial resolution

determined by a scale image, the approximate shock standoff distances at the ramp centerline
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were determined. Additionally, the same instantaneous images were contrast adjusted in

ImageJ in order to visualize the separation and reattachment shocks. These images were

then imported into MATLAB®, and lines were superimposed over the separation shock,

reattachment shock, and upstream influence. The intersection of these lines identified the

approximate location of the virtual conical origin (VCO).

2.2.2 Pressure Transducers

The reduction of the pressure transducer data began with the implementation of a calibration

curve. As mentioned in Section 2.1.4, the calibration curves for the pressure transducers

were produced by recording raw voltage data at known pressure conditions. The pressure

and voltage data were imported into MATLAB® and had a linear curve fit applied to them.

All of the raw voltage data were passed into this curve fit as an input and converted into a

time history of pressure data.

2.2.3 Pressure Sensitive Paint

Reduction of the PSP data began with an image registration process. As the Ludwieg Tube is

large scale and situated several feet off the ground, there is non-negligible motion that occurs

during each run. To account for the tunnel motion, a fiducial marker is placed adjacent to

the painted area on each model. This marker is tracked throughout each acquired image. A

cross-correlation method is used to find the pixel offsets at each frame of the steady-state

portion of the tunnel run. Each of these images are shifted such that they align with the

calibration image acquired before the run.

Given the large scale of the model and inclination of the ramp face, a single calibration

curve could not be applied uniformly to the PSP as this would yield inaccurate pressure values

during the data reduction (e.g., negative values). This issue was resolved by performing the

calibration on a pixel-by-pixel basis, where each pixel within the image has its own set of

Stern-Volmer coefficients. However, this method is computationally expensive to perform.

In order to alleviate these issues, a downsampling process is used to reduce the overall

image size. In the present study, the PSP images are downsampled by factors of 3 in both
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directions: each pixel in the downsampled image is the unweighted average of a 3×3 region

in the original. In this manner, the image size is reduced by a factor of 9, and the time

required to create calibration curves for each pixel is greatly reduced.

The “wind-on” images are downsampled using the same process as the calibration images.

For the conversion to pressure, each pixel intensity from the “wind-on” images are divided

into their respective reference pixel intensity from the calibration image. This ratio (IREF/I)

is then input into the modified Stern-Volmer relationship, shown in Eq. 2.1, and the resulting

pressure ratio is multiplied by the known reference pressure (PREF) to produce the measured

pressure value (P ). This process is repeated for each pixel location within a single image

and for each acquired “wind-on” image. Once each image in the set is converted to pressure,

the average and standard deviation of the image sets are computed.

2.3 Uncertainty Analysis

2.3.1 Pressure Transducers

Estimates of the measurement uncertainties for the two pressure transducers (i.e., Kulites)

used in this experiment were based upon the manufacturer-reported errors. Both sensors

(model numbers XCE-080 and XCE-062) reportedly have combined non-linearity, hysteresis,

and repeatability errors of ±0.1% of their nominal 100 mV full-scale output (FSO) values.

The XCE-080 was rated for operating pressures ranging from 0–0.35 bara (0–5 psia). The

error resulting from the manufacturer specifications is then ±0.00035 bara (±0.005 psia).

The XCE-062 was rated for operating pressures ranging from 0–10 psia with a resulting error

of ±0.01 psia.

The Druck DPI612 pressure calibration unit was used as the “truth” measurement for

calibrating both the Kulites and the PSP. This instrument has a manufacturer-reported

uncertainty of 0.052% of the 30 psia nominal FSO value. The data acquisition system was

set to record voltages over a range of ±10 V, and as PXIe-6358 has a 16-bit analog-to-

digital (A/D) converter, it has a resolution uncertainty of ±0.305 mV. The measurement

uncertainties of the data acquisition system are negligible as the propagation of these
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uncertainties results in virtually no change in the overall uncertainty of the pressure

measurements. The uncertainty of these measurements are primarily dominated by the

uncertainties reported for the Kulite transducers and Druck calibration unit. When

the uncertainties of the Kulites and Druck are combined via the root-sum-square (RSS)

formulation, the reported total uncertainties in the pressure transducers for this experiment

become ±0.016 psia for the XCE-080 and ±0.019 psia for the XCE-062. These are the

uncertainty bounds for an individual measurement point acquired by the transducers. In

calculating an average over N measurement points, the reported uncertainties would then

be reduced by a factor of 1/
√
N [29, 65].

2.3.2 Pressure Sensitive Paint

The PSP diagnostic technique utilized in these experiments can be subject to human-error

during the paint application process due to the inherent inconsistencies associated with

the use of a manually-operated sprayer including differences of paint spray angle, distance

from the target, and the total number of spray passes over the surface for each application.

The culmination of these inconsistencies can translate into variations in paint thickness,

roughness, and overall uniformity which may impact the response characteristics of the

paint. This error is rather difficult, if not impossible, to accurately quantify. In an effort to

maintain consistency between experiments, a strict set of procedures were implemented to

ensure that the paint application was as uniform as possible.

An ideal PSP experimental setup would have the ultraviolet (UV) excitation and the

camera recording response positioned such that they are both normal to the entire painted

region of interest. For the present set of experiments, this is not possible given the incline

of the ramp surface as well as available optical access for the LEDs to illuminate the model

see Fig. 2.7). In short, the camera captures a two-dimensional representation of a three-

dimensional object, and there is likely some amount of uncertainty introduced by the three-

dimensionality of the model. To alleviate these effects, the pixel-by-pixel calibration process

was implemented as discussed in the previous section.

The uncertainties associated with the PSP image acquisition, calibration, and conversion

to pressure are all encapsulated within the in situ calibration process. Static calibration
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images that were acquired at ∼2.5 psia (i.e., the pressure expected on the ramp surface)

and ∼0.5 psia (i.e., the pressure expected on the floor ahead of the interaction) were used to

quantify the uncertainties of the PSP applications used in this experiment. Intensity values

from locations both on the tunnel floor and on the ramp surface were collected and converted

to pressure using their corresponding pixel-specific calibration curve. The raw intensity

values were used in determining the random errors associated with image acquisition, and

the converted pressure values were used in determining the bias errors introduced by the

curve fit which contains several contributing variables including I,IREF , and PREF . The

random errors (UP ) and the bias errors (B) were combined through the root-sum-square

(RSS) formulation (Eq. 2.2) to determine the total uncertainty in the pressure measurement.

Utotal =
√

U2
P +B2 (2.2)

The random uncertainties of the intensities acquired by the camera are calculated using

the following methodology. First, various pixels across the imaging region (both on the

floor and on the ramp surface) were probed to collect intensity values across the calibration

image set. The uncertainties of these intensities are calculated using Eq. 2.3, where σ is

the standard deviation of the intensity values, t is the students’ t-distribution value at 95%

confidence level, and N is the number of samples. The number of samples corresponds to

the number of images used in the calibration process; for these experiments, N = 81 images.

An identical process is used to evaluate the uncertainties in the reference image at the same

pixel locations.

UI =
t · σI√
N

(2.3)

The intensities collected from the calibration images are input into their corresponding

calibration curves to convert the values to pressure. The bias error introduced by PSP

calibration is the difference between the converted pressure (averaged over N samples) and

the known pressure condition from the Druck. This relationship is shown in Eq. 2.4.

B = |PDruck − Pavg| (2.4)
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The conversion to pressure via the Stern-Volmer relationship shown in Equation 2.1

involved both the image intensity and reference image intensity. Since these values have

known uncertainties (found via Eq. 2.3), the propagation of these errors into the pressure

conversion must be accounted for in determining the total uncertainty. The general form

of the error propagation is shown in Eq. 2.5, where U is the uncertainty and R represents

the desired variable that has a known functional dependence on xi which represents the

known/measured variables.

UR =

√√√√ n∑
i=1

(
Uxi

∂R

∂xi

)2

(2.5)

Applying the error propagation method to the Stern-Volmer equation (Eq. 2.1) yields

the form shown in Eq. 2.6.

U2
P
=

[
UI

(
−2PREFA2IREF

I
3 − PREFA1IREF

I
2

)]2
+

[
UIREF

(
2PREFA2IREF

I
2 +

PREFA1

I

)]2 (2.6)

For the values extracted from the PSP on the ramp surface, typical random error

values (expressed as a percentage of the known Druck pressure) were found to be 0.65%.

Typical bias errors for the same pixel were 3.50%. The combined uncertainties, calculated

using Eq. 2.2, were then 3.57%. For the PSP measurements on the floor, typical random

error values were 2.03%, and bias errors were 19.01% (expressed in terms of the known

Druck pressure). The combined total uncertainties were then 19.12%. The ramp pressure

uncertainties were based on a pressure values of 2.5 psia while the floor pressure uncertainties

were based on a pressure value of 0.5 psia. For the expected pressure values on the floor

during the steady-state, there is a fairly substantial bias error as a result of the calibration

process. However, when comparing the bias errors in absolute units, the uncertainty is

approximately the same value as that on the ramp, ±0.0875 psia. As will be discussed in

the latter portion of Chapter 3, the PSP measurements have high correlation and coherence

compared to the Kulite pressure values when both are mean-subtracted. Generally, the PSP
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is able to appropriately respond to fluctuating pressure content, although caution should be

taken when reporting absolute pressure values measured by PSP.
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Chapter 3

Results and Analysis

The following section contains the results collected and analyzed via the processes outlined

in Chapter 2. Note that the results shown here pertain to the low sweep ramp (λ = 10◦)

and the high sweep ramp (λ = 27.5◦). The results from the unswept ramp (λ = 0◦) have

been omitted. This omission is a result of two difficulties encountered during the collection

of these data. First, the unswept ramp data from the initial experiment were lost due to

a hard drive malfunction. Second, during the recollection of these data, the unswept ramp

was damaged by a large section of diaphragm and less than 50% of the steady-state duration

for a single run were able to be processed. As a result, the author has chosen to omit the

limited results obtained for the unswept ramp in favor of referencing existing literature.

3.1 Oil Flow Visualization

Figure 3.1 shows typical instantaneous images from the oil flow visualization experiments for

both swept compression ramps in UTSI’s Mach 4 Ludwieg Tube. These plots are configured

with the flow direction being left to right and with axes aligned such that the origin is on

the tunnel centerline at the ramp face. The x- and z-coordinates are non-dimensionalized by

δ99 = 2.5”. The limit of the z-axis was extended to visualize the VCO location. The edge of

the camera field of view (FOV) is shown for both cases. As the steady-state flow duration is

approximately 120 ms, the streaklines from the present experiment will not be as well-defined

as one would expect to see from a longer duration wind tunnel experiment. However, the

streaklines that are visible reveal clear differences in the separation region shapes between

the low sweep ramp (λ = 10◦) and the high sweep ramp (λ = 27.5◦). The low sweep case
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shown in Figure 3.1a exhibits cylindrical symmetry typical of a closed interaction (i.e., the

separation and reattachment lines are approximately parallel to each other), whereas the high

sweep case shown in Figure 3.1b shows a clear pattern of quasi-conical symmetry typical of

an open interaction (i.e, the separation and reattachment lines diverge from each other in

the spanwise direction).

The reattachment line locations were determined by contrast adjusting the images such

that the reattachment lines were more easily discernible. The approximate separation shock

location was determined from these images that have a resolution of 0.012 inches/pixel. The

separation line location along the centerline for the low sweep case was about 3.6” (∼1.4δ99)

upstream of the ramp, whereas it was about 3.1” (∼1.2δ99) upstream of the ramp in the high

sweep case. Interestingly, Allen et al. [2] showed that the separation shock location moves

further upstream as sweep angle increases for compression ramps at Mach 2. However, as

Allen et al. [2] noted, the quasi-conical symmetry of highly swept ramps means that the

separation region increases in size as the flow moves in the spanwise direction. Ultimately,

this means that the separation region length on the centerline is also dependent on the

distance from the virtual conical origin as well as the inviscid shock strength.

3.2 Pressure Sensitive Paint

Results from the PSP experiments are shown in Figs. 3.2 and 3.3 which contain the average

surface pressure distributions and fluctuating surface pressure contours (P ′
RMS), respectively.

The P ′
RMS values are identically equivalent to the standard deviation of the pressures. All

pressures reported in this section are in units of absolute pressure. The plots are configured

with the flow direction being left to right and with axes aligned such that the origin is on

the tunnel centerline at the ramp face. The x- and z-coordinates are non-dimensionalized

by δ99 = 2.5”. All PSP data used in these analyses were collected during the steady-state

portion of the tunnel run (i.e., over approximately 120 ms). Figures 3.2a and 3.3a show the

average and P ′
RMS pressures for the λ = 10◦ sweep case. Figures 3.2b and 3.3b show the

average and P ′
RMS pressures for the λ = 27.5◦ sweep case.
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(a) 10◦ Sweep (b) 27.5◦ Sweep

Figure 3.1: Oil flow visualizations on the two swept compression ramps. The approximate location of the Virtual Conical
Origin (VCO) is identified on the highly swept case.
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(a) λ = 10◦

(b) λ = 27.5◦

Figure 3.2: Average surface pressure distribution obtained over 2400 frames from the
steady-state conditions run for both swept ramps.
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(a) λ = 10◦

(b) λ = 27.5◦

Figure 3.3: P ′
RMS (pressure fluctuation) contours obtained over 2400 frames from the

steady-state conditions run for both swept ramps.
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Note that some damage to the painted surface in Figure 3.2b was the result of a diaphragm

segment striking the model surface during the previous run. The surfaces outside of the

obvious damage are still pristine and should not be affected, and the paint did respond as

expected throughout the data reduction process.

Qualitatively, the average pressure fields in Figure 3.2 show the expected behavior

of a relatively low pressure upstream of the separation region, higher pressure within

the separation region, and an additional pressure rise within the reattachment region.

Considering the fluctuating pressure fields shown in Figure 3.3, one can see brighter bands

upstream of the ramp that mark the beginning of the separation region as indicated by the

elevated unsteadiness within this region. The band is noticeably wider in the low sweep case

(Figure 3.3a), as this corresponds to a larger region of unsteadiness; this agrees with the

results obtained by Erengil and Dolling [12]. The regions of unsteadiness that are evident

in the P ′
RMS contours match with the locations of the separation and reattachment shocks

determined by the oil flow experiments as shown in the direct comparisons made within

Figure 3.4. In both cases, the increased pressure fluctuations upstream of the ramp face

correspond well to the approximate separation line location determined by the oil flow.

In order to verify that the PSP response characteristics were sufficient to capture the

unsteadiness in and around the separation region, a virtual pressure tap was created using

the PSP data at a location directly upstream of the Kulite closest to the ramp face (x/δ99 ≈

−0.3). The virtual tap and Kulite pressures are compared to one another in Figures 3.5

and 3.6. Here, the steady-state time histories, cross-correlation coefficient functions, and

mean-squared coherence of these data are shown for both ramps (λ = 10◦ and λ = 27.5◦).

It is important to emphasize that the PSP data have been downsampled by averaging 3×3

regions across the images to reduce some of the random errors arising from noise within these

data. The Kulite data are also lowpass filtered prior to their analog-to-digital conversion.

The low sweep case has a maximum cross-correlation coefficient of 0.60 with an offset of one

data point (∆t = 0.05 ms) as can be seen in Figure 3.5b, while the high sweep case has a

maximum cross-correlation coefficient of 0.68 also with an offset of one data point (∆t =

0.05 ms) as seen in Figure 3.6b. In both cases, the virtual tap and Kulite pressures show

reasonable coherence over a fairly broad band of frequencies.

DISTRIBUTION STATEMENT C. Distribution authorized to U.S. Government agencies

and their contractors. Data subject to restrictions on title page.

38



(a) λ = 10◦

(b) λ = 27.5◦

Figure 3.4: P ′
RMS contours superimposed onto oil flow visualization images for both swept

ramps.
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(a) Time history (b) Cross correlation

(c) Coherence

Figure 3.5: Example time history, cross correlation, and coherence of the PSP virtual tap and the Kulite within the separation
region for the λ = 10◦ sweep case.
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(a) Time history (b) Cross correlation

(c) Coherence

Figure 3.6: Example time history, cross correlation, and coherence of the PSP virtual tap and the Kulite within the separation
region for the λ = 27.5◦ sweep case.
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Overall comparisons of the time histories, cross-correlations, and coherence show that

both the Kulite and PSP pressures can be used to characterize these shock interactions.

However, as the PSP provides data over a much larger area, this diagnostic can be more

useful in terms of characterizing the overall structure within such 3D interactions.

Using the unsteady pressure fluctuations shown in the P ′
RMS contours in Figure 3.3,

values were extracted from a line immediately adjacent to the Kulite. This data extraction

line follows the freestream direction based on the incoming flow, remaining straight across

the entire domain (i.e., it does not turn on the ramp to follow the local freestream direction).

The values extracted from these data are shown in Figure 3.7. The large spikes in these plots

result from discontinuities that occur at the interface between the ramp and the floor plate

as well as the damage resulting from strikes of diaphragm material. In both the low sweep

(Figure 3.7a) and high sweep (Figure 3.7b) cases, there are two local maxima that exist in

broad peaks, and these correspond to the average separation and reattachment locations.

The pressure fluctuations in the reattachment region are approximately three times larger

than those in the separation region for both cases. Overall, the magnitude of the pressure

fluctuations is greater in the low sweep case, however, and these fluctuations persist over a

larger region in the streamwise direction than the high sweep case. Again, this corresponds

well with the results found by Erengil and Dolling [12] and Allen et al. [2].

For direct quantitative comparisons between the present and historical data on similar

highly-swept interactions, the P ′
RMS values are plotted in a different manner in Figure 3.8.

Here, the unsteady pressures are non-dimensionalized by the mean pressure from upstream

of the interaction (i.e., P̄wo according to Erengil and Dolling [12]). The resulting values are

then plotted in a conical coordinate system with its origin set to the VCO location, which

has been redefined with the PSP data (i.e., not using the VCO location from the prior oil

flow visualizations). Erengil and Dolling [12], who tested ramp configurations with λ ≥ 25◦

at Mach 5, found that by sampling a region normal to and across the separation shock with

pressure transducers, the normalized standard deviation collapses regardless of where the

samples are collected in the spanwise direction. An identical approach was used with the

PSP data collected in this experiment, and the results are shown in Figure 3.8.
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Figure 3.8a shows the present PSP data and the sample regions that were selected

normal to the separation shock and varying in the spanwise direction. The P ′
RMS values

were extracted from these lines and plotted in conical coordinates, as shown in Figure 3.8b,

where θ is the angle of the line connecting the VCO to the point along the sample region that

is being interrogated (i.e., the angle with respect to the positive z-axis). The tangent of this

angle is the ratio between the x-coordinate and the z-coordinate of the interrogation point

as referenced from the VCO. The sampled regions collapsed to the same line as expected,

and the data from the present study have a similar shape when compared to the results of

Erengil and Dolling [12]. Note that the current PSP results shown in Figure 3.8b do not

fall directly in between the red and green lines which correspond to the data from Erengil

and Dolling [12]. This can likely be attributed to the differences in Mach number and sweep

angle between the two experiments, although there may be other contributing factors. Due

to the experimental differences, it is not possible to isolate any particular parameter(s) that

influence the unsteadiness in highly swept ramp interactions. It may be possible that the

normalized pressure fluctuations are dependent on an ‘effective’ shock strength determined

by incoming Mach number, compression angle, and sweep angle. Further investigation and

experimentation would be required to confirm this and to determine what, if any, empirical

relationship exists to relate these parameters.

Having pressure data from PSP across the entire interaction region allows one to

extract additional quantitative data such as the location of the separation shock foot. The

instantaneous shock foot location is determined by finding the first point in the streamwise

flow direction (left to right) at which the pressure exceeds 150% of the freestream value (i.e.,

where P/P∞ ≥ 1.5). This value was chosen based on similar shock foot tracking methods

performed by Vanstone et al. [60] and Erengil and Dolling [12]. The probability density

functions (PDFs) for both the low and high sweep cases are presented in Figs. 3.9a and 3.9b,

respectively. The PDFs for each of the cases have been mean-subtracted and subsequently

normalized by the standard deviation of the shock location. Each PDF uses 2400 data

points of the shock position extracted from the PSP images, and 30 bins are used to plot

these histograms. The solid black line shows the behavior of a Gaussian distribution for

comparison. In both cases, the separation shock motion appears to be normally distributed
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with slight variations that are easily attributed to experimental uncertainties and binning

errors. These results compare favorably to those of Erengil and Dolling [12] who found

similar behaviors for swept ramp configurations at Mach 5 conditions.

Power spectral densities of the separation shock motion for both the low and high

sweep cases are shown in Figs. 3.10a and 3.10b, respectively. These spectra have been pre-

multiplied by the frequency (vector) and normalized by the variance of the data. The PSDs

are calculated using Welch’s method with 512 points used in each fast Fourier transform

calculation, and those data are windowed with Hann windows using 75% overlap. In total,

this means that 2304 points were used in creating the PSDs (recall that 2400 data points

were collected from steady-state). With the data sampled at 20 kHz, the resulting frequency

resolution is approximately 39 Hz. The zero-crossing frequencies are computed from the

mean-subtracted separation shock location, and these values are denoted by the vertical,

dashed lines in Figure 3.10. The zero-crossing frequencies are non-dimensionalized using

two methodologies to yield different forms of the Strouhal number. The first, Stδ, uses the

incoming boundary layer thickness as the characteristic length scale. The second, StL, uses

the intermittent length, which is defined as the distance over which the separation shock

foot traverses in the streamwise direction, as the characteristic length scale.

The low sweep case yielded zero-crossing frequencies ranging from 200–400 Hz, which

correspond to Stδ ≈ 0.02–0.04 and StL ≈ 0.03–0.06. The high sweep case exhibited zero-

crossing frequencies ranging from 700–800 Hz, which correspond to Stδ ≈ 0.07 and StL ≈

0.03. Vanstone et al. [60] found their 22.5◦ swept ramp to have a Stδ ≈ 0.03 in a Mach 2

freestream. Their results compare well to the current low sweep case, but there are significant

differences for the high sweep case. However, the StL values for both the low and high sweep

cases fall within bounds of 0.02 ≤ StL ≤ 0.05, which are typical to turbulent SBLIs according

to Clemens and Narayanaswamy [7] and Dussauge et al. [10]. This seems reasonable as the

intermittent length scale (which is used to non-dimensionalize these frequencies) can vary

significantly with sweep angle, allowing this Strouhal number to scale with the dynamics of

the interaction. On the contrary, this scaling would not be captured by the Stδ parameter

because the sweep angle has no bearing on the incoming boundary layer thickness.
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(a) λ = 10◦

(b) λ = 27.5◦

Figure 3.7: Traces of P ′
RMS extracted along z/δ99 = 0.05 for both ramps. The large spikes

are a result of discontinuities in the paint at the ramp-floor interface and damage to the
surface by diaphragm particles.
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(a) Footprint of the shock interaction region and sample locations superimposed
on the P ′

RMS image for λ = 27.5◦

(b) Normalized pressure fluctuations from the three sample locations compared to
prior results of Erengil and Dolling [12]

Figure 3.8: Comparison of highly-swept ramp interactions from the current experiment
and results from Erengil and Dolling [12].
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(a) PDF for λ = 10◦

(b) PDF for λ = 27.5◦

Figure 3.9: Probability density functions of the separation shock movement extracted from
the PSP images for both ramps. The black lines represent a Gaussian distribution.
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(a) PSD for λ = 10◦.

(b) PSD for λ = 27.5◦.

Figure 3.10: Pre-multiplied power spectral densities of the separation shock foot motion
for both ramps. Zero-crossing frequencies and Strouhal numbers based on boundary layer
thickness and intermittent length scale are shown.
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Chapter 4

Conclusions and Future Work

4.1 Conclusions

Experiments have been conducted to characterize the dynamics of three swept compression

ramps with sweep angles of λ = 0◦, λ = 10◦, and λ = 27.5◦ subjected to Mach 4 flow.

Data were collected using oil flow visualization, fast-response pressure sensitive paint (PSP),

and unsteady pressure transducers in UTSI’s Mach 4 Ludwieg Tube. Data for the λ = 0◦

were unable to be processed as a result of data loss due to hard drive malfunction and

damage to the unswept ramp during subsequent experiments. The remaining data show clear

differences in the shape of the separation regions when comparing the low sweep and high

sweep ramps. The ramp with low sweep exhibited cylindrical symmetry (i.e., the separation

and reattachment lines are parallel), whereas the highly-swept ramp showed quasi-conical

symmetry (i.e., the separation and reattachment lines diverge in the spanwise direction).

Interestingly, the data indicate that, along the centerline, the separation shock is closer

to the ramp corner for the more highly-swept ramp. This was noted in both the oil flow

visualization and unsteady pressure sensitive paint. The current effort is part of a larger

study within which similar configurations were tested by Allen et al. [2] in Mach 2 freestream

conditions. They observed the opposite trend in regards to the separation shock location

and the sweep angle. Although this discrepancy is likely due to the difference in physical

scale, as the separation region length appears to be more dependent on the distance from

the virtual conical origin than the inviscid shock strength.

The unsteadiness in the surface pressures were calculated and seen to be higher in

the observable region of interest in the low sweep case compared to the high sweep case.
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The reattachment region has pressure fluctuations that are approximately three times

greater than those in the separation region for both sweep angles. The high sweep case

compares favorably to similar swept ramp experiments conducted by Erengil and Dolling

[12], indicating that the normalized surface pressure fluctuations may not be strongly

dependent on certain geometric parameters. An empirical relationship may exist between the

normalized surface pressure fluctuations and the shock strength in terms of Mach number,

compression angle, and sweep angle, although more experimentation would be required to

address this hypothesis.

Separation shock foot motion extracted from the unsteady PSP experiments allowed for

further analysis of the unsteadiness in the separation region. In both the low and high

sweep cases, the separation shock motion possesses a normal distribution. However, the

spectral content for the low sweep case showed that elevated unsteadiness may be present in

the range of 200–400 Hz. In contrast, the high sweep case showed more dominant spectral

content within the range of 700–800 Hz. In both cases, however, the Strouhal number based

on the intermittent length scales fell within the typical range of 0.02 ≤ StL ≤ 0.05 for

turbulent SBLIs as reported in previous literature from Clemens and Narayanaswamy [7]

and Dussauge et al. [10].

4.2 Future Work

As outlined by Clemens and Narayanaswamy [7], there are ongoing discussions within

academia regarding the drivers of unsteadiness in SBLIs. One prevailing theory is that

the upstream mechanism (i.e., the incoming boundary layer) primarily influences the

unsteadiness. Another theory is that the downstream mechanism (i.e., the subsonic flow in

the separated region) allows information to propagate upstream and drive the unsteadiness

in the SBLI. In reality, both mechanisms are likely coupled to form the complex dynamics of

SBLIs. Regardless, the incoming boundary-layer profile and subsonic extent of the separation

region play an important role in driving the unsteadiness in these interactions.

The original scope of this work included MTV experiments to measure the incoming

boundary-layer velocity profile, but were canceled due to component failure within the
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laser. The lack of velocity data for this particular experiment make it difficult to address

both the incoming boundary-layer profile and subsonic extent of the separation region.

Further experimentation using MTV or Particle Image Velocimetry (PIV) on the geometries

presented here would be extremely helpful in determining unsteadiness drivers. At the time

of this writing, UTSI is in the process of constructing a Mach 3.5 blowdown facility of the

same test section dimensions as the Mach 2 facility used by Allen [2]. A continuation of their

experiments using the same models at higher Mach number would be useful in rounding out

UTSI’s portfolio of swept compression ramp work at varying compression angle, sweep angle,

Mach number, and Reynolds number.
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Appendix

A Use of Figures from Published Works

A.1 Figure 1.1

Per the American Institute of Aeronautics and Astronautics (AIAA) website, figures are

allowed to be reproduced from AIAA documents with permission from the copyright holder.

In the case of this figure, AIAA is the copyright holder, and the correct permissions were

obtained via the Copyright Clearance Center (CCC) as outlined by AIAA.

A.2 Figure 2.5

Per the Annual Review of Fluid Mechanics website, all requests for permission for use of

content are referred to the Copyright Clearance Center (CCC). Correct permissions were

obtained via the CCC.
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