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Turbulence-generated acoustic noise is of critical concern in the nozzle flows of conven-
tional high-speed wind tunnels, where the disturbance environment encountered by models in the
freestream is substantially stronger than that experienced in atmospheric flight and leads to much
reduced transition Reynolds numbers. To obtain more accurate comparisons of experimental,
computational, and free-flight data, a new control mechanism is needed to reduce freestream dis-
turbance levels. Therefore, the aim of the present work is to investigate the ability of vibrational
nonequilibrium processes to attenuate acoustic radiation emitted by turbulent boundary layers in
high-speed facilities.

Predicting the attenuation from vibrational nonequilibrium processes remains a challenge,
and there exist limited experimental data for model validation, particularly at elevated tempera-
tures. To better understand the absorption properties of various gas mixtures, a heated acoustic

chamber is developed to measure the attenuation of CO,, N,O, and mixtures of CO,/He, CO,/N,,



and N,O/He at temperatures up to 529 K. In mixtures of CO,/He at room temperature, an increase
in helium is found to decrease the peak attenuation modestly, but increase the peak attenuation
frequency. At higher temperatures, the peak attenuation increased substantially, but as the he-
lium fraction increased, the rate of increase in peak attenuation drops and the values asymptote
at lower temperatures. These results illustrate that varying the fraction of helium in mixtures
of CO,/He can shift the attenuation to a desired frequency range, providing a method to control
acoustic radiation.

The effects of vibrational nonequilibrium processes on turbulence-generated acoustic noise
are investigated in a Mach-2.8 shock-tunnel facility at the University of Maryland. CO,, N,, He,
and He/CO, mixtures are injected into the lower boundary layer of the flow through a porous
plate located in the upstream region of the test section. A four-point Focused Laser Differential
Interferometer (FLDI) positioned above the turbulent boundary layer is used to obtain freestream
fluctuation measurements assumed to be representative of entropic fluctuations propagating along
streamlines and acoustic disturbances along Mach lines. Compared to a boundary layer of pure
air, the injection of 30%, 35%, and 40% He/CO, mixtures resulted in reduced fluctuation powers
correlated along a Mach line in the frequency range of 200 — 800 kHz. Minimal reductions in
fluctuation power were measured along corresponding streamlines; therefore, it could be con-
cluded that the vibrationally active gas species in the boundary layer primarily affected acoustic
radiation and not entropic disturbances.

As measurements are affected by noise radiated from the boundary layers on all four walls
of the facility, a mathematical disturbance model is created to examine the sensitivity of the mea-
sured attenuation to acoustic disturbances propagating from the lower boundary layer only. Dis-

turbances are modeled as Gaussian wave packets propagating along Mach lines from the four test



section walls and along streamlines. Modeling the acoustic disturbances from the lower bound-
ary layer with a 15 — 30% amplitude reduction resulted in amplitude spectral densities and cross
power spectral densities that agreed well with the FLDI measurements. Thus, the injection of a
vibrationally active gas into a turbulent boundary layer has the potential to significantly reduce
acoustic-disturbance amplitudes in the freestream, greatly expanding the utility of conventional

high-speed facilities to study flows in which transition plays an important role.
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Chapter 1: Introduction

1.1 Motivation

The complex flow physics encountered in high-speed flight include turbulent boundary
layers, shear layers, laminar-turbulent transition, shock-wave/boundary-layer interactions, fluid-
structure interactions, heat transfer, nonequilibrium chemistry, and more. The breadth of these
complexities requires detailed models to better understand their effects on flight performance.
While theoretical modeling has provided insight into some underlying mechanisms, practical
vehicle design requires both theoretical models and empirical approximations. Despite advance-
ments in computational power and efficiency, numerical simulation can still be incapable of cap-
turing the flow physics necessary to represent the dynamics of the full vehicle system. Further-
more, high-speed flight testing is expensive, has limited onboard diagnostics, and involves ex-
tensive planning and collaboration among universities and military organizations. As a result of
these challenges, ground-test facilities are heavily relied on to study high-speed flow phenomena.

Although the methods by which high-speed flow is created in wind tunnels can vary de-
pending on facility type, the resulting flow will always be affected by its generation process. In
particular, the gas processes used to create the reservoir conditions, and nozzles used to accelerate
the flow invariably introduce disturbances into the flowfield. These disturbances can have signif-

icant impacts on the aerodynamic behavior of the test model in the freestream flow. Since each



ground-test facility is inherently unique, this makes it difficult to compare experimental results
obtained from various wind tunnels. Additionally, comparisons to computational and free-flight
data are challenging. Thus, the accurate comparison of experimental, computational and free-
flight data requires advances in our ability to reduce freestream disturbance levels in ground-test

facilities.

1.2 Noise in High-Speed Facilities

The noise environment encountered by models in the freestream flow of conventional high-
speed wind tunnels is substantially stronger than that experienced in atmospheric flight and leads
to much reduced transition Reynolds numbers. The processes by which boundary layer transition
occurs is discussed by Morkovin (1994) and Reshotko (1994). As the disturbance amplitudes in
the freestream increase, receptivity mechanisms of laminar boundary layers lead to the growth
of instabilities, resulting in breakdown and transition to turbulence. Laminar-turbulent transition
has dramatic effects on heat transfer, skin friction, and flow separation (Pate and Schueler, 1969;
Schneider, 2001). Therefore, accurate predictions of the transition location is required to reduce
uncertainties involved in vehicle design and prevent over-engineered thermal protection systems.

The effects of freestream noise on the transition location complicates the use of conven-
tional tunnels for studying hypersonic flow problems in which boundary-layer transition is im-
portant. This has led to the development of “quiet” tunnels, which provide low noise levels com-
parable to flight (Schneider, 2008). The first supersonic and hypersonic quiet tunnels were devel-
oped from the late 1960s to the mid 1990s at the NASA Langley Research Center. A summary of

their developmental history is presented by Schneider (2008). Building on these achievements,



a low-Reynolds number Mach-4 quiet Ludwieg tube (PQFLT) and Mach-6 quiet Ludwieg tube
(BAMO6QT) were developed at Purdue University, which serve as the primary sources of quiet-
tunnel data to date. These successful facilities feature axisymmetric nozzles used to eliminate
crossflow and corner flows, long nozzles with small curvature to dampen centrifugal (Gortler)
instabilities, highly-polished throats to reduce roughness effects, and bleed slots upstream of the
throat to remove streamwise vorticity and limit boundary-layer transition along the nozzle walls.
While great progress has been made in the development of high-speed quiet tunnels, substantial
research and funding is still needed to obtain transition measurements under fully quiet condi-
tions. Although existing quiet flow facilities are well-suited for stability and transition research
at limited Reynolds numbers, conventional tunnels are still widely employed due to their acces-
sibility, relatively inexpensive development, and range of operating Reynolds numbers.
Investigations into freestream disturbances in high-speed tunnels date back to Kovasznay
(1953), who showed that small fluctuations in a viscous compressible flow can be described
by three disturbance fields: entropy inhomogeneities, vortical perturbations, and acoustic waves.
Morkovin (1957, 1959) expanded on the origin of the disturbance fields and discussed the relative
importance of each, which can vary widely depending on the facility type. Shown in Figure 1.1
from Schneider (2008) are the various sources of freestream fluctuations. In reflected-shock
tunnels, entropy disturbances are known to originate in the reservoir and travel in the streamwise
direction at the mean flow velocity, while acoustic disturbances are radiated from the turbulent
boundary layers on the nozzle walls and propagate into the freestream along characteristic Mach
lines (Morkovin, 1959). Flaws in the nozzle wall can also lead to shivering Mach waves, which
are standing waves that are modulated to “shiver” by passing eddies within the turbulent boundary

layer (Williams and Maidanik, 1965). Vorticity fluctuations originate upstream of the nozzle and
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Figure 1.1: Freestream disturbances in high-speed wind tunnels from Schneider (2008).

result from the variation of the solenoidal component of the velocity field. In high-speed facilities,
however, vortical fluctuation levels are often very low due to the large velocity ratio across the
nozzle (Morkovin, 1959), leaving entropic and acoustic disturbances as the primary contributions
to freestream turbulence intensity.

The origin of acoustic noise in compressible shear and boundary-layer flows has been in-
vestigated theoretically (Phillips, 1960; Pao, 1973), experimentally (Pate and Schueler, 1969;
Laufer, 1964), and numerically (Duan et al., 2014, 2015, 2016; Zhang and Duan, 2016). The
current understanding of the origin of acoustic noise is based on the eddy Mach-wave concept
of Phillips (1960), whereby radiation is produced from structures within the boundary layer mov-
ing supersonically with respect to the freestream. As the Mach number is increased, an increasing
fraction of turbulent eddies acquire a relative supersonic velocity, leading to an increase in radi-
ation intensity at higher Mach numbers. Hot-wire-anemometry (HWA) measurements by Laufer
and Vrebalovich (1960) and Laufer (1961, 1964) indicated that acoustic disturbances are likely
to dominate the disturbance environment at Mach numbers of 2.5 or above. Laufer (1961) also

showed that radiated acoustic noise had a preferred orientation in the laboratory reference frame



that was different from the Mach angle. This incidence angle of radiated waves is linked to the
source velocity of the moving eddy in a turbulent boundary layer. In the frame of reference of
the moving source, the wavefront is a Mach wave. The relation between the inclination angle, ¢,,
and source velocity, U, is shown in Figure 1.2 from Schilden and Schroder (2019). As detailed

by Schilden and Schroder (2019), the two-dimensional wavevector of the resulting wavefront is

w .
(kx’ky) = U cos by + du (cos ¢y, singy), (L.1)

where w is the angular frequency, U is the freestream velocity, a., is the speed of sound in
the freestream, and the positive and negative sign denotes the fast and slow acoustic waves,
respectively. The phase velocity of the radiated acoustic wave along the wall-parallel coordinate
is equal to the source velocity, that is Uy = w/k,. For slow acoustic waves, the source velocity
must be within the interval 0 < U; < U, — a, and the inclination angle is related to the source

velocity by

-1
cos¢; = (1 - (l]]) M, (1.2)

where M., = Us/a~ 1s the Mach number. The lower bound of the source velocity (U; — 0)
gives ¢; = cos™!(1/M.,,), i.e., a Mach wave, while the upper bound (U; — U, — a) represents
a slow acoustic wave without inclination (¢; = 0). The Mach number dependence of the non-

dimensional source velocity, U,/ U, can be estimated from a linear fit of the experimental and
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from Schilden and Schroder (2019).

numerical data by Laufer (1961) and Duan and Choudhari (2013), which gives

Uy
U 0.0784M., + 0.1861 (1.3)

o0

in the range 2 < M, < 6.

Seen in Figure 1.3 from Duan et al. (2015) is a numerical schlieren image of acoustic
radiation from turbulent boundary layers along channel walls in Mach-5.86 flow. Duan et al.
(2015) showed that the waves radiated from either channel wall hardly change their preferred
orientations in the over-lapping region, and the resulting fluctuation intensity is the summation of
the two sources. In the spanwise direction, the waves are not truly planar, with a finite spanwise
extent attributed to the acoustic sources within the turbulent boundary layer also being of finite
size (Duan et al., 2016).

Acoustic disturbances in the freestream are particularly relevant to the boundary-layer tran-
sition process of slender, smooth bodies at small incidence. For these configurations, the laminar
boundary-layer receptivity to freestream disturbances leads to the growth of a dominant “second-

mode” instability, defined by Mack (1975). The second-mode instability is acoustic in nature,



Figure 1.3: Numerical schlieren image in a streamwise wall-normal plane of a double wall Mach-
5.86 configuration from Duan et al. (2015).

primarily characterized by fluctuations in density, and the most unstable second-mode waves (i.e.,
possessing the highest amplification rates) are two-dimensional. A number of experimental stud-
ies including those from Demetriades (1960, 1974, 1977), Kendall (1975), Stetson et al. (1983),
and Stetson and Kimmel (1992) confirmed the existence of second-mode disturbances and re-
vealed their “rope-like” structure with fundamental frequencies approximately proportional to
1/(26), where ¢ is the boundary-layer thickness. For circular cones, these frequencies are typi-
cally on the order of 100 — 400 kHz (Laurence et al., 2016; Butler and Laurence, 2022; Kennedy
et al., 2022). From the perspective of the thicker, upstream radiating boundary layer, the critical
freestream disturbances for transition are at relatively large wavenumbers. Additionally, direct
numerical simulation (DNS) studies by Duan et al. (2014, 2016) have shown conclusively that the
dominant source of acoustic radiation within a high-speed turbulent boundary layer is the near-
wall region. Therefore, for boundary-layer transition problems, the most relevant high-frequency

acoustic disturbances will have propagated many wavelengths through the upstream radiating



boundary layer to the freestream. Mechanisms capable of attenuating the acoustic disturbances
within the upstream turbulent boundary layer thus may play a critical role in the reduction of

freestream-disturbance amplitudes.

1.3 Attenuation of Acoustic Disturbances

The absorption and dispersion of acoustic waves in gases results from several mechanisms.
These include viscous dissipation and thermal conductivity, diffusion in mixtures, and excitation-
relaxation processes between internal (e.g., vibrational) and external (translational and rotational)
degrees of freedom. The attenuation related to viscous dissipation and heat conduction is based
on the classical formulation of Stokes (1845) and Kirchhoft (1868). Classical attenuation is well
understood for ideal gas mixtures with a known viscosity and conductivity. Attenuation due to
diffusion occurs when the propagation of an acoustic wave causes local fluctuations in concentra-
tion as a result of the varying masses of the mixture components. The decrease in entropy in the
arrangement of molecules results in an energy reduction in the acoustic wave. If the appropriate
gas constants are known, the attenuation from diffusion can be reliably calculated (Bhatia, 1985).

Predicting the molecular relaxation processes and their effect on attenuation in polyatomic
gases and mixtures, however, remains a challenge. In the excitation-relaxation mechanism, the
propagating acoustic wave excites vibrational energy states of the gas molecules, and the subse-
quent transfer of energy between internal and external modes occurs with a relaxation time that
is dependent on the collisional dynamics, vibrational modes available, and gas constants, but is
significantly longer than that required to achieve translational/rotational equilibrium. If the pe-

riod of the acoustic wave is of the same order as the vibrational relaxation time, oscillations in the



thermodynamic state of the gas remain out of the phase with the acoustic disturbance, resulting in
significant attenuation and dispersion of the propagating waves (Clarke et al., 1964). This occurs
because the acoustic wave speed in a real gas does not propagate at the well known isentropic
sound speed for all frequencies, but rather propagates at a speed dependent on the internal energy
modes. If the acoustic frequency is significantly lower than the relaxation rate of the gas, the
translational and vibrational modes of the gas have time to respond to the disturbance and remain
in equilibrium. In this case, the wave will propagate at the equilibrium speed of sound. At high
frequencies, the gas is unable to adjust to the change in state, and the wave will propagate at the
frozen sound speed. Between these regimes, the relaxing gas acts as a dispersive medium and
the propagation of the acoustic wave results in energy transfer between modes. This interaction
between an acoustic wave and a vibrationally active gas species was investigated numerically
by Wagnild (2012).

Attenuation rates in air between 3000 K and 5000 K can be larger than 0.1 per wave-
length (Fujii and Hornung, 2003). At lower temperatures, the vibrational and dissociational
modes of air constituents freeze out; however, the vibrational modes of carbon dioxide and other
polyatomic gases remain substantially excited even at room temperature, leading to significant
attenuation of sound waves. Therefore, CO, and mixtures of CO, with other polyatomic gases
are of particular interest for applications of acoustic damping at low and moderate temperatures.

The theory of vibrational energy transfer in diatomic gases was first presented by Zener
(1931), Landau (1932) and Landau and Teller (1936). Later, the theory was applied to poly-
atomic gases by Kneser (1933), Schwartz et al. (1952) (SSH), and Tanczos (1956), who utilized
a quantum-mechanical theory to model the probability of molecular transition for a given colli-
sion between two molecules. The complex molecular relaxation processes can lead to coupled
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mechanisms of vibrational-translational (V-T) and vibrational-vibrational (V-V) energy transfer
between different energy levels, producing several effective relaxation frequencies. In multi-
component gas mixtures, the relaxation frequencies also depend on the concentrations of the
components. Although some theories on decoupling the multimode vibrational relaxation energy
exchange have been proposed by Bauer (1965), Bauer et al. (1972) Shields (1970), and Bass
et al. (1972), they cannot be used to analyze multi-component mixtures. More recently, Dain and
Lueptow (2001) developed a model for molecular relaxation in ternary mixtures of polyatomic
gases based on the coupled relaxation equations given by Schwartz et al. (1952) and Landau and
Teller (1936). Zhang et al. (2013) later extended the theory of Dain and Lueptow (2001) in order
to decouple the V-V energy exchange, providing an analytical model that can lead to multiple
peaks of sound absorption in a multi-component gas mixture at room temperature.

Despite this development in theoretical modeling of the vibrational relaxation processes
for certain gas mixtures, there remains limited experimental data for comparison and validation,
particularly at elevated temperature. Typically, experimental measurements of attenuation coeffi-
cients are obtained by sending acoustic waves through a known test gas at a specified temperature
and pressure. By varying the distance between an emitter/receiver pair of ultrasonic transducers,
the voltage output from the receiving transducer can be related to the attenuation coefficient of
the gas. Various experimental setups are detailed in the works of Fricke (1940), Winter and
Hill (1967), Wang and Springer (1973), Shields and Bass (1977), Zuckerwar and Griffin (1980),
Ejakov et al. (2003) and Petculescu et al. (2006). The most recent comprehensive measurements
of acoustic attenuation are from the work of Petculescu et al. (2006), which included mixtures
of C,Hy/N,, CO,/air, and CHy/air at room temperature, and Ejakov et al. (2003), which featured
0,/N,, CHy/N,, and CO,/N, at room temperature. Seen in Figure 1.4 from Petculescu et al.
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Figure 1.4: Attenuation per wavelength for mixtures of CO, and CH, with air (symbols: O,
92kHz; O, 149kHz; A, 215 kHz; ¢, 1 MHz) from Petculescu et al. (2006). Curves represent
model predictions.

(2006) are measurements of attenuation per wavelength of CO, and CH, with air, where the
symbols represent the various acoustic frequencies at which the transducers operated at. At room
temperature, CO, with 2% air has a substantial attenuation of approximately 0.13 per wavelength
at a frequency of 40 kHz/atm. It is also evident that the measured attenuation is significant over
a considerable range of f/P values. Attenuation measurements at higher temperatures for select
gas mixtures have been reported by Bass (1973) and Bass et al. (1974) (CO,, CO,/O,, H,0);
Wang and Springer (1973) (CHy, Ar, C,H,, C,Hy4, C3Hg); Lewis and Shields (1967) and Shields
(1967, 1959) (SO,, SO,/Ar, CO,, CO,/He); and Winter and Hill (1967) (H,, D, O,, N,). Out-
side of these works from the 1950s-1970s, few other high-temperature attenuation results are
available.

High-temperature acoustic attenuation measurements are particularly important for poten-

tial applications in high-speed flows. At the high temperatures of typical stagnation regions in

11



high-speed flows, the gases can exhibit significant nonequilibrium effects, resulting in molecular
excitation-relaxation processes and attenuation of acoustic radiation in the flow. Investigations
of the effects of thermodynamic nonequilibrium on turbulence-related phenomena are rare. In
the low-speed turbulent-channel-flow experiments of Fuller et al. (2014), N, was vibrationally
excited using a radiofrequency plasma generation system; the plasma induced nonequilibrium,
thermal heating, and flow acceleration resulted in significantly reduced peak turbulence intensi-
ties and Reynolds shear stresses. Numerical simulations of canonical turbulence-in-box (Neville
et al., 2014) and shear flows (Neville et al., 2015) have also indicated that thermodynamic
nonequilibrium may have a significant effect on the fluid dilatation and temperature fluctuations
in hot turbulent flows. Attenuation from vibrational relaxation in CO, has been shown by Fu-
jii and Hornung (2003), Leyva et al. (2009), and Jewell et al. (2013) to delay laminar-turbulent
transition on a 5-degree half-angle cone in the TS shock tunnel at the California Institute of Tech-
nology (CalTech): this was attributed to damping of the second-mode disturbances which are
primarily acoustic in nature and were assumed to be responsible for transition at these condi-
tions. Presented in Figure 1.5 are the results from Leyva et al. (2009), who reported that the
transition Reynolds number more than doubled when the freestream gas was composed of 40%
N, with CO, compared to 100% N,. Fujii and Hornung (2003) also showed that the sound ab-
sorption rates of CO, were of the same order as the second-mode amplification rates in the range
of frequencies where the acoustic disturbances were most amplified. For the case of air, the sound
absorption rates were greatest at frequencies much lower than those at which the acoustic ampli-
fication rates became significant; thus, transition delay due to nonequilibrium processes would
not be expected. Similarly, a computational study by Elliott et al. (2019) found that CO, was
effective in reducing the amplification rates of disturbances in the boundary layer on a 10-degree
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Figure 1.5: Effect of CO, mole fraction in the test gas on transition Reynolds number for flows
over a 5 degree half-angle cone from Leyva et al. (2009).

half-angle cone in high- and low-enthalpy flow in the same T3 facility. While these studies high-
light some aspects of the effects of nonequilibrium processes on acoustic instabilities within a
boundary layer, the effects of nonequilibrium on turbulence-generated acoustic radiation have

not been reported to date.

1.4 Focused Laser Differential Interferometry

Measurement of acoustic radiation in high-speed facilities is challenging. Pitot-pressure
measurements suffer from low bandwidth and the creation of bow shocks that modulate and filter
flow features of interest (Mahesh and Lee, 1995). Additionally, Pitot measurements are depen-
dent on the probe geometry and disturbance propagation directions, which complicates the anal-
ysis and increases uncertainty (Stainback and Wagner, 1972; Bounitch et al., 2011; Schilden and
Schroder, 2019). Flush-mounted surface transducers meanwhile provide poor spatial resolution

and are generally unsuitable for measuring the noise level in a hypersonic freestream. Hot-wire
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anemometry (HWA) also has a limited bandwidth (generally <<1 MHz) and are often unable to
withstand the harsh environment of a hypersonic tunnel. Despite measurements of freestream
pressure fluctuations tracing back to those of Laufer (1964), there remains limited experimental
freestream characterization that is suitable for developing reliable transition models (Duan et al.,
2016); this has led to the application of direct numerical simulations (DNS) to estimate facility
noise by numerous authors, notably Duan and Choudhari (2013), Duan et al. (2014), Duan et al.
(2016), Zhang et al. (2018), and Gloerfelt and Berland (2013).

A promising diagnostic called Focused Laser Differential Interferometry (FLDI) pro-
vides an alternative method for high-sensitivity, high-bandwidth measurements of tunnel
noise (Parziale, 2013). The technique was invented by Smeets and George in the 1970s (Smeets
and George, 1971; Smeets, 1972; Smeets and George, 1973, 1975; Smeets, 1977) and is a non-
intrusive, non-imaging, polarizing interferometer that is sensitive to phase differences between
two closely-spaced probe volumes. The differences in phase are the result of varying densities
at each FLDI probe; therefore, the measured voltage fluctuations are proportional to the density
gradient between the two focal volumes. FLDI is capable of high frequency response - generally
above 10 MHz (Parziale et al., 2012) - with high spatial resolution (on the order of micrometers)
and a high signal-to-noise ratio. This is particularly important for the measurement of high-
frequency, weak acoustic disturbances that contribute to the second-mode instability mechanism.
Modified from its original form, Laser Differential Interferometry (LDI), the FLDI is arranged
such that the beam radii are large and overlapping away from the focal plane. This focusing
arrangement of the FLDI allows unwanted signal to be rejected away from the flow features of
interest at the instrument’s focus. Detailed explanations of the working principle of FLDI are
given by Schmidt and Shepherd (2015), Parziale et al. (2014), Settles and Fulghum (2016), Ful-
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ghum (2014) and Ceruzzi et al. (2021b). More recently, work by Hameed et al. (2020), Ceruzzi
and Cadou (2019), Ceruzzi et al. (2020), Jewell et al. (2019), and Bathel et al. (2020, 2021) has
extended the instrument to provide a non-intrusive measurement of velocity by means of a two-
point FLDI system; further advancements to multi-point line and linear array FLDI have been
made by Weisberger et al. (2021) and Gragston et al. (2021).

The relationship between the FLDI response and measured density gradients has been in-
vestigated by several authors, most notably by Fulghum (2014), Schmidt and Shepherd (2015),
Settles and Fulghum (2016), Lawson (2021), and Ceruzzi (2022). Fulghum (2014) presents a
comprehensive analysis of the use of transfer functions to model how the instrument filters fluc-
tuations away from the focus. Schmidt and Shepherd (2015) utilized similar analytical methods
and conducted a ray tracing simulation to interpret the FLDI signal. Lawson (2021) further builds
upon this work and validates the ray tracing method, while also introducing a detailed analytical
transfer function that incorporates disturbances convecting at an arbitrary angle. Most recently,
Ceruzzi (2022) presented a simple transfer function method that accounts for velocity variation
in space and frequency.

Within the last 10 years, FLDI has been used numerous times to investigate disturbances in
high-speed facilities. Freestream turbulence spectra from single-point FLDI have been obtained
by Fulghum (2014) and Settles and Fulghum (2016) in the Penn State Supersonic Wind Tunnel
and Arnold Engineering Development Complex (AEDC) Hypervelocity Wind Tunnel 9. In the
TS5 shock tunnel at Caltech, Parziale et al. (2014) quantified freestream density perturbations and
turbulence intensities. Measurements of second-mode instabilities within the boundary layer on
a cone surface have been made by Benitez et al. (2020) in the BAM6QT facility, Bathel et al.

(2020) in the 20-Inch Mach 6 Wind Tunnel at NASA Langley, and Hameed et al. (2022) in the
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TS5 shock tunnel. Ceruzzi et al. (2020, 2021a) used a two-point FLDI to probe the turbulent
boundary layer within the AEDC’s calibration tunnel (M3CT) at Mach 2.6 and Hypervelocity
Wind Tunnel 9 at Mach 18, respectively. Houpt and Leonov (2021) also employed a cylindrical
FLDI to probe disturbances close to the surface of flat walls in the blowdown wind tunnel SBR-50
at the University of Notre Dame.

The renewed interest in FLDI has led to a fairly extensive amount of turbulence intensity
studies in high-speed facilities; however, it has not yet been utilized to isolate acoustic radia-
tion in the freestream. By orientating a multi-point FLDI along the Mach angle, fluctuations
correlated between the probes separated along a Mach line would consist primarily of acous-
tic radiation. Therefore, comparisons could be made between entropic disturbances propagating

along streamlines and acoustic disturbances propagating along Mach lines.

1.5 Scope of Current Work

This study seeks to investigate the effect of vibrational nonequilibrium processes on acous-
tic radiation from a compressible turbulent boundary layer. The aim of the present work is to
provide a physical basis for a new control mechanism to reduce high-frequency (> 100kHz)
freestream noise levels in high-speed facilities. This would potentially allow for a “quasi-quiet”
capability in conventional hypersonic wind tunnels, greatly expanding their utility for studying
flows in which transition plays an important role. If such a control mechanism could be applied
to conventional tunnels, it would allow for a wider range of flow conditions to be achieved than
in true quiet tunnels, and at a potentially much reduced development cost.

This investigation consists of the following steps: (i) identify gases and gas mixtures with
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desirable acoustic absorption characteristics at temperatures and pressures relevant to high-speed
flows; (i1) develop a multi-point FLDI capable of obtaining reliable measurements of high-
frequency acoustic disturbances; (iii) measure acoustic radiation emitted by boundary-layer flows
composed of various gas mixtures and compare with air flows; (iv) create a mathematical model
of the disturbance environment and compare theoretical results with the freestream fluctuations
measured experimentally.

First, an acoustic chamber is designed to study the attenuation properties of various gas
mixtures at elevated temperatures. By measuring the the attenuation spectra of previously un-
measured gas mixtures at a variety of temperatures and pressures, investigations into the effect of
vibrational nonequilibrium on turbulence-generated noise can be better informed. In particular,
acoustic attenuation coeflicients are measured in CO,, N,O, and mixtures consisting of CO,/N5,
CO,/He, and N,O/He at temperatures up to 529 K. Next, a four-point FLDI is developed to mea-
sure the acoustic radiation in high-speed flows. Transfer functions for interpreting the FLDI
signal are applied to estimate the instrument’s sensitivity to disturbance wavenumber, as well as
the influence of the sidewall boundary layers in corrupting the FLDI signal. In a Mach-2.8 shock-
tunnel facility at the University of Maryland, the gas mixtures of interest (as identified from the
acoustic chamber measurements) are then introduced into the turbulent boundary layer along the
bottom wall of the test section. The injection of the gas mixtures occurs through a porous plate,
the process of which is controlled by a Ludwieg tube and solenoid valve system. High-speed
schlieren visualization is used to examine the effect of injection on the external flowfield, as well
as determine where the FLDI focal plane should be located. The four-point FLDI is subsequently
positioned above the turbulent boundary layer, downstream of the injection location, and simul-
taneous measurements are made of freestream disturbances propagating along streamlines and
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Mach lines. Through an analysis of the fluctuations correlated along a streamline and Mach line,
the relative strengths of entropic and acoustic disturbances are compared for the various injec-
tion conditions. Since the correlations of fluctuations along a streamline and Mach line are not
completely independent of disturbances propagating in other directions, a mathematical model
of freestream disturbances is used to isolate the reductions in acoustic fluctuation amplitudes that
occurred only as a result of the vibrationally active gas species in the lower boundary layer.

In Chapter 2, a theoretical model of acoustic attenuation from vibrational nonequilibrium
processes is presented and the design of a high-temperature acoustic chamber is described. The
measurements of attenuation coefficients obtained from the acoustic chamber are then discussed.
In Chapter 3, the attenuation of acoustic radiation emitted by a turbulent boundary in a high-speed
facility is investigated. The experimental methodologies of the shock-tunnel tests are detailed,
the schlieren and FLDI diagnostics are characterized, and the acoustic attenuation measurements
are discussed. Chapter 4 presents the mathematical framework and results of the theoretical
disturbance model. Finally, in Chapter 5, the conclusions and major contributions of the work

are presented, along with recommendations for future research.
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Chapter 2: Acoustic Attenuation in a Vibrationally Active Gas: Theory and

Measurements

To better understand how vibrationally active gas mixtures could affect acoustic radiation
and turbulence intensities in high-speed flows, measurements of attenuation coefficients are made
at a variety of pressures and temperatures inside a heated acoustic chamber. The resulting co-
efficients are compared to previous results in literature and a theoretical model of vibrational

relaxation.

2.1 Acoustic Attenuation Model

Acoustic attenuation in gas mixtures can be attributed to vibrational relaxation processes,
classical attenuation, and diffusional attenuation. The total sound absorption coefficient, «, of a
gas medium can be expressed as the summation of these contributions (Ejakov et al., 2003), that
is

@ = Qyip + Aclass T Adifi- (2.1)

In the following, we consider the first and latter two effects separately.
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2.1.1 Vibrational Relaxation

In a gaseous medium, the molecules exchange energy via kinetic collisions. Excitation-
relaxation processes transfer energy between internal (e.g., vibrational) and external (transla-
tional and rotational) degrees of freedom, and/or among internal degrees of freedom. When
a sound wave travels through the medium, excited molecules do not exchange vibrational en-
ergy infinitely fast with the translational degrees of freedom associated with the temperature
fluctuations. As a result, the medium becomes dispersive, and the specific heat of the relaxing
gas becomes complex-valued and frequency dependent (Petculescu and Lueptow, 2005). The
complex process in which the molecules change state upon collision requires decoupling the
various energy exchanges that include: (1) vibrational - translational (V-T) energy exchange
between vibrational and translational degrees of freedom for one type of molecule; (2) V-T en-
ergy exchange for vibrational and translational degrees of freedom between different types of
molecules; (3) vibrational-vibrational (V-V) energy exchange between vibrational modes within
a given type of molecule; and (4) V-V energy exchange between vibrational modes of different

types of molecules (Dain and Lueptow, 2001).

2.1.1.1 Transition Probabilities

Vibrational relaxation theory is built upon the calculation of transition probabilities. These
are based on the quantum-mechanical treatment of the inelastic scattering of molecules of species
a, initially in vibrational state i,, from a second species b, initially in state i,. After the collision,
molecules a and b are in the final state f, and f}, respectively (Petculescu and Lueptow, 2005).

There exist two ways in which the exchange of translational and vibrational energy occurs. First,
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there are processes whereby only one collision partner changes vibrational state. For example,
the probability of molecule a losing one quantum (i, = 1 — f, = 0) while the vibrational state
of molecule b is unaltered (i, = 0 — f, = 0) would be described by Pj(a, b). This is the V-T
process. Second, collisions may exist in which both partners gain/lose one quantum each. This
V-V process is described by the probability P%(a, b) (Petculescu and Lueptow, 2005). Based on
the SSH theory (Schwartz et al., 1952), the calculation of the probability that a pair of molecules

will undergo such transition is given by Tanczos (1956) as

N 1.364 . 2 1 8 3 aAEa 2 | AEa )
i ﬂ(“’b):—cbpwp”(r_) vvas(3) (M) e exp(‘3§+ Ly )

b= fp 1+ b o 3 af*zh% 2kBT kBT
(2.2)
with
* 1/3

_ :uabVO2 _ AE‘Z,},/Jahﬂz 2.3)

2kgT — \20*2h2ksT) '
AEu, = hpva(ia — fo) + hpvi(ip — fp), (2.4)

mym
Loy = b (2.5)
my, + my

Here, C,, is the Sutherland constant of the mixture, r. is the distance of closest approach
between the molecules, ry is the distance for zero potential value, u,, is the reduced mass of
the collision pair, AE,, denotes the net total change in translational energy involved during a
collision, v is the vibrational mode, hp = 6.62607 x 1073 m?kg/s is Planck’s constant, and
kg = 1.3807 x 1072 J/K is the Boltzmann constant. The interaction potential is described by

the properties o, €, and v. P, is a steric factor that is required to account for the fact that

21



the molecules are not spherically symmetrical and that some collision orientations will be more
effective than others. This is usually taken as 1/3 for diatomic molecules and for longitudinal
vibrations of linear polyatomic molecules, and 2/3 for non-linear polyatomic molecules and for
bending modes of linear molecules (Lambert and Lambert, 1977). For larger molecules, how-
ever, there is a considerable amount of arbitrariness in this choice (Miklavc and Ficher, 1976;
Doi et al., 1973; Dickens and Linnett, 1957). V, is the vibrational factor, and represents the
coupling of the initial and final states of the oscillator under the influence of the perturbation
produced by the collision (Lambert and Lambert, 1977). Vibrational factors are defined for zero

and single quantum jumps as

Vit = 1, (2.6)

@ ?A2(i + Dhp

(i+1)=i _ yri—(i+1) _
Yy =V B 82y

2.7
The vibrational amplitude coefficient, A2, is the Cartesian displacement of an atom for unit change
of the normal coordinate of a given vibration (Lambert and Lambert, 1977). The values of A?
for the surface atoms of a molecule are then averaged and summed over the number of surface
atoms to give A2. For a diatomic molecule XY, the amplitude coefficient is dependent only on the

masses of the atoms X and Y:

A2 = A2 + A = My + X . 2.8
X Y mx(myx + my)  my(my + my) 28)

For polyatomic molecules, A2 must be obtained from a normal coordinate analysis of the molec-

ular vibrations (Wilson et al., 1980). The resulting amplitude coefficients for certain polyatomic
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molecules are listed in Table 3.1 of Lambert and Lambert (1977).
The interaction potential of the collision is approximated by the Lennard-Jones (LJ) func-
tion

Vii(r) = 4€a |(ro/ )" = (ro/ 1)’ (2.9)

where r is the molecular separation and ¢, is the pairwise potential depth (Jones, 1924). For a
two-species mixture, €., = (€,€6,)"/? and ry = (rg, + ro,)/2. Presented in Figure 2.1, the Lennard-
Jones function describes the repulsive interactions that result from overlapping electron clouds
at short distances, and attractive interactions due to temporary dipoles (Van der Waals forces).
The use of the Lennard-Jones function, however, can lead to mathematically intractable integrals
when calculating the matrix elements of the transition probabilities. Therefore, SSH (Schwartz
et al., 1952) introduced a shifted exponential potential function that has both positive (repulsion)
and negative (attraction) values. SSH fit the magnitude and slope of the shifted exponential
function to the Lennard-Jones potential at the point of closest approach, r., for the transition-

favorable incident velocity v;. The shifted exponential fit is given by

Vexp(r) = (Eab + E*) ea*(rc—r) = €abs (210)
with
* 1 %2
E = FHabVo (2.11)

where o is the decay parameter of the exponential function (Petculescu and Lueptow, 2005). At
the classical turning point, r., all the kinetic energy of the incident molecules, E*, is converted into

potential energy. At the hard-sphere collision diameter, roy, Vij(rg) = Vegp(ro) = 0. Using these
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Figure 2.1: Lennard-Jones potential function.
two fitting points, the two potential functions are matched iteratively (Petculescu and Lueptow,
2005). Starting with arbitrary values of r. and a*, both parameters are varied until Ve,,(r9) =
Vis(ro) = 0 and Veyp(re) = Viy(r.) = E*. From Equation 2.3 and Equation 2.11, it can be seen
that E* = (kT . Therefore, for a given AE,,, a*, and r,, the values of Vyy(r.) and V.., () can be

iteratively calculated until a*, r. and vy* are found.

2.1.1.2 Relaxational Absorption

In a gas mixture, the total change of thermodynamic energy caused by the sound propaga-

tion is the sum of the energy changes of all molecular degrees of freedom. For a gas mixture with
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a total of N vibrational modes and W kinds of molecules, the change in thermodynamic energy is

dE = C3'dT

N
= CydT + ) X,Cy°dT}® (2.12)

mix
J=1

N
=|Co + ) X,Cy*dT /T |dT,

J=1

where CP. = >V X,C}? is the external isochoric molar heat (IMH) of the mixture, C}° is the
external IMH of molecule /, X; is the mole fraction of molecule /, T}’ib 1s the instantaneous tem-
perature of vibrational mode j, C ;ib is the vibrational IMH of mode j, and X; is the mole fraction
of mode j. If molecule / contains N, vibrational modes, these N; modes share the same mole
fraction as X; (Zhang et al., 2013). For a linear molecule, C;° = SR/2; for a nonlinear molecule,
C;> = 3R. The vibrational IMH of mode j, C}®, is given by the Planck-Einstein function for a

harmonic oscillator:

. gviv exp(8¥°/Ty)

Cy® = g;R (’—] ! , (2.13)

TO vib 2

(exp@™/T0) ~ 1)

with
. ]’lpV

gUb = — 2.14
= 2.14)

Here, T is the equilibrium temperature, H;ib is the characteristic vibrational temperature, v; is the

characteristic frequency for mode j, and g; is the degeneracy of mode j. From Equation 2.12, the
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effective IMH of the mixture is

N
SRS o @1

J=1

with
y; =dT"/dT, (2.16)

where y; is the ratio between the temperature fluctuation of vibrational mode j and that of the
external degree of freedom. As the result of V-V coupling, y; is related to the energy relaxation
of all vibrational modes in the mixture. Therefore, Equation 2.15 is the coupled expression of
effective IMH. Decoupling y; subsequently decouples the multimode relaxation in a gas mixture,
the process of which is described by Zhang et al. (2013). In the derivation presented by Zhang
et al., the transition probabilities used in the calculation of the V-T and V-V transition rates are
those presented in Section 2.1.1.1.

Upon decoupling the multimode relaxation, Zhang et al. (2013) shows that the relationship
between the effective IMH and the sound relaxational absorption by the effective thermodynamic
sound speed, cef, 1S given by

Po(Cs + R)

— 2.17)
poCEr

Ceff =

where P, and p, are the equilibrium pressure and density, respectively. The sound propagation
in an excitable gas can be characterized in terms of a complex-valued effective wave number,
keg. The real and imaginary parts of k.¢ then yield the frequency-dependent phase speed, ¢, and
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relaxational absorption, ay;,, given by

ke = — —iayp = —, (2.13)
C Ceff
and
—2nIm(c:}
i = J, (2.19)
ARe(ch})

where a,;, is the acoustic attenuation due to vibrational relaxation processes.

The gas properties and Lennard-Jones parameters used in the vibrational relaxation model
are listed in Table 2.1 for the relevant gases. The vibrational amplitude coefficient, A2, for CO,
was obtained from Ejakov et al. (2003), who adjusted the value to best fit the experimental results.

Similarly, the vibrational amplitude coeflicient for N,O was adjusted to fit the experimental atten-

uation spectra of the present work. The steric factor, P,, for the vibrational mode v = 667 cm™!

of CO, was taken as 1/2, as was done by Dickens and Linnett (1957) for similar modes of SO,.

Table 2.1: The vibrational modes (v), degeneracies (g), steric factors (P,), Lennard-Jones po-
tential depth (e) (Hirschfelder et al., 1964), collisional diameter (ro) (Hirschfelder et al., 1964),
and vibrational amplitude coefficients (A%) (Lambert and Lambert, 1977) for gases used in the
vibrational relaxation model of Dain and Lueptow (2001) and Zhang et al. (2013).

Gas v(cm™') P, €lkg(K) ro(A) A2(amu')

8

667 2 12
1
1

CO, 1388 1/3 190 3.996 0.05
2349 1/3
589 2 2/3

N,O 1285 1 1/3 220 3.879 0.03
2224 1 1/3

N, 2331 1 1/3 91.5 3.681 0.0714
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2.1.1.3 Dependence on Frequency and Pressure

It is important to discuss the dependence of attenuation on the relaxation time 7, acoustic
frequency f, and pressure P. The propagation of an acoustic wave through a gaseous medium
results in a sudden increase in the energy of a fluid element. This leads to a redistribution of
energy amongst the various translational degrees of freedom, as well as the exchange of energy
between the external and internal degrees of freedom. The time constant that characterizes the
former process can be described by the time between molecular collisions, 7.. The energy transfer
between internal and external degrees of freedom, however, takes significantly longer and can be
characterized by a relaxation time 7 (Bhatia, 1985). Let Z. be the average number of collisions
required to reduce the deficit of internal energy to e~! of its value if the translational energy is

suddenly increased (as described by Bhatia (1985)). Therefore,

T=27, (2.20)

where Z, is known as the collision number, and Z_! is the average probability that the required
amount of energy is transferred in a single collision, known as the collision efficiency.

The average time between successive collisions, 7., is inversely proportional to the density
of the fluid, hence for an ideal gas at constant temperature 7. o< P~!. The collision efficiency Z.',
however, depends only on the relative velocity and distance of closest approach of the colliding

molecules, and is independent of P. Thus, from Equation 2.20,

7P = constant, (2.21)
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and the combination f7 may be increased by either increasing f or decreasing P. For this reason,
the attenuation at a given temperature depends only on the ratio f/P and not on the individual
values of f and P. This was first noted by Richards and Reid (1934), and is commonly used in

experimental investigations since it is typically easier to vary pressure than frequency.

2.1.2 Classical and Diffusional Attenuation

The attenuation related to viscous dissipation and irreversible heat conduction is based on
the classical formulation of Stokes (1845) and Kirchhoff (1868). The classical attenuation, @y,

is expressed as

(2.22)

Aclass =

2n%f (4 y-1DHK
_ _/’L + _— ],
pc \3 C,

where f is the frequency of the acoustic wave, p is the density, c is the sound speed, u is the shear
viscosity, 7y is the ratio of specific heats, K is the thermal conductivity, and C, is the specific heat
at constant pressure. For a pure gas species, the shear viscosity was calculated using Sutherland’s

law. For a mixture, the shear viscosity is calculated using

Xip;
mix = ) (2.23)
g Z Xi+ 2jai (Xi‘ﬁij)

with

(2.24)
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Here, X; is the molar ratio of species i, M; is the molar mass of species 7, and ¢;; are Wilke’s co-
efficients (Davidson, 1993). Similarly, from Mason and Saxena (1958), the thermal conductivity

of the mixture can be expressed as

X;K;
Knix = . (2.25)
Z Xi + 2 j(Xidij)

i

Diffusional attenuation is the result of local fluctuations in concentration of a gas mixture
caused by temperature and pressure fluctuations associated with a propagating acoustic wave.
The attenuation due to diffusion is detailed by Bhatia (1985) with the mutual diffusion coeffi-
cients, D,, from Lide (2004). From Bhatia (1985), the attenuation due to diffusion in a mixture

of two species is expressed as

M, - M,\*
#) , (2.26)

Qgiff = 27T2fD12%X1X2( T

where M., 1s the molar mass of the mixture.

As depicted in Equation 2.1, the total attenuation of a gas mixture, «, is the linear sum-
mation of the contributions from vibrational relaxation processes @y, classical attenuation ajass,
and diffusional attenuation agg. Although the primary peak in attenuation is the result of vi-
brational relaxation processes (as seen in Figure 1.4), attenuation from classical and diffusional

effects can be substantial above f/P ~ 1 MHz/atm (Ejakov et al., 2003).
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2.2 Heated Acoustic Chamber

A heated acoustic chamber was designed to experimentally determine the attenuation co-
efficients of various gas mixtures at elevated temperatures. By measuring the attenuation spectra
of previously unmeasured gas mixtures at a variety of temperatures and pressures, investiga-
tions into the effect of vibrational nonequilibrium on turbulence-generated noise can be better

informed.

2.2.1 Acoustic Chamber Design

The acoustic chamber design was based on similar facilities from Winter and Hill (1967)
and Wang and Springer (1973). Seen in Figure 2.2, the heated chamber consists of two cylindrical
Watlow ceramic fiber radiative heaters surrounding a quartz tube. The 650 W cylindrical heaters
have a 76.2 mm inner diameter, 177.8 mm outer diameter and a total heated length of 304.8 mm.
The heaters are wrapped in 25.4 mm thick, 128 kg/m?® dense ceramic fiber insulation, and encased
in a 12.7 mm thick aluminum tube. Inside the 67 mm diameter quartz tube, two quartz rods with
a diameter of 22mm and length of 635 mm are used as acoustic buffer rods to transmit and
receive ultrasonic waves through the test gas. This was accomplished with a pair of Steminc
SMFM21971MH transducers epoxied to the rod ends. The quartz rods are supported by optical
posts on breadboards, and are secured with shaft collars clamped around a protective neoprene
rubber. The distance between the quartz rods is varied with a linear translation stage, controlled
by a programmable servo motor (Thorlabs KDC101). As will be discussed in Section 2.2.2,
this allows the attenuation coeflicient to be measured using the differential path method (Winter

and Hill, 1967; Wang and Springer, 1973). The true distance traveled by the translation stage is
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measured with a linear variance indicator secured to the stage’s edge. The percentage error in the
indicated position of the stage was found to be approximately —1.1%, and the corrected distance
travelled is used in the data analysis. A photograph of the acoustic chamber setup with details
highlighted is seen in Figure 2.3.

A high-temperature thermocouple probe provides the control and high limit inputs into a
PID controller. The thermocouple probe used is capable of measuring temperatures up to 1600 K
with a response time of 0.55 s. The PID variables are tuned manually depending on the gas mix-
ture, setpoint temperature, and pressure. Using an NI DAQ module and LabVIEW program, a
second high-temperature thermocouple probe provides continuous measurements of the chamber
temperature. Pressure measurements are made with an Omega transducer located along the gas
supply inlet tubing, sufficiently far from the high temperatures of the test gas. For each mixture
and pressure, the temperature throughout the tests had a standard deviation less than 4 K. As a
result of the temperature variations and slight change in chamber volume throughout the tests, the
pressure varied by approximately +0.5%. For all attenuation coefficients presented Section 2.3,
an uncertainty of +7% is conservatively estimated from the standard deviation of repeated mea-
surements in the acoustic chamber.

The direction of the electronic signal used in the operation of the acoustic chamber is illus-
trated in Figure 2.4. First, a computer signals the translation stage to move a distance of 0.25 mm.
After moving, the translation stage sends a trigger signal to a Tektronix AFG1022 waveform gen-
erator, which outputs a pulsed sine wave to an Apex PAO8 amplifier. The amplifier then sends the
resulting 64 Vpp sine wave signal to the transmitting transducer, causing the piezoelectric mate-
rial to oscillate and transmit an ultrasonic wave. The ultrasonic wave propagates down the quartz

buffer rod, through the test gas, and down the second quartz buffer rod, resulting in a voltage
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Figure 2.2: Cross section schematic of heated acoustic chamber for attenuation measurements.
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Figure 2.3: Photograph of acoustic chamber with details highlighted.
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Figure 2.4: Direction of electronic signal used in the operation of the acoustic chamber.

response from the receiving transducer. The output voltage from the receiving transducer travels
through a Stanford SR560 preamplifier and is sampled at 20.83 MHz with a Picoscope 5444D.
The Picoscope is also triggered by the initial translation stage signal, with a delay for the ultra-
sonic propagation accounted for. The output voltage signal is then recorded on the computer and
the process is repeated 100 times, for a total test time of approximately 8 minutes.

Since the attenuation at a given temperature depends only on the ratio of frequency/pressure
(detailed in Section 2.1.1.3), either the acoustic frequency or chamber pressure can be varied.
It was determined that the transducers have the strongest sub-harmonics at 50 kHz and 90 kHz;
therefore, measurements were made with these acoustic frequencies at chamber pressures varying
from 1-0.75 atm at 50 kHz, and 1-0.2 atm at 90 kHz. Transmitted signals consisted of 8 cycles at
90kHz and 5 cycles at S0kHz. At pressures lower than 0.2 atm, the signal-to-noise ratio (SNR)
of the output voltage was too low for consistent measurements to be made. Additionally, the
chamber was designed for vacuum pressures only, so pressures above 1 atm could not be tested.

The rods are initially separated by approximately 20 mm, which was found to be sufficiently far
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as to not elicit a standing wave response, while still providing a high SNR.

2.2.2 Data Analysis

The attenuation coefficient of a gas can be found experimentally with the differential path
method (Winter and Hill, 1967; Wang and Springer, 1973). The acoustic pressure, P,, decreases

with distance, z, from the emitter according to

P, = Pa,Oe_aZ’ (2.27)

where P, is the amplitude of the acoustic wave at the emitter, and « is the attenuation coeffi-
cient (Ejakov et al., 2003). By varying the distance between the emitting and receiving trans-
ducers, the attenuation can be found from the slope of the natural logarithm of voltage amplitude
(proportional to acoustic pressure (Ejakov et al., 2003)) as a function of separation distance.
Equation 2.27 is valid for plane waves, but a correction may be applied to account for the diffrac-
tion and divergence of acoustic waves emitted from a transducer of finite size (Ejakov et al., 2003;
Wang and Springer, 1973). A correction factor computed by Pinkerton (1949) was used in the
works of Ejakov et al. (2003) and Petculescu et al. (2006), but is not applicable in the case where
the distance between the emitter and receiver is similar to the size of the emitter, as in this experi-
mental setup. A similar correction was computed by Wang and Springer (1973), who determined
that its application had an effect of less than 10% on the attenuation coefficient. In the current
study, the measured acoustic amplitudes were found to closely match the form of Equation 2.27;
therefore, no diffraction corrections were applied in order to simplify the analysis.

An example of a 90 kHz transmitted sine wave and subsequent output signal is seen in Fig-
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Figure 2.5: Transmitted pulse consisting of 8 cycles of a sine wave at 90 kHz (black), and the
resulting output signal (blue). The initial output response (red) is the signal used in the data
analysis.

ure 2.5 for CO; at 1 atm and 293 K. Only the initial output signal (outlined in red in Figure 2.5) is
used in the data analysis, while the reflected signals are ignored. The power of the output signal at
the acoustic frequency, Py, is computed with a power spectral density (PSD). The corresponding
amplitude is then plotted as a function of separation distance between the rods, and the attenua-
tion is found from the slope of the natural logarithm of the amplitude. Presented in Figure 2.6 is
the power of the output signal as a function of distance between the rods, normalized by wave-
length, for CO, at 1 atm and 293 K, where z is the initial separation distance. In Figure 2.7, the
natural logarithm of the signal amplitude, normalized by the amplitude at the initial separation
distance, is plotted as a function of normalized distance between the rods for CO, at 293 K and
various pressures. In each case, a line of best fit is plotted in red. For the 90 kHz signal shown
here, decreasing the pressure below 1 atm results in a decrease in the attenuation coefficient.

The attenuation coefficient is typically plotted as the attenuation per wavelength, a4, versus
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Figure 2.6: Power of the output signal at 90kHz as a function of distance between the rods,
normalized by wavelength, for CO, at 1 atm and 293 K.
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Figure 2.7: Natural logarithm of the normalized output signal amplitude at 90 kHz as a function
of distance between the rods, normalized by wavelength, for CO, at 293 K and various pressures.
For each pressure, a line of best fit is shown in red.
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f/P. The wavelength of the acoustic wave is calculated from the adiabatic sound speed in the

gas mixture (Zhang et al., 2020), given by

mimeixT
A= % (2.28)
with
5 Y,C,(T)
mix — ! N 229
Ymi = S V.G (T) — Ry (2:29)
Fois = 5 ;; —, (2.30)

where yp,ix 1S the ratio of specific heats for the mixture, R is the gas constant of the mixture, Y;
is the mass fraction of species i, X; is the molar fraction of species i, and C,, is the isobaric molar
heat of species i. The temperature-dependent isobaric molar heats of each species were obtained
from the National Institute of Standards and Technology (NIST) Chemistry WebBook (Chase Jr

and Tables, 1998).

2.3 Attenuation Coeflicient Measurements

The attenuation coefficients of various gas mixtures at elevated temperatures were mea-
sured with an acoustic chamber, as detailed in Section 2.2. In this section, attenuation spectra
are presented for mixtures of CO,/N, and N,O/He at room temperature, and CO,/He at tem-
peratures up to 529 K. The experimental results of CO,/N,, CO,, and N,O at room temperature

are compared with the attenuation model, which includes vibrational relaxation theory, classical
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attenuation, and diffusional attenuation.

2.3.1 Carbon Dioxide and Nitrogen

The attenuation spectra for CO, and mixtures of CO, with 20%, 40% and 60% N, at 293 K
are seen in Figure 2.8. Measurements were made in mixtures of CO,/N, at room temperature in
order to compare the present methodology to previous results in literature. For all mixtures, the
theoretical attenuation model underpredicts the measured attenuation coefficients, but matches
the peak absorption frequencies reasonably well; this underprediction was also noted by Ejakov
et al. (2003), who stated that the discrepancy could be the result the linear structure of the CO,
molecule not being adequately accounted for in the collisional dynamics model. Although mea-
surements were unable to be made at values of f/P < 50 kHz/atm, the peak absorption measured
for CO, (ad = 0.137 at f/P = 50kHz/atm) is slightly higher than previously recorded in litera-
ture. With varying experimental setups, Leonard (1940), Fricke (1940) and Angona (1953) found
the peak attenuation to be d = 0.125 at f/P = 30kHz/atm, A = 0.115 at f/P = 20 kHz/atm,
and ad = 0.13 at /P = 35 kHz/atm, respectively. The increase of N, fraction in the mixture de-
creased the peak attenuation without significantly affecting the peak attenuation frequency. The
maximum attenuation measured for the N, mixtures agrees well with peak attenuation measure-
ments by Ejakov et al. (2003), who reported ad values of approximately 0.103, 0.090 and 0.065
for 20%, 40% and 60% N,, respectively. Compared to the maximum a4 values measured in the

present work, these correspond to percent differences of 15.63%, —0.56%, and 0.01%.
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Figure 2.8: Attenuation spectra of CO, and mixtures of CO, with 20%, 40% and 60% N, at
293 K, plotted with the theoretical attenuation model (dashed lines).

2.3.2 Carbon Dioxide and Helium

The attenuation spectra for mixtures of CO, with 10%, 20%, and 40% He at 293 K are
seen in Figure 2.9. Increasing the percentage of He in CO, results in an increase in the peak
attenuation frequency, and a slight decrease in the peak attenuation. The increase in peak atten-
uation frequency is attributed to the light He molecules acting as an efficient collision partner
with CO,, resulting in lower relaxation times for the mixture (Lewis and Shields, 1967). The
decrease in peak absorption can be attributed to the decrease of CO, in the mixture. Although
there is limited literature to compare to, the peak attenuation of 10% He/CO, (a4 = 0.133 at
f/P = 100kHz/atm) agrees well with the work of Lewis and Shields (1967), who reported a
peak attenuation of @d = 0.13 at f/P = 100 kHz/atm for a mixture of 11% He/CO, at 298 K.

The attenuation spectra for pure CO, and mixtures of CO, with 20% and 40% He at 293-

529K are presented in Figure 2.10. For pure CO,, a significant increase in attenuation is seen

40



0.16 T T T

COqy
0.14 L 10% He/CO, 4
20% He/C02
4 H
0.12 L 0% e/COg o~ |
4 \
/ \
/ v
0.1F / \\ -
/ h
~ // :
3 0.08 - ; \\ a
/ \
/ \
0.06 - / \ 4
y \
// \\
0.04 - o N d
/ \\ //
0.02p .7 ot Peasty
O‘ | Lol Ll H“u‘ | Lo
10° 10* 10° 10° 107

/P (Hz/atm)

Figure 2.9: Attenuation spectra of CO, and mixtures of CO, with 10%, 20%, and 40% He at
293 K. The theoretical attenuation model for CO, at 293 K is plotted as a dashed line.

as the temperature is changed from 293 K to 373 K. As the temperature is increased further,
the rate of increase of the peak attenuation drops until asymptoting at ad =~ 0.255 at 528 K.
The peak attenuation frequency also increases to f/P = 90kHz/atm. Other high-temperature
attenuation results of CO, are limited to the work of Shields (1959) and Bass (1973) who found
peak attenuation values of a4 = 0.22 at f/P = 90 kHz/atm and 578 K, and ad = 0.21 at f/P =
100 kHz/atm and 600 K, respectively. Similar trends are seen for mixtures of 20% He in CO, at
high temperatures, though the increase in peak absorption is not as significant. As the temperature
is increased to 529 K, the peak attenuation reaches a value of a4 = 0.20 at f/P = 300 kHz/atm.
For mixtures of 40% He in CO,, the attenuation appears to asymptote at lower temperatures, with

a negligible change upon increasing the temperature from 423 K to 479 K.
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Figure 2.10: Attenuation spectra of CO, and mixtures of CO, with 20% and 40% He at 293-
529 K. The theoretical attenuation model for CO, at 293 K is plotted as a dashed line.

2.3.3 Nitrous Oxide and Helium

The attenuation spectra for N,O and mixtures of N,O with 10%, 25% and 40% He at
293 K are seen in Figure 2.11. Similar to the results of CO,, the theoretical attenuation model
underpredicts the measured attenuation of N,O. The peak attenuation of N,O was measured to be
ad = 0.152 at f/P = 225 kHz/atm, which agrees well with the measurements by Fricke (1940),
who reported a peak attenuation of ad = 0.148 at f/P = 157 kHz/atm. Increasing the amount
of helium in the mixture resulted in a decrease in the peak attenuation and increase in the peak
attenuation frequency. Similar to the CO,/He mixtures, this is likely caused by light He molecules
acting as an efficient collision partner with N,O. To the authors’ knowledge, these are the first
reported attenuation measurements of N,O/He mixtures. High-temperature measurements were
not made due to the potential for exothermic decomposition reactions of N,O at temperatures

above 423 K.
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Figure 2.11: Attenuation spectra of N,O and mixtures of N,O with 10%, 25% and 40% He at
293 K, plotted with the theoretical attenuation model for N,O (dashed line).

2.3.4 Summary

The effect of vibrational nonequilibrium processes on acoustic attenuation in polyatomic
gases and mixtures is challenging to predict. Additionally, there exist limited measurements of
acoustic attenuation to validate and compare to vibrational relaxation models. Therefore, a high-
temperature acoustic chamber was developed to measure the acoustic attenuation in CO,, N,O,
and mixtures consisting of CO,/N,, CO,/He, and N,O/He. The vibrational relaxation model
of Dain and Lueptow (2001) and Zhang et al. (2013) was found to underpredict the peak atten-
uation of CO, and N,O at 293 K, but matched the peak attenuation frequencies well. The peak
attenuation of N,O was slightly higher than that of CO,, and occurred at a higher frequency of
f/P = 225 kHz/atm, compared to f/P = 40kHz/atm for CO,. This agrees well with the N,O
measurements by Fricke (1940). Increasing the percentage of N, in CO, at 293 K decreased the

peak attenuation, but did not significantly change the peak attenuation frequency, as was also
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found by Ejakov et al. (2003). In mixtures of CO,/He at 293 K, an increase in He was found to
decrease the peak attenuation, while increasing the peak attenuation frequency. Similar trends
were found for mixtures of N,O/He at 293 K. As the temperature was increased to 528 K in CO,,
the peak attenuation asymptoted to a value of @l ~ 0.255 at f/P = 90kHz/atm. For mixtures
of 20% He/CO, and 40% He/CO,, the rate of increase in peak attenuation with temperature was
less significant, and the values asymptoted at lower temperatures.

These high-temperature attenuation measurements provide insight into how CO, and N,O
gas mixtures could affect acoustic radiation and turbulence intensities in high-speed flows. In par-
ticular, varying the fraction of helium in mixtures of CO,/He can shift the attenuation to a desired
frequency range, providing a potential method to control the acoustic radiation. By measuring the
attenuation spectra of previously unmeasured gas mixtures at a variety of temperatures and pres-
sures, future investigations into the effect of vibrational nonequilibrium on turbulence-generated

noise can be better informed.
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Chapter 3:  Attenuation of Acoustic Radiation in a High-Speed Facility

The gas mixtures of interest, as identified by the acoustic chamber measurements, are in-
jected into a turbulent boundary layer in the test section of a high-speed facility, and the effects of
vibrational nonequilibrium processes on acoustic radiation emitted by this compressible bound-

ary layer are investigated.

3.1 Shock-Tunnel Facility

Injection experiments were conducted in the HyperTERP facility at the University of Mary-
land (Butler and Laurence, 2019). HyperTERP is a reflected-shock tunnel capable of operating at
a variety of freestream enthalpy and unit Reynolds numbers. In its original configuration, Hyper-
TERP is operated with a Mach-6 free-jet nozzle, with typical stagnation pressures of 10-25 bar
and stagnation temperatures of up to 1600 K. In this configuration, HyperTERP has been utilized
for studies of hypersonic boundary-layer transition (Butler and Laurence, 2021c, 2022; Paquin
et al., 2022b,a; Hameed et al., 2022), optical free-flight tracking (Whalen and Laurence, 2021;
Starshak and Laurence, 2021), and shock-wave/boundary-layer interactions (Maszkiewicz et al.,
2022).

Presented in Figure 3.1 is a schematic view of the facility as configured for the present

work. The reflected-shock tunnel consists of a high pressure “driver” section and a low pressure
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Figure 3.1: Schematic of HyperTERP shock tunnel with direct-connect test section.

“driven” section that are separated by a solenoid-actuated diaphragm assembly. The driver gas is
a mixture of helium and air, and the desired composition is achieved according to Dalton’s Law of
Partial Pressures. The driven section contains the test gas (air) and is isolated from the nozzle by a
secondary diaphragm. The primary diaphragm assembly consists of two sheets of polyester film
(thickness of 250 — 500 um) positioned on either side of a small pressurized cavity. To initiate a
shot, a solenoid valve is triggered and the small volume of gas within the cavity is exhausted into
a larger vacuum tank. This creates a large pressure differential across the upstream diaphragm
which causes the material to burst (Butler, 2021). This brings the driver and driven gases into con-
tact, causing a shock wave to propagate downstream and an expansion wave to travel upstream.
The incident shock is then reflected off the end-wall of the driven tube and bursts the secondary
diaphragm. This results in the formation of a high-pressure, high-temperature reservoir condition
which is then expanded through the nozzle. A steady-state test time is achieved up until the ex-
pansion wave is reflected from the driver tube end wall and arrives in the reservoir. Tailoring of
the tunnel is achieved by selecting the driver and driven gas compositions and pressures such that
the contact surface becomes stationary after the shock-wave/contact-surface interaction. When
achieved, this produces constant reservoir conditions until the arrival of the expansion wave.

The propagation speed of the incident shock wave is measured by four PCB 113B26 pres-
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Figure 3.2: Schematic of the nozzle and direct-connect test section with porous plate injector.

sure transducers sampled at 100 kHz. The sensors are located at three different stations along the
driven-tube wall, including two sensors located 8.9 cm upstream of the nozzle that serve as the
reservoir measurement. The signals are conditioned using a PCB 482C05 signal conditioner.

For the present work, HyperTERP was operated with a newly developed Mach-2.8 nozzle
and direct-connect test section. The planar contoured nozzle was designed with the algorithm
of Starshak et al. (2018), and the characterization of its Mach number is detailed in Section 3.2.
The test section, shown in Figure 3.2, has a cross section of 50.8 mm X 50.8 mm and a total length
of 606.5 mm. Optical access into the test section is provided by 12.7 mm thick, NBK7-glass
windows with dimensions of 88.9 mm X 50.8 mm and 285.8 mm X 50.8 mm in the upstream and
downstream regions, respectively.

Introduction of the gas mixtures into the lower boundary layer of the flow was by means
of a Ludwieg-tube-based injection system and porous plate. The Ludwieg tube consisted of a
8.31 m long, 25.4 mm diameter pipe connected to a ASCO 8210P093 fast-acting valve which
controlled the flow into the injector assembly in the test section. Located in the upstream region
of the test section, the injector assembly was a smooth channel that opened up to a small plenum

underneath a porous plate; approximately 4 mm separated the porous plate from the top of the
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injector housing. The porous plate consisted of a sintered stainless steel material with a PORAL
grade of 5 (as defined by the manufacturer) and dimensions of 41.9 mm X 52.1 mm X 5 mm. The
leading edge of the porous plate was a distance of 123 mm from the nozzle exit. At the location
of the porous plate, the boundary layers along the walls were in a well-developed turbulent state.

The Ludwieg tube is held at a desired pressure until the fast-acting solenoid valve is opened.
After opening, the pressure at the exit of the Ludwieg tube is nearly constant through the time
taken for the initial expansion fan to traverse the length of the tube and back again. Additional
expansion-wave cycles occur until the pressure ratio across the solenoid valve is insufficient to
maintain the flow. During each cycle, the stagnation pressure is approximately constant, but a
drop in stagnation pressure occurs between cycles. Thus, if the timing between the opening of the
solenoid valve and bursting of the shock-tunnel’s primary diaphragm is controlled, a constant-
pressure injection condition can be achieved over the steady test time. This will be discussed
further in Section 3.3.

Two Kulite XCQ-093-250A pressure transducers are mounted upstream of the solenoid
valve, with an additional two transducers installed in the injector plenum, underneath the porous
plate; the signals are recorded at 100 kHz. Mean surface pressure measurements are provided by
a Kulite XCQ-062-1.7BARA transducer instrumented along the spanwise centerline at a distance
of 57.2 mm from the leading edge of the upstream window. The transducer was mounted behind
taps of 0.5 mm diameter and 0.89 mm depth. Kulite sensors have a tendency to drift, and need to
be frequently recalibrated. Therefore, a two-point calibration was conducted at the start of each
day of testing; the ambient pressure was set to 1.01 bar, while full vacuum as achieved by the
vacuum pump was set to O bar. This assumes that the linearity of the transducer was consistent.

In the same facility, Pee (2021) conducted an error analysis of the Kulites by comparing them to
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a calibrated, high-accuracy TERPS sensor (accuracy of +10Pa), and it was determined that the
Kulites had an error of less than 1% over a pressure range of 0-1.01 bar.

The mean reservoir and freestream conditions in the test section are summarized in Ta-
ble 3.1. For all parameters, the shot-to-shot standard deviation was greater than the standard
deviation from flow unsteadiness throughout the steady test time for a given shot. The reservoir
and freestream pressure is measured directly, while all other parameters are calculated indirectly.
To calculate these parameters, thermally perfect shock relations across the measured incident and
reflected shocks provides the temperature jump caused by the incident shock. Assuming that
the reflection of the incident shock results in a stationary contact surface, the initial reservoir
conditions may be calculated. The gas in this theoretical state is then isentropically expanded
or compressed (with a calorically imperfect gas model) to the instantaneous pressure recorded
by the PCB sensors, yielding the instantaneous reservoir temperature (Butler, 2021). Finally,
the gas is expanded to the freestream conditions assuming a thermally perfect gas model with
freezing at the nozzle throat. The standard deviations listed in Table 3.1 for T, P, Us, and
Re., were computed with error propagation from the Mach number uncertainty; the resulting
standard deviations were considerably greater than those from shot-to-shot variation. The Mach
number and characterization of the nozzle will be discussed in the following section. During
the steady test time (approximately 5 ms), the reservoir-pressure unsteadiness is typically 2%;
shot-to-shot variation in the mean pressure is on the order of 1.3%, with systematic uncertainty
(calibration and nonlinearity) estimated as 1.6%. The uncertainty in the reservoir temperature

from the shock-speed measurement is 0.4% (Butler and Laurence, 2021c¢).
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Table 3.1: HyperTERP test conditions.

Py (bar) 13.6 £0.2
T, (K) 697 +4

P, (bar) 0.51 £0.01
T, (K) 272 +7

Poo (kg/m?) 0.62 +0.04
U, (m/s) 932 + 30
Res, (x10°m™) 34 +2

M., 2.82 +£0.06

3.2 Nozzle Characterization

The Mach number of the nozzle was verified through an analysis of schlieren images and
freestream pressure data. The high-speed schlieren was recorded at 62 kHz; a description of the
setup will be detailed in Section 3.4. From schlieren visualization through the upstream window
of the test section, a sub-pixel edge detection algorithm by Laurence and Karl (2010) was used to
measure the angle of a Mach wave throughout the steady test time. Figure 3.3 shows a schlieren
image of the flowfield above the injector, with a linear regression analysis on a series of pixels
that were identified by the algorithm to represent a Mach wave. Also seen in this image are
weak shocks that have been generated by small discontinuities at the edges of the porous plate
insert. The angle of a well defined Mach wave was found for a series of 100 images during the
steady test time, and the resulting Mach number was computed using M., = 1/ siny, as plotted in
Figure 3.4. This process was repeated for subsequent series of 100 images throughout the steady
test time, and the computed Mach number was consistently found to be 2.84 + 0.05.

Alternatively, the Mach number of the flow can be calculated from reservoir and freestream

pressure measurements. For an isentropic expansion through the nozzle, the Mach number can
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Figure 3.3: Schlieren image of the upstream flowfield used to measure the angle of a Mach wave
with a sub-pixel edge detection algorithm.

be estimated with

P 1 L\
P—0=(1+TM;) , (3.1)

where y = 1.4 for air. For a given shot, the total pressure measured throughout the test time
was scaled with Equation 3.1 to match the freestream pressure measurements. It was determined
that best agreement occurred when M,, = 2.80, which agrees with the Mach number from the
schlieren analysis. Considering the results from both calculation methods, the Mach number of
the flow was taken to be M, = 2.82 + 0.06. This is sufficiently high that frozen Mach radiation
from the turbulent boundary layers should be the most significant contribution to the freestream

noise (Laufer, 1961).

3.3 Injection Conditions

Mixtures of CO,/He are of particular interest for the injection experiments, since the ad-
dition of He in CO, has been previously shown by Lewis and Shields (1967) to increase the

frequency of peak attenuation in CO,. Therefore, mixtures of CO,/He could potentially be used
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Figure 3.4: Mach number during the steady test time computed from an analysis of Mach angles.

to adjust the attenuation to certain desired frequency ranges. For this reason, the injection ex-
periments focused on these mixtures. The test campaign consisted of multiple shots at various
injection conditions, summarized in Table 3.2, where P, is the mean pressure in the injector
plenum during the steady test time. In addition to CO,/He mixtures, injection of N is used to en-
sure that the injection process itself is not responsible for any measured effects, and the injection
of pure He is used to examine the effects of mean sound-speed gradients in the boundary layer
that would also be present (to a lesser degree) in CO,/He mixtures. In each case, the injection
timing was adjusted with a variable delay circuit such that the steady plenum pressure of the in-
jector coincided with the steady reservoir pressure in the shock tunnel. The design of the variable
delay circuit is detailed by Pee (2021). A typical time trace of the reservoir pressure and injector
plenum pressure is shown in Figure 3.5 for CO; injection at 4.18 bar, where the steady test time
occurs from 7-12 ms. For all injection conditions, the plenum pressure had a standard deviation

of less than 0.8% during the steady test time.

52



Table 3.2: Injection conditions.

Injection Gas P, (bar, +0.8%) Number of Shots

None N/A 12
50% He/CO, 4.82 2
45% He/CO, 3.98 3
40% He/CO, 4.73 4
40% He/CO, 3.99 3
40% He/CO, 3.60 3
35% He/CO, 4.14 3
35% He/CO, 3.89 3
30% He/CO, 3.87 3
30% He/CO, 3.48 3
25% He/CO, 4.14 3
25% He/CO, 3.86 3
CO, 4.18 3
CO, 3.89 6
He 4.04 3
N, 4.23 3
N, 3.95 3
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Figure 3.5: Typical reservoir pressure trace (black) and injector plenum pressure (blue) for the
case of CO, injection at 4.18 bar. The steady test time occurs between between two dashed lines.
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The plenum pressure can be used to calculate the mass flow rate through the plate for a
given gas mixture. As detailed by Moreira et al. (2004), the flow of a compressible fluid through
a porous medium is described by the Forchheimer equation:

2 2 . .
Pp_Poo m mz

= + pe >
2P,L a'uppS 'BIOI,,S2

(3.2)

where P, is the plenum pressure underneath the porous plate, P, is the pressure above the plate,
L is the thickness of the plate, . is a friction-dependent permeability coefficient, S, is an inertia-
dependent permeability coefficient, u is the dynamic viscosity, 7 is the mass flow rate, p, is the
density in the plenum, and S is the surface area of the plate. For the porous plate used in the
present experiments, @, = 111 x 10"m™2, 8, =9x 10°m™!, L = 5mm, and § = 2.18 x 1073 m°.
Coeflicients @, and S, were provided by the manufacturer, PORAL. Rearranging Equation 3.2,

the mass flow rate can be expressed as

1/2

BPL (P - Pi,)] . (3.3)
ct'p

O 5 R
From Equation 3.3, the total mass that flows through the plate can be determined from the inte-
gration of the mass flow rate throughout the injection process. The accuracy of Equation 3.2 for
the present experiments can be therefore be determined by comparing the total mass through the
plate to the mass loss from the Ludwieg-tube reservoir, assuming there are no leaks around the
plate. Using the ideal gas law, the change in mass inside the Ludwieg tube is given by

AmL = RLT (PL,i - PL,f) , (34)
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where V is the volume of the Ludwieg tube, T is the temperature, P ; is the pressure in the tube
prior to injection, and Py ¢ is the pressure in the tube upon reaching equilibrium after injection.

The ratio of the total mass through the plate, Amp, to the mass loss from the Ludwieg tube,
Amy, was found for CO,, N,, and He for a range of injection pressures. In each case, the final
pressure in the Ludwieg tube was recorded 10 s after injection to ensure equilibrium conditions
were reached. The change in mass ratio (i.e., the measured value divided by the Forchheimer
prediction) is presented in Figure 3.6 for various Ludwieg-tube reservoir pressures. It can be
seen that the Forchheimer equation seems to overpredict the total mass through the porous plate
for CO,, and underpredict the total mass for He. For the injection test matrix in Table 3.2, the
Ludwieg-tube reservoir pressures used to obtain the listed plenum pressures ranged from a low
of P.; = 4.95bar for He, up to P,; = 6.40bar for various He/CO, mixtures. Therefore, from
Figure 3.6, we conclude that the Forchheimer equation (3.2) is accurate to within approximately
+18% for the injection conditions of the present work.

The mass flow rate through the porous plate for the injection conditions in Table 3.2 can be
compared to the mass flow rate of the lower boundary layer in the test section. From schlieren
visualization, the boundary-layer height at the location of the porous plate was determined to be
approximately 5 mm without any injection occurring. To approximate the temperature and ve-
locity profiles within the boundary layer, the coupled non-linear partial differential equations for
a compressible laminar boundary layer were solved as outlined by White and Majdalani (2006)
(which follows the transformation approach of Illingworth (1950)). The similarity solution was
calculated with a cold wall temperature of 293 K (due to the short test time), a Prandtl number of
0.75, and a power-law approximation for the viscosity-temperature relation of a gas (u oc 7" with
n = 2/3). This gives a peak temperature of 372 K in the boundary layer. The density profile is
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Figure 3.6: The ratio of total mass through the porous plate, calculated with the Forchheimer
equation, to mass loss in the Ludwieg tube for CO,, N,, and He at various Ludwieg-tube reservoir
pressures.

found with the ideal gas law, assuming a constant pressure across the boundary layer. The mass

flow rate in the boundary layer is then computed with

mpL, = Wfp(y)U(y)dy, (3.5)

where W = 50.8 mm is the width of the flow region; this gives rig, =~ 0.096 kg/s.

The mass flow rate through the porous plate was determined with Equation 3.3, where
pp is computed from the ideal gas law at plenum conditions. For a mixture, the coeflicient of
viscosity was calculated using Equation 2.23. The injection experiments were conducted at room
temperature, and there was no temperature gradient across the porous plate under the assumption
of a cold wall with a temperature of 293 K; therefore, the viscosity was taken at room temperature

for each mixture component. Results of these calculations are presented in Table 3.3, where
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Injection Gas P, (bar, +0.8%) ri1/mpL

50% He/CO, 4.82 0.196
45% He/CO, 3.98 0.155
40% He/CO, 4.73 0.216
40% He/CO, 3.99 0.166
40% He/CO, 3.60 0.140
35% He/CO, 4.14 0.187
35% He/CO, 3.89 0.169
30% He/CO, 3.87 0.178
30% He/CO, 3.48 0.150
25% He/CO, 4.14 0.209
25% He/CO, 3.86 0.188
CO, 4.18 0.263
CO, 3.89 0.236
He 4.04 0.026
N, 4.23 0.173
N, 3.95 0.155

Table 3.3: Relative mass flow rate through the porous plate for each injection condition.

the ratio of the mean injection mass flow rates to the mass flow rate of the undisturbed lower
boundary layer is provided in each condition. We see that the injected mass flux ranges from
approximately 15 — 26% of the boundary-layer mass flux for He/CO,, CO,, and N, injection
conditions, and is considerably less for He injection (2.6%). Further downstream, near the FLDI
measurement location, the boundary-layer height without injection is roughly twice the size of
that at the location of the porous plate; therefore, the injected mass flux ratios downstream are

roughly half of those presented in Table 3.3.

3.4 Schlieren

A standard Z-type schlieren with a horizontal knife edge was employed to visualize the
effect of injection on the external flowfield. The light source was a Cavilux HF laser with pulses

of 20 ns duration. The Cavilux HF is a pulsed-diode laser that emits 640 nm light from a 1.5 mm
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diameter pupil at the exit of a fiber-optic cable. This 280 W laser source provides monochromatic
and low-coherence light, making it well-suited for high-speed imaging. The light was collimated
through the test section and refocused on the other side by a pair of spherical mirrors with a
diameter of 152.4 mm and focal length of 1524 mm. At the focal point, a knife-edge cutoff
was placed horizontally to visualize the density gradients normal to the bottom wall of the test
section. A Phantom v2640 with a Tamron 16-300mm F/3.5-6.3 lens was used to capture the
images at a frame rate of 62 kHz and a resolution of 896 x 400 pixels. The schlieren was first
used for visualization through the upstream window under quiescent conditions to ensure that
the injection process through the porous plate was uniform and no leaks occurred around the
plate’s perimeter. The injection was then imaged in flow-on experiments for various gas mixtures
and plenum pressures to determine the maximum pressure that could be injected such that the
external flowfield was not significantly affected. Examples of flowfields are seen in Figure 3.7
for the cases of no injection, injection of He at 4.04 bar, and injection of He at 7.28 bar. It should
be noted that there is a crack in the top left corner of the window, obstructing a small region of the
flowfield. With no injection, weak shocks are generated by small discontinuities on either side of
the porous plate insert. The weak shock at the leading edge of the plate is slightly steepened by
approximately 7° for He injection at 4.04 bar, while it is significantly affected at 7.28 bar injection.
If the weak shock generated at the leading edge of the porous plate is steepened by greater than
40% (approximately 8°), then the plenum pressure is deemed to be too high. Therefore, 4.04 bar
was chosen as the maximum plenum pressure for He injection. This criterion was used for all
injection conditions.

The flowfield in the downstream window was imaged for a variety of injection gases and

pressures in order to locate an area above the lower boundary layer in which to position the FLDI
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Figure 3.7: No injection (left), injection of He at 4.04 bar (middle), and injection of He at 7.28 bar
(right). A dotted red line indicates the y—position at which the weak shock meets the trailing edge
of the upstream window.

focal points. As a result of the narrow flowpath, weak shocks generated by small discontinu-
ities along the test section are reflected downstream. The focal points of the FLDI should be
positioned in a region of undisturbed flow, since fluctuating weak shocks would overwhelm the
signal from freestream disturbances. To ensure that the spatial resolution of the schlieren imaging
was consistent for each shot, an image was taken of the downstream window with a grid placed
over the glass prior to each shot. The grid was made of clear acrylic and featured small holes
separated by 12.7mm. Therefore, the location of flow features could be accurately compared
across different shots. A consistent area of clean flow for all injection conditions was identified
93.5 mm from the trailing edge of the downstream window, and 19.4 mm above the bottom wall,

as shown in Figure 3.8 for CO, injection at 3.89 bar.

3.5 FLDI Setup

3.5.1 Four-Point FLDI

A four-point FLDI was used for the simultaneous measurement of fluctuations assumed to
be representative of entropic disturbances propagating in the streamwise direction and acoustic

radiation propagating along Mach lines. Typically, acoustic radiation is interpreted as a wave-
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Figure 3.8: The location of the FLDI focal point in relation to a schlieren image of flow features
in the downstream window from the injection of CO, at 3.89 bar. The x—axis is relative to the
leading edge of the upstream window.

front propagating in the streamwise direction at the sound source velocity, with an inclination
angle linked to the source velocity (Laufer, 1961). This wavefront is the result of a superposition
of acoustic waves that originate within the boundary layer at varying streamwise locations, and
is a Mach wave in the frame of reference of the moving source. Note, however, that this inter-
pretation relies on the assumption of a “frozen” disturbance source moving at constant velocity
within the boundary layer. A more general description (relying only on the assumption of weak
disturbances) treats the radiation at a given point in the flowfield as an arbitrary superposition of
acoustic signals propagating along Mach lines of the freestream flow from a locus of upstream
positions: hence the choice of the Mach line (rather than the velocity-dependent inclination angle)
in the present work.

Compared to a single point FLDI, the four-point system consists of two additional Wol-
laston prisms and polarizers, as well as three additional photodetectors. A schematic of the
four-point FLDI is shown in Figure 3.9, with the flow in the +x-direction: here, LS is the laser,
C, is a plano-convex lens, H is a half-wave plate, LP is a linear polarizer, W is a Wollaston prism,

C, is an achromatic doublet lens, T are the test section windows, C; is a plano-convex lens, Cy
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Figure 3.9: Schematic of the four-point Focused Laser Differential Interferometer.

is a bi-convex lens, and D is a photodetector. The half-wave plate and linear polarizers were
model number WPHO5M-532 and LPVISE200-A from Thorlabs, respectively. The FLDI signals
were recorded by four DET36A2 biased Si photodetectors terminated with 50 Q resistors. The
signals were then digitized by a 14-bit Picoscope 5444D and sampled at 25 MHz. For the laser,
a Cobolt Samba was used to emit 532 nm light at a power output of 400 mW. The Cobolt Samba
is a diode pumped laser that is well-suited for interference measurements due to its ultra narrow
spectral linewidth (+0.3 nm), long coherence length (> 100 m), and low noise output (< 0.1%
RMS). The specifications of the lenses used are the following: C; had a focal length of 25 mm,
C, was a 50.8 mm-diameter lens of focal length 80 mm, C; had a focal length of 25 mm, and C,
had a focal length of 40 mm. The Wollaston prisms were custom made by United Crystals to
produce splitting angles of 75 arcmin, 52 arcmin and 8 arcmin for Wy, W,, and W3, respectively.
This multi-point FLDI methodology was first tested and validated in a Mach-6 freestream, as

detailed in Appendix A.

3.5.2 FLDI Beam Measurements

The orientation of the beam spacings on the focal plane of the multi-point FLDI is seen

in Figure 3.10, where Ax; and Ax, represent the intra- and inter-pair spacing, respectively. The
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Figure 3.10: Beam spacing of the four-point Focused Laser Differential Interferometer, with
Ax; = 0.187+0.008 mm, Ax, = 1.070+0.008 mm, Ay = 0.365+0.008 mm, and u = 20.82+0.12°.

beam spacings were measured with a LBP2-HR-VIS2 beam profiler at the focal plane. To set the
intra-pair spacing, Ax;, the Wollaston prism Wj is positioned a focal-length distance away from

the field lens, C,, such that

Ax1 = 2fFL,Cztan (%) , (36)

where € is the splitting angle of prism W;. From Equation 3.6, Ax; = 187 um, and the FLDI
was adjusted until this separation was attained (+8 pum). As seen in Figure 3.10, Wollaston prism
W, was used to split the beams along a Mach line, where u is intended to be the Mach angle
at Mach 2.82 (i.e., 20.77°). Using the beam profiler, the spacings were measured to be Ax, =
1.070 £ 0.008 mm and Ay = 0.365 + 0.008 mm, giving u = 20.82 + 0.12°. The beam pairs were
arranged such that the spacing between points 1-2 and 3-4 was approximately equal to Ax,.

An important parameter used when determining the influence of the sidewall boundary
layers on the measured signal is the Gaussian beam radius, w. Defined as the radius at which the
beam irradiance reaches 1/e* of its peak, w can be found at any point along the z-axis with

2
1+@%H, (3.7)
T

V() = W
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where w is the radius at the focal point, and 4, is the wavelength of the light (Siegman, 1986).
In the far field, the beam divergence angle is given by

Ao

0= .
Tt

(3.8)

In order to accurately measure the Gaussian beam radius at the focal plane of the system, wy, an
estimate of the beam divergence angle must be computed from the slope of measured beam radii
along the optical path, i.e., # = atan(Aw/Az). Since it is not possible to translate the beam profiler
along the optical path inside the narrow test section, the FLDI was designed such that each half
could be independently removed from the rail without altering any of the optical components.
This allowed the beam radii to be measured on a benchtop, prior to installation around the test
section. Using small optical windows to replicate the test section windows, the beam profiler
was translated along the optical path with a manual translation stage. Images were taken at
increments of 1 mm from z — zp = [0 — 8] mm, where z; is the plane where the measured beam
radius was the smallest. Beam intensity profiles of FLDI point 1 are seen in Figure 3.11 at two
locations. Gaussian curves were fit to each beam intensity profile, and the beam radius was found
from w = 20, where o is the standard deviation of the Gaussian distribution. From the slope of
the beam radius as a function of z — z,, the beam waist was calculated with Equation 3.8 to be
wo = 2.5£0.5 pm. This differed slightly from the measured beam waist of 5.3 pm, which is likely
due to the spatial limitation of the beam profiler resulting from its pixel size of 3.69 umx3.69 pm.
Measurements of the beam radius along the z—axis are plotted in Figure 3.12 with the fitted linear
regression between z — 7o = [3 — 8] mm.

Ideally, the instrument would also have an f-number as small as the physical constraints
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Figure 3.11: Beam intensity profiles at (left) z — zp = 1 mm and (right) z — zp = 4 mm, centered
on FLDI point 1.
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Figure 3.12: Measurements of the beam radius, w, along the z-axis with a line of best fit (R? =
0.9991) to determine the radius at the focal point, w.

64



of the setup allowed, thus increasing its ability to filter flow structures away from the focus. In
the case of FLDI, the f-number is defined as the distance from the field lens to the focal point
divided by the beam diameter (2w) at the field lens. The measured f-number of the four-point
system was f/7.2. For comparison, the f-number of the single point FLDI used by Ceruzzi
et al. (2021b) in a benchtop turbulent jet was f/18.1, and that of a two-point FLDI used in
AEDC Hypervelocity Tunnel 9 (T9) was f/35. Fulghum (2014) also reported single point FLDI
f-numbers of f/9.8 and f/14.4 in the Penn State supersonic wind tunnel (PSUSWT) and T9,
respectively. In order to decrease the f-number of an FLDI, a shorter focal length objective lens,
C,, can be used, but this often necessitates a smaller lens diameter, which can cause an Airy-disc
diffraction pattern in the beams and result in poor constructive and destructive interference once
recombined. Alternatively, the objective lens can be placed further from the field lens; however,
due to the number of components needed for the four-point system, long optical rails and large

Wollaston prism apertures are needed, restricting this possibility.

3.6 Analysis of FLDI Data

3.6.1 Instrument Model

The FLDI beams propagate through a region of interest, where index of refraction gradients
create a phase shift, A¢, between the beams. The relationship between the output voltage and

measured phase change was modified from Parziale (2013) by Lawson et al. (2019) to be

V =V, cos (Ag — Ado) + Vs, (3.9)
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with Vi = (Vinax = Vinin)/2 and Vo = (Vinax + Vinin) /2. Vinax and Vi, are determined by observing
a full interference curve of the photodetector output, which is obtained by translating the final
Wollaston prism in the direction the beams are split. Prior to each shot, the final W3 prism is
translated along the x—axis using a manual translation stage and the maximum and minimum
voltage of each FLDI signal is recorded. The baseline phase shift, A¢y, is determined from
the baseline voltage, V|, obtained when no density gradient is present. Equation 3.9 is a more
general equation than that used by Parziale (2013) in that it allows for deviations from a per-
fect interference-fringe pattern, for which the photodetector would register zero voltage at total
deconstructive interference and 2V, at total constructive interference.

As suggested by Schmidt and Shepherd (2015) and Born and Wolf (1980), for two beams
traversing paths s; and s,, respectively, the phase difference at the detector face, D, resulting from

index of refraction field n(x) can be modeled by paraxial ray-tracing according to

21t D D
Ao = 3 f fD 10[ fs n(xy, Hds, — fs n(xz,t)dsz]dfdn, (3.10)

where x;(s;) = (x;,¥:,2), S 1s the location of the light source, £ and 5 are spatial coordinates on
the detector plane, and /y(&, n7) is the normalized intensity on the plane when no phase change is
present. For a Gaussian beam propagating along the z—axis, the intensity distribution is modeled

as

2 2r?
I()(I",e) = wexp( ), (311)

Ww?

where r and 6 are polar coordinates in the xy-plane (Siegman, 1986), related to the Cartesian
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coordinates by

X =rcosé, (3.12)

y = rsiné. (3.13)
The relationship between density and index of refraction is given by the Gladstone-Dale relation:
n=1+Kp, (3.14)

where K is the Gladstone-Dale constant, equal to 2.2705 x 10~* m?/kg for air at 288 K and A, =
532 nm (Fomin, 1998).

Equation 3.10 can be simplified by modeling the density field as a collection of plane sinu-
soidal waves convecting at a streamwise velocity (U.), whose magnitude varies with frequency

f along the z—axis such that

P y,2,1) = §(2) f A(fee2miingy. (3.15)

Here, k, is the disturbance wavenumber oriented parallel to the flow direction, ¥ = ¥(f) is the
disturbance phase, A(f) is the average amplitude of the density fluctuation at frequency f, and
g(z) models the frequency-averaged disturbance amplitude variation with z (Ceruzzi and Cadou,
2022). The wavenumber is related to the disturbance frequency, f, by

_ 2nf
(U

. (3.16)
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Equation 3.15 assumes one-dimensional disturbances correlated in the y and z directions. While
this may not be true for tunnel noise, it allows for significant analytical simplifications of the
governing equation and was recently demonstrated as a reasonable model for the FLDI’s response
to a turbulent jet (Ceruzzi and Cadou, 2022).

Using the density fluctuation model given by Equations 3.15 & 3.16, incorporating Equa-
tions 3.7, 3.11 & 3.14, and assuming that phases of the disturbances /( f) are uncorrelated (Law-
son, 2021), the Fourier transform of Equation 3.10 (as derived by Ceruzzi and Cadou (2022)),

becomes

AnK Li
71801 = T A) f (9(2) Hae | dz. (3.17)
-L;

where L; is the distance from the field lens C, to the focal plane, and

A

H,, = sin(kx xl), (3.18)
wk?

H, = exp (— 2 x). (3.19)

Here, Hx, and H,, are transfer functions which describe the signal modulation induced by the
finite difference performed along the x—axis and the spatial averaging caused by beams with finite
radius, respectively. The form of H,, illustrates that the signal is maximized for wavenumber &, =
m/Ax;, while that of H,, describes how the relative size of the local beam radius and wavenumber
leads to signal attenuation when either becomes large. As the beam radius grows with [z], it results
in a reduced sensitivity away from the focus (z = 0). These transfer functions have been derived

in previous works with varying terminologies (Parziale et al., 2014; Fulghum, 2014; Schmidt
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and Shepherd, 2015; Lawson et al., 2020) and have recently been validated for acoustic waves
by Lawson et al. (2019), and for some turbulent flow fields by Ceruzzi et al. (2021b).

The left-hand-side of Equation 3.17 is the Fourier transform of the measured signal, and the
right-hand-side is the response of the instrument, defined by instrument parameters Ay, Ax;, and
wy, and flow parameters g(z), (U.), and A(f). Combining the transfer functions Hy,H,,, Ceruzzi

and Cadou (2022) define the FLDI “sensitivity function” as

L
HFLDI:f |g(x)Ha H,,| dz. (3.20)

L

Therefore, rearranging Equation 3.17 gives an expression for the average density-fluctuation
spectrum in terms of the measured phase difference, instrument parameters, flow parameters,

and frequency:

Ao FAp]

A(f) = .
f 4nK HFLDI(/lOaCUO,Axl,g’<Uc>’f)

(3.21)

This result holds for plane sinusoidal waves convecting in the x-direction. In the case of a
four-point FLDI that is simultaneously measuring disturbances convecting along streamlines
and Mach lines, this result will not account for the decreased wavenumber k, resulting from
the inclined propagation of the acoustic radiation. A more general model of the flow field that
incorporates disturbances convecting at an arbitrary angle is explored by Lawson (2021) as well
as Hameed and Parziale (2022), however, evaluating the analytic expression of the resulting trans-

fer function is non-trivial and beyond the scope of this work.
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3.6.2 Depth of Focus

The sensitivity of the FLDI instrument as a function of wavenumber along the optical path
(z—axis) is plotted in Figure 3.13a. The combined effects of Hu, and H, on the response of
the FLDI illustrate that sensitivity is maximum for disturbances with k, = 7/Ax; (16800 m™")
at the focus (z = 0). This wavenumber represents the spatial Nyquist limit of the instrument.
Ceruzzi and Cadou (2022) define the instruments’ depth of focus as the full width at half max-
imum (FWHM) of the sensitivity for a given disturbance wavenumber. This can be expressed

analytically as

2 V8In2mwy

FWHM =
Aok,

(3.22)

The FWHM is plotted as a function of wavenumber in Figure 3.13b. As the wavenumber in-
creases past k, = m/Ax;, the depth of focus decreases slightly, i.e., the spatial resolution of the
instrument increases. As the wavenumber decreases below k, = m/Ax;, the instrument’s depth of
focus rises rapidly, and the overall response decreases. This illustrates the FLDI’s ability to re-
solve large wavenumber disturbances near the focal plane of the system, while small wavenumber
disturbances are measured across a greater spatial extent with a decreased sensitivity.

Prior to computing the density fluctuation spectrum, the influence of the sidewall boundary
layers on the FLDI signal must first be examined. Although the FLDI sensitivity decreases with
distance from the focal plane, disturbances far from the focus may still overwhelm signals from
disturbances near the focus as a result of their relative strength (Schmidt and Shepherd, 2015;

Settles and Fulghum, 2016). To compare the signal strength of the core flow to that of the sidewall
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Figure 3.13: (a) Variation of the product of FLDI transfer functions Hy,H,, with wavenumber and
distance z and (b) full width at half maximum (FWHM) of the FLDI transfer functions (depth of
focus) as a function of wavenumber for 4o = 532 nm, wy = 2.5 pm, and Ax; = 187 um.

boundary layers, the ratio of FLDI sensitivity functions (Equation 3.20) in the two regions is

computed. Detailed by Ceruzzi (2022), this ratio is expressed as

L—0
H, f o |g(Z)HAwa| dz

—L+6BL

== :
He o[ |g@HaH,|dz

(3.23)

where H,, represents sensitivity to the region of the flow field one wants to measure, H, represents
sensitivity to the regions of flow one wishes to reject, o 1s the boundary-layer thickness, and
L is the half-width of the flow region, equal to 25.4mm. H,/H, is an estimated measure of
the proportion of FLDI signal that arises from the core flow. A schematic of the flow region in
relation to the FLDI is seen in Figure 3.14, where T is a test section window, and Cj is the field
lens.

Zhang et al. (2018) found that the magnitudes of density-based turbulence intensity across
all wavenumbers in a Mach-2.5 boundary layer DNS were on the orders of 8 —10%. In a summary

of the AEDC 16-foot supersonic tunnel (PWT 16S) at Mach 2, 2.5, and 3, Lafferty and Norris

71



Nozzle T Co

5oL St
«< L < L >
L; L;

Figure 3.14: Schematic of test section in relation to FLDI beams.

(2007) found that freestream Pitot-probe RMS fluctuations were typically on the order of 0.7%,
1.5%, and 3%, respectively. In the AEDC VKF Tunnel A at Mach 3, Lafferty and Norris (2007)
report a freestream RMS fluctuation of around 2 — 4%. Therefore, disturbances in the core flow
are assumed to have uniform magnitude (g = 1), while disturbances in the sidewall boundary
layers are assumed to have a magnitude 3 times greater, i.e.,

1 for |z] < L- gL

g(z) =43 for L-6p. < |z < L (3.24)
0 otherwise.

The boundary layer along the top wall of the test section has a thickness of approximately 1 cm, as
depicted by schlieren images of the flowfield in the vicinity of the FLDI focal points (Section 3.4).
It can be assumed that this boundary layer is also representative of the boundary layer along the
windows.

The solution to Equation 3.23 is presented in Figure 3.15, along with the spatial Nyquist

limit of the instrument (k, = n/Ax;). The H,,/H, ratio rises rapidly for k, > 2000m™', and
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Figure 3.15: Estimated ratio of FLDI signal from the core flow, relative to the sidewall boundary
layers.

exceeds 5 at k, ~ 3200 m~'. This represents a highly conservative cutoff wavenumber; therefore,
disturbances with k, > 3200 m™! can be attributed to the core flow. While there is some arbitrari-
ness to defining the cutoff wavenumber for when H,,,/H, = 5, it is a conservative estimate and has
been shown by Ceruzzi (2022) to agree well with trends in convection velocity and fluctuation
spectra measured by a two-point FLDI in the University of Tennessee Space Institute’s Mach-4

Ludwieg tube (UTM4) and the AEDC T9 facility.

3.6.3 Convection Velocity

Similar to a two-point FLDI, signal pair 1-3 and 2-4 in the four-point system (Figure 3.10)
can be used to measure streamwise convection speeds. If the distance between the beam pairs
is small relative to the wavelength of the disturbance, it is reasonable to assume that the turbu-

lent structures are convected from one measurement volume to the other effectively unchanged.
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Calculating the maximum cross-correlation of the signal pair gives the time delay, Az, associated
with this convection. The normalized cross-correlation between FLDI signal pairs 1-3 or 2-4 is

given by

T
Rissa(Af) = f AP 2() A3 4(t + At)dt (3.25)
0

Jasolf iass

where T is the sample period. Therefore, the time-averaged convective speed in the x-direction

is given by

_ AXZ
At (maX (R13,24)) )

(Ue) (3.26)

In order to achieve a higher temporal resolution in the measured time delays, the maximum was
determined from a 4th-order polynomial fit to the peak of the cross-correlation.

By using a multi-Wollaston prism configuration for the four-point FLDI, the beam paths
through the measurement volume (—L to +L in Figure 3.14) are slightly non-parallel. Therefore,
the streamwise separation distance, Ax,, varies along the optical axis. From paraxial ray-tracing
of the four-point FLDI setup, it was determined that Ax, would decrease linearly along the optical
axis. If we make the reasonable assumption of a symmetric flowfield, then the larger Ax, forz < 0
would be offset by the smaller Ax, for z > 0 when the mean velocities are computed. Thus, for the
current configuration, the non-parallel beam paths are not expected to bias the resulting velocity

measurements.
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3.7 Measurements of Attenuated Acoustic Radiation

3.7.1 Time Trace

For all 63 shots detailed in Table 3.2, the data analysis was based on 5ms of test time
during which the reservoir conditions remained approximately constant. A sample time trace is
presented in Figure 3.16 for a shot without injection, together with corresponding voltage outputs
from the FLDI signals and calculated short-time spectrogram from FLDI point 1. The spectro-
gram was computed with Hanning windows of length 625 ps and 50% overlap. Examining the
FLDI voltage signals, it is evident that there are low-frequency oscillations in the mean voltage.
These oscillations have a frequency of approximately 370 Hz, and begin prior to the flow arrival
at Oms. Therefore, they are likely caused by vibrations in the test section windows that are the
result of the shock tunnel’s primary diaphragm being burst. Unlike the Mach-6 configuration of
HyperTERP that features a free-jet nozzle in a sliding seal, the Mach-2.8 nozzle and test section
are rigidly attached to the shock-tunnel, thus transmitting the vibrations to the windows. The
FLDI was floated on two pneumatically isolated optical tables, so it is unlikely that the vibrations
were shaking the interferometer itself. Since the FLDI is sensitive to fluctuations in the density
gradient relative to a mean value, it is important to account for these low-frequency vibrations
in the data analysis. To do so, the mean voltage was calculated with a sliding window of length
240 us over the steady test time from 10 — 15 ms, indicated by red lines in the voltage signals
of Figure 3.16. Therefore, when converting from voltage to phase difference in Equation 3.9,
Vo varies with time. Throughout the steady test time, the spectrogram indicates that there are

no obvious large scale trends in noise, an observation that held generally. Although Figure 3.16
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Figure 3.16: Time trace for a shot without injection. (Top) Reservoir pressure; (Middle) voltage
output from FLDI signals with moving mean indicated in red, offset for clarity; (Bottom) spec-

trogram of FLDI point 1.

represents a shot without injection, similar findings were made for all injection conditions in

Table 3.2.

3.7.2 Convection Velocity

Using the procedure described in Section 3.6.3, the streamwise convection velocities were
analyzed with a cross-correlation of the streamwise FLDI signal pairs 1-3 and 2-4, computed
over consecutive 1 ms intervals throughout the 5ms test time. The resulting mean convection
velocities, (U.), and their standard deviations throughout the test time are seen in Table 3.4. For
each injection condition, the reported convection velocity is the mean from signal pairs 1-3 and

2-4, and the standard deviation is computed from the square root of the mean variances from
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each shot. It is evident that there are no significant differences in measured convection velocity
for each injection condition, which indicates that the injection process is not affecting the external
flowfield. Across all shots, the measured convection velocity is (U.) = 627+31 m/s. This is below
the theoretical freestream velocity of 932 m/s, with an average percent difference of —33%. The
measured FLDI convection velocities are expected to be lower than the theoretical freestream
velocity, since the FLDI is unable to reject all of the low wavenumber eddies convecting in the
shear layer along the optical path, and inclined frozen Mach radiation originating upstream in the
turbulent boundary layers will not be convecting at the local flow velocity. Note, for example,
that Laufer (1961) conducted freestream HWA studies at Mach 1.6 — 5, and found that acoustic
radiation from turbulent boundary layers had a source velocity ranging between 40 — 50% of
the freestream velocity. The convection velocities measured here are similar to those in Ceruzzi
(2022), who used two-point FLDI to measure freestream convection velocities in a Mach-18 flow

and found mean propagation speeds ranging between 52 — 84% of the freestream.

3.7.3 Fluctuation Spectra

For each injection condition, the FLDI voltage signals were converted to phase fluctuations
as described in Section 3.6.1. The power spectral density (PSD) of the phase fluctuations was then
calculated using Welch’s method with Hanning windows of length 278 ps and 50% overlap, and
the amplitude spectral density (ASD) was computed from the square root of the PSD. Presented
in Figure 3.17 are the four ASDs, together with the measurement noise floor, for a shot without
injection. We see that the ASDs are essentially identical for each of the four FLDI points; similar

consistency was found for all shots. A straight line with slope -1.75 (which would correspond to
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Table 3.4: Mean streamwise convection velocities for each injection condition.

Injection Gas P, (bar, +0.8%) (U.) = o (m/s)

None N/A 618 +£21
50% He/CO, 4.82 628 + 25
45% He/CO, 3.98 623 + 21
40% He/CO, 4.73 626 + 39
40% He/CO, 3.99 627 + 17
40% He/CO, 3.60 625 + 17
35% He/CO, 4.14 631 + 36
35% He/CO, 3.89 630 + 32
30% He/CO, 3.87 624 + 22
30% He/CO, 3.48 624 + 24
25% He/CO, 4.14 629 + 28
25% He/CO, 3.86 628 + 30

CO, 4.18 628 + 40

CO, 3.89 628 + 50

He 4.04 637 £33
N, 4.23 621 +23
N, 3.95 627 + 45

-3.5 for the PSD) is also plotted for reference, which is a freestream spectra roll-off that has been
reported in pressure data by numerous authors, as summarized by Duan et al. (2019); it is seen
that it also provides a reasonable match to the high-frequency data here. The ASDs of the phase
fluctuations from FLDI point 1 are presented in Figure 3.18 for various injection conditions.
When compared to the case without injection, no obvious attenuation in the disturbance fluctu-
ations is seen for the injection shots. Although this might lead one to conclude that there is no
attenuation present, we note that the ASDs at a single FLDI point incorporate noise contributions
propagating from the bottom, top, and sidewall boundary layers, as well as entropic disturbances
propagating in the streamwise direction. Therefore, the acoustic fluctuations propagating from
the bottom boundary layer must be isolated to analyze the relevant acoustic attenuation. Impor-
tantly, however, the disturbance fluctuation amplitudes of the injection conditions are very similar

to those without injection, indicating that the injection process is not having a significant impact
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on the freestream flowfield. Thus, any measured changes in the acoustic disturbances will not be
the result of the injection process itself.

In order to isolate the contributions to the overall noise from the lower-wall boundary layer
and freestream entropic disturbances, the coherence was computed for the Mach-line and stream-
line signal pairs. The magnitude-squared coherence for a representative signal pair a-b is defined

as

1S w ()

2 _
Y= S S

(3.27)

where S, is the cross power spectral density (CPSD) of signal pair a-b, and S, and S, are
the auto power spectral densities (note that Figure 3.17 demonstrates that the denominator of

Equation 3.27 is essentially identical for both signal pairs). The CPSD is defined as

San(f) = D Rapmye ™, (3.28)

m=—oo

where S, represents the distribution of power per unit frequency for the correlated signal pair.
The coherence was calculated using Welch’s method with Hanning windows of length 100 us
and 50% overlap. For the calculation to be physically representative, we must account for the
different times taken for the relevant disturbances to propagate between probe pairs (owing to
both differing distances and propagation speeds). For streamline pair 1-3 or 2-4, this delay was

specified as Atj324 = Ax, /U, while for Mach-line pair 1-2 or 3-4, the delay was

Ay/sin
Atp34 = b ) (3.29)
U2 —a?

79



1076

Figure 3.17: Amplitude spectral density of phase fluctuations from FLDI points 1-4 without
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Figure 3.19: Magnitude-squared coherence of FLDI signals along a Mach line (pairs 1-2 and 3-4)
and a streamline (pairs 1-3 and 2-4). For comparison, the coherence of FLDI signal pair 1-4 is
also plotted.

where Ay = 0.365 mm (Figure 3.10) and a., is the theoretical freestream sound speed.

The coherence of a representative shot without injection is presented in Figure 3.19. Con-
sistent for all shots, the coherence of the Mach-line pair (1-2 or 3-4) is substantially higher than
that of the streamline pair (1-3 or 3-4) over a wide range of frequencies, with the curves generally
converging at low frequencies. At frequencies greater than 1 MHz, the coherence has reached its
noise floor. The coherence of the FLDI signal pair 1-4 is also plotted for comparison, assuming
an acoustic propagation speed of m. The decreased coherence magnitudes for signal
pair 1-4 illustrates that freestream disturbances are primarily convecting along the streamline or
Mach-line direction; however, further investigation could be done if the four-point FLDI was ex-
tended to a multi-line FLDI system, as detailed by Weisberger et al. (2021). This would allow for
a study of the coherence between upstream and downstream signals to determine the separation

angle that results in the maximum correlation (though we would expect this to occur along a
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Mach line), as well as the sensitivity of the coherence to the separation angle.

While the coherence provides an estimate of the normalized cross power spectral density,
only the relative magnitudes of the fluctuating signals are obtained. A characterization of the rel-
ative fluctuation powers of the correlated signals requires the CPSDs themselves to be compared.
The CPSD was calculated for Mach-line and streamline signal pairs using Welch’s method with
Hanning windows of length 33 us and 50% overlap. Upon calculating the CPSD for each Mach-
line pair and injection condition, Welch’s t-test was used to determine if there was a statistically
significant difference between the CPSD with and without injection at any particular frequency.
Welch’s t-test assumes the data sets have normal distributions, unequal variances and unequal
sample sizes, which are valid assumptions for the CPSD measurements. The t-test was computed
with MATLAB’s built-in tfest2 function with a 95% confidence interval.

Ideally, the correlated signals from FLDI pair 1-2 or 3-4 would consist uniquely of acoustic
disturbances and that of pair 1-3 or 2-4 of entropic disturbances; however, in reality, these signals
will not be completely independent due to the close proximity of the measurement points. Never-
theless, if we make the reasonable assumption that the relative dependence is consistent across all
shots, the relation between the correlated fluctuations obtained from a Mach-line and streamline
signal pair will illustrate the relative contributions of acoustic and entropic noise when compared
to other shots.

Relative to shots without injection, the injection conditions that resulted in the most sig-
nificant attenuation from the correlated Mach-line signals were 30% He/CO, at 3.87 bar, 35%
He/CO, at 4.14 bar and 40% He/CO, at 3.99 bar. The mean CPSDs of these mixtures compared
to the no injection case are seen in Figure 3.20 for the Mach-line pair (3.20a, 3.20c, 3.20e) and

streamline pair (3.20b, 3.20d, 3.20f), respectively. For all shots, there were minimal differences
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between the Mach-line signal pairs 1-2 and 3-4, and streamline signal pairs 1-3 and 2-4; therefore,
the signal pairs 1-2 and 1-3 were typically used for analysis.

In Figure 3.20, the mean CPSDs are plotted with the standard deviation from all shots at
that condition. Markers indicate the frequencies at which the means are unequal with 95% con-
fidence intervals, as determined by Welch’s t-test. For a given injection condition, it can be seen
that the correlated signals along the Mach line have higher fluctuation powers than those along
a streamline. This is also seen in the coherence magnitudes of Figure 3.19. Considering there
are contributions from all four walls, this indicates that acoustic disturbances dominate the noise
environment. For 30% He/CO, in Figure 3.20a, a clear reduction in the Mach-line CPSD was
measured relative to the case without injection, particularly at frequencies above 300 kHz. In Fig-
ure 3.20b, however, no significant reductions are measured for fluctuations correlated along the
corresponding streamline. This indicates that the vibrationally active gas species in the boundary
layer is affecting acoustic radiation but not entropic disturbances, as expected. Similar results
are found for 35% He/CO, (Figure 3.20c and 3.20d) and 40% He/CO, (Figure 3.20e and 3.20f),
where a statistically significant attenuation is measured for the Mach-line fluctuations, with lesser
or zero attenuation for the streamline fluctuations. Injection of 45% and 50% He/CO, resulted
in a mean Mach-line CPSD with smaller fluctuation powers than the no-injection case; however,
these differences were not statistically significant. A similar result occurred with the injection of
25% He/CO,, but the difference was smaller still.

Turning to the reference injection cases, the mean CPSDs for injections of pure CO,, He
and N, are presented in Figure 3.21. Markers indicate the frequencies at which the mean CPSD
from a given injection condition is statistically unequal to the mean CPSD without injection,

where blue and red markers represent a decrease and increase in correlated fluctuation power,
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Figure 3.20: Mean cross power spectral densities of phase fluctuations along a Mach line (a, c,
e) and streamline (b, d, f) for injection of 30%, 35%, and 40% He/CO, mixtures compared to the
case of no injection. Markers indicate the frequencies at which the means are unequal with 95%
confidence intervals.
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respectively. For the case of CO, and N, circular and square markers represent the higher and
lower injection pressures, respectively. In Figure 3.21a, no attenuation in acoustic fluctuations
is measured for the injection of pure CO,. Similarly, no attenuation in streamwise disturbances
is measured in Figure 3.21b, with instead a slight increase in fluctuation power occurring for
CO; injection at 4.18 bar. A discussion as to why attenuation is observed along a Mach line for
He/CO, mixtures but not pure CO, is presented in Section 3.7.4. For He injection in Figure 3.21c
and 3.21d, a small reduction in acoustic fluctuation powers is measured at high frequencies,
while no reductions are measured for the entropic disturbances. Although we would not expect
any vibrational nonequilibrium processes to occur for a monatomic gas, it is possible that the
large density gradient in the boundary layer created by the light helium molecules could lead to
trapping of acoustic waves. That is, the amplitude reduction of freestream acoustic disturbances
could be caused by the reflection of acoustic waves, not absorption. Such effects would be less
pronounced in the mixtures, since the fraction of He is lower. This is further investigated in Ap-
pendix B. For N, injection in Figure 3.21e and 3.21f, essentially no attenuation was measured in
the Mach-line CPSDs, with a slight increase in fluctuation powers for streamline correlations at
the higher injection pressure. The lack of acoustic attenuation for the injection of N, further in-
dicates that the injection process itself is not responsible for the attenuation measured in He/CO,

mixtures (Figure 3.20).

3.7.4 Comparison Between Acoustic Chamber and FLDI Results

Since attenuation of acoustic fluctuations was measured for 30%, 35%, and 40% He/CO,

mixtures, but no reductions were observed in pure CO,, this may be explained by the shifted
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Figure 3.21: Mean cross power spectral densities of phase fluctuations along a Mach line (a, c,
e) and streamline (b, d, f) for injection of CO,, He, and N, compared to the case of no injection.
Markers indicate the frequencies at which the means are unequal with 95% confidence intervals.

86



attenuation spectra of He/CO, mixtures. To better understand the effect of increasing He fraction
in CO,, the attenuation spectra obtained from the acoustic chamber (Figure 2.9) are re-examined
here. In Figure 3.22 we show the attenuation spectra of CO, and He/CO, mixtures at 293 K,
with the theoretical attenuation model of CO, (Dain and Lueptow, 2001; Zhang et al., 2013)
scaled and shifted in each case to match the experimental measurements. This scaled theoretical
model allows for the attenuation coefficient measurements to be extrapolated to a wider range of
f/P values. The scaled model can then be used to estimate the attenuation from acoustic wave
propagation through a gas mixture of a given thickness and pressure. From Equation (2.27), the

ratio of acoustic pressures across a gas mixture of height ¢ is given by

=e %, (3.30)

The boundary-layer height is determined from schlieren images of the flowfield in the vicinity of
the FLDI focal points, which depicts 6 = 1cm. The attenuation spectra can then be plotted as
the ratio of acoustic pressures as a function of frequency by substituting in ¢ and the freestream
pressure. Seen in Figure 3.23a, an increase in helium fraction results in a large increase in atten-
uation in the frequency range of 200 — 800 kHz. This frequency range is also where significant
attenuation was measured from fluctuations correlated along a Mach line in 30%, 35%, and 40%
He/CO, mixtures (Figure 3.20a, 3.20c, 3.20e), while no attenuation was measured for pure CO,
(Figure 3.21a). Since the temperature in the boundary layer is expected to range from approxi-
mately 272 — 372 K, the theoretical attenuation model was also scaled and shifted to match at-
tenuation spectra obtained at 373 K (Figure 2.10). The resulting acoustic pressure ratios for CO,,

20% He/CO,, and 40% He/CO, are seen in Figure 3.23b. Similar to the attenuation spectra at
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Figure 3.22: Attenuation spectra of CO, and mixtures of CO, with 10%, 20% and 40% He at
293 K with theoretical attenuation of CO, scaled to match experimental results.

293 K, an increase in helium fraction at 373 K results in a considerable increase in attenuation in
the frequency range of 200 — 800 kHz. Therefore, the trends in measured attenuation coeflicients
at the expected boundary-layer temperatures are consistent with the findings of the shock-tunnel
experiments.

In comparing Figure 3.20a, 3.20c, and 3.20e to Figure 3.21a, however, it should be kept in
mind that the measured attenuation from a correlated Mach-line signal may also be affected by the
the FLDI instrument itself. As discussed in Section 3.6.2, the low-frequency components of the
FLDI signal may be corrupted by sidewall boundary layers, whereas high-frequency fluctuations
are more representative of disturbances in the core flow. Therefore, by shifting the attenuation
spectra to higher frequencies, the FLDI is more sensitive to freestream acoustic disturbances af-
fected by the vibrationally active gas species. To examine this, we must revisit the discussion of

cutoff wavenumber, which was conservatively chosen to be k, ~ 3200 m. Using the measured
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Figure 3.23: Theoretical acoustic pressure ratio across a 1 cm thick gas layer at 0.51 bar, (a) 293 K
and (b) 373 K.

convection velocity of (U.) = 627 m/s, the frequency associated with this cutoff wavenumber
is f. = % ~ 319kHz. Disturbances above this frequency can be attributed to the core flow
and are not corrupted by disturbances in the sidewall boundary layers. In Figure 3.20, the mea-
sured reductions in correlated fluctuation amplitudes along the Mach line typically occurred at
frequencies of 300 kHz and higher, which is consistent with this estimated cutoff frequency.

We additionally note that Figure 3.23 assumes all acoustic waves are propagating through
the vibrationally active gas species, whereas, because of the relatively close probe spacing, the
correlated measurements along a Mach line are not completely independent of acoustic distur-
bances propagating from the top and sidewall boundary layers, and entropic disturbances prop-
agating in the streamwise direction. Thus, the attenuation measured from correlated Mach-line
signals is not as substantial as what is predicted by the theoretical attenuation spectra and it is
difficult to quantify precisely the degree of attenuation within the lower boundary layer. This

motivates the development of a mathematical disturbance model to provide greater insight into
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the sensitivity of the measured attenuation to disturbances from the lower boundary lower only.
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Chapter 4: Disturbance Model

4.1 Framework

A theoretical model was developed to replicate the dynamics of the disturbance environ-
ment in the freestream flow incorporating both entropic and acoustic disturbances propagating
through the FLDI focal points. The methodology employed is as follows. First, the model pa-
rameters are tuned to match the experimental FLDI results for the case of no injection. The
amplitudes of the acoustic disturbances from the lower boundary layer in the model are then re-
duced until the corresponding CPSD curves match those from the FLDI results for the injection of
30%, 35%, and 40% He/CO,. Although the disturbance generation process is not directly mod-
eled, the resulting disturbance field is consistent with the known physics of the problem, and we
expect the comparison of reference and reduced disturbance fields to be physically meaningful.

The coordinate system of the model is shown in Figure 4.1, where the propagation direction
is described by angles ¢ and n oriented in perpendicular planes. The disturbances are modeled as
Gaussian wave packets propagating in five different directions: entropic disturbances propagating
in the streamwise direction, and acoustic disturbances propagating along Mach lines from the four
walls of the test section. For each disturbance, a Gaussian width is prescribed in the direction
perpendicular to its propagation, within the same plane as the wave packet. Therefore, for a
wavevector propagating in the xy-plane (n = 0), the amplitude and phase will be constant along
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Figure 4.1: Coordinate system for a generalized plane wave with wavevector k.
the z—axis at a given instant in time. An arbitrary acoustic disturbance pulse train propagating in
the xy-plane is illustrated in Figure 4.2 for a single frequency at an instant in time.

While the disturbances are modeled in three-dimensional space, the simulated FLDI signals
are obtained at the focal points only, i.e., the FLDI is not modeled as an integrated signal along
the optical axis (z). This is acceptable for our purposes since the model will be tuned to match
the experimental signals, and we are not attempting to recreate the measurement environment
in its entirety. The composite freestream-disturbance signal is therefore recorded at locations
corresponding to FLDI points 1, 2, and 3 (Figure 3.10) along the centerline of the test section;
FLDI point 4 is redundant.

The wave packets are created by multiplying three components together: planar waves, a
pulse train of Gaussian curves, and a Gaussian curve oriented perpendicular to the propagation

axis. A generalized time-varying plane wave propagating in 3D space can be modeled by

l’lij()?, 1) :AiJ'COS (]?ij'.f—zﬂfjt'Flﬁij), “4.1)
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Figure 4.2: Arbitrary single-frequency acoustic pulse train propagating in the xy-plane at an
instant in time.

where indices i and j represent the propagation direction and frequency, respectively, A;; is the
amplitude, k ; is the wavevector, i;; is a randomized phase, and ¥ = (x,y,z). The phases y;; are

drawn randomly from the uniform distribution [0, 2r). The wavevector is related to the distur-

bance frequency, f;, by

k,‘j = ﬁ (42)

where I?U | U. The propagation velocity is U for entropic disturbances, and U, cosu for

acoustic disturbances. From the coordinate system in Figure 4.1, the propagation angles are

defined as

(£u,0) for acoustic disturbances from top/bottom walls
(&,m) =4(0,+u) for acoustic disturbances from sidewalls “4.3)

(0,0)  for entropic disturbances.

A pulse train of Gaussian envelopes is then created as
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with

T

Sip = Ti(P - 1). 4.5)

Here, s;, 1s the distance between wave packets along the propagation axis, P; is the number of
wave packets that propagate during the steady test time 7', 6;; is the randomized phase of the wave
packet, and o; is the width of the wave packet, which is linearly proportional to the wavelength
of the disturbance. The pulse train propagates at the same velocity as the disturbance, i.e., the
group and phase velocity are equal.

The Gaussian curve used to define the extent of the wave packet in the direction perpendic-

ular to propagation is computed from

G,,j(%,1) = exp|— , (4.6)

where IAclTJ lies within the xy—plane for entropic disturbances and acoustic disturbances from the
top and bottom walls, and xz—plane for acoustic disturbances from the sidewalls. g; is the width
of the Gaussian, which is linearly proportional to the wavelength of the disturbance, and #; is a
translation relative to FLDI point 1 (¥; = (0, 0, 0) in the model) used for disturbances propagating

towards FLDI point 2 or 3.
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Combining Equations 4.1, 4.4, and 4.6, the overall disturbance environment is given by

D(X, 1) =

M N
Z Z Gz,ile,ijnij, 4.7)

i=1 j=1

/-

where N and M are the number of frequency components and propagation directions, respec-
tively. A scaling factor of 1/ VN is used to keep the root-mean-square (RMS) constant as N
increases for a fixed bandwidth (Lawson, 2021). The disturbance environment, D(X, t), is com-
puted for the case of wave packets centered on FLDI point 1, 2, or 3. The total fluctuation signal

is then obtained from the summation of these three cases, that is,

Dtot(-f, 1= Dpt.] (f’ 1)+ Dpt.z()?, 1+ Dpt.3()?a P). (4.8)

Finally, to match the electronic noise floor of the FLDI, Gaussian white noise was added.

4.2 Results

The model was first tuned to match the experimental results for the case of no injection.
The amplitudes A;;, wave packet width o;, and Gaussian width ¢; were varied manually until
the modeled signal provided a reasonable match to the ASD and CPSD results from the FLDI.
All acoustic disturbances were treated identically. The model was computed with N = 800, a
bandwidth of f = [1 x 10%,3 x 10°] Hz, and a sample rate of 6.77 MHz. Since the CPSD is
dependent on phase correlations, it was found that the modeled CPSD varied slightly for each
computation as a result of the randomized phases. Therefore, the disturbance environment was

iterated 60 times until the mean CPSDs reached convergence. For the ASD analysis, only one
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iteration was needed.

The PSD of the modeled fluctuations was calculated using Welch’s method with Hanning
windows of length 278 us and 50% overlap, consistent with the parameters used in the exper-
imental data analysis. The ASD was computed from the square root of the PSD. Presented in
Figure 4.3 is the ASD obtained at the location of FLDI points 1, 2 and 3 without any attenua-
tion applied to the disturbances, as well as at FLDI point 2 with a 30% amplitude reduction for
acoustic disturbances from the bottom wall. Compared to the experimental results in Figure 3.18,
the model matches the roll-off slope and high-frequency fluctuation amplitudes well. The model,
however, has slightly higher fluctuation amplitudes around 300 kHz. It can also be seen that the
ASD is essentially identical at each FLDI point, both with and without attenuation applied. This
was noted in the experimental results, and further indicates that a CPSD analysis is needed to
assess the attenuation effects on the fluctuations.

The CPSD was calculated for modeled Mach-line and streamline signal pairs using Welch’s
method with Hanning windows of length 33 ps and 50% overlap, which again matches the pa-
rameters used in the experimental analysis. In Figure 4.4, the Mach-line and streamline CPSDs
for modeled fluctuations without any amplitude reductions are compared to the mean experi-
mental CPSDs from the case of no injection. For the experimental Mach-line CPSD without
injection, the model with no amplitude reductions matches very well across all frequencies. The
modeled CPSD along a streamline without amplitude reductions provides a reasonable match to
the experimental results without injection, with a slight discrepancy around 400 — 600 kHz.

In Figure 4.5, the CPSDs are presented for modeled fluctuations in cases for which the
amplitudes of the acoustic disturbances from the bottom wall have been reduced by 0%, 15%,

30%, and 45%. The modeled CPSDs are compared to the mean experimental CPSDs along a
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Figure 4.3: Amplitude spectral density of modeled fluctuations at FLDI points 1, 2, and 3 without
any attenuation and FLDI point 2 with a 30% amplitude reduction for acoustic disturbances from
the bottom wall. The range of experimentally determined fluctuation amplitudes from various
injection conditions (Figure 3.18) is shown in gray.
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Figure 4.4: Mean cross power spectral densities of modeled fluctuations along a Mach line and
streamline with no amplitude reductions compared to FLDI results with no injection.
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Mach line and streamline from the case of no injection, and injection of 30% (4.5a, 4.5b), 35%
(4.5¢c, 4.5d), and 40% (4.5e, 4.5f) He/CO,. Comparing the modeled Mach-line CPSD to the
injection of 30% He/CO,, it appears that an amplitude reduction of approximately 15 — 30%
matches the experimental results, depending on the frequency. For the injection of 35% He/CO,,
the modeled Mach-line CPSD is consistent with a 30% amplitude reduction until approximately
400kHz, and for the injection of 40% He/CO,, an amplitude reduction of 15 — 30% provides
good agreement. In Figures 4.5b, 4.5d, and 4.5f, it can be seen that the modeled CPSD along
a streamline is fairly insensitive to the amplitude reductions for acoustic disturbances from the
bottom wall, with at most small differences between cases without amplitude reductions and with
the maximum 45% reduction. These results are also consistent with the 15 — 30% reduction that
was found to match the Mach-line data for these experiments.

The mathematical disturbance model indicates that the presence of a vibrationally active
gas species in the lower boundary layer resulted in a 15 — 30% reduction in measured acoustic-
disturbance amplitudes. The model also illustrates that reduced acoustic-disturbance amplitudes
from the lower boundary have a minimal effect on the fluctuations correlated along a streamline,
which is consistent with the experimental measurements. These significant results show that this
simple theoretical model provides a framework for analyzing correlated fluctuations which con-
tain unknown dependencies on the direction of disturbance propagation. Although the model
relies on empirical inputs, it nonetheless offers valuable insight into the sensitivity of these cor-

related measurements to entropic and acoustic-disturbance amplitudes.
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Figure 4.5: Mean cross power spectral densities of modeled fluctuations along a Mach line (a,
¢, e) and streamline (b, d, ) with 0%, 15%, 30%, and 45% reduced amplitudes for acoustic
disturbances from the bottom wall. In each case, the disturbance model is compared to average
FLDI results with no injection, and injection of 30%, 35%, and 40% He/CO, mixtures.



Chapter 5: Conclusion

5.1 Summary

The present work investigates the effects of vibrational nonequilibrium processes on acous-
tic radiation from a compressible turbulent boundary layer. In conventional (non-quiet) high-
speed wind tunnels, increased disturbance amplitudes in the freestream lead to the growth of in-
stabilities in laminar boundary layers, resulting in early breakdown and transition to turbulence.
Since the noise environment in conventional high-speed wind tunnels is substantially stronger
than that experienced in atmospheric flight, comparisons between ground-test and free-flight data
are difficult to make. Additionally, each high-speed facility has widely varying freestream turbu-
lence intensities, making it challenging to compare experimental results obtained from different
tunnels. At high Mach numbers, it is known that acoustic disturbances typically dominate the
noise environment; therefore, mechanisms capable of attenuating acoustic disturbances within
an upstream turbulent boundary layer can play a critical role in the reduction of freestream-
disturbance amplitudes.

Vibrational nonequilibrium processes can lead to significant acoustic attenuation in poly-
atomic gases and mixtures. Predicting the resulting attenuation, however, remains a challenge,
and there exist limited experimental data for comparison and validation. High-temperature mea-

surements of attenuation coefficients are particularly rare, and are needed to inform future inves-
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tigations into the effects of vibrational nonequilibrium on turbulence-generated noise. Therefore,
a high-temperature acoustic chamber was developed to measure the acoustic attenuation in CO,,
N,O, and mixtures consisting of CO,/N,, CO,/He, and N,O/He. Using the differential path
method, the acoustic attenuation was measured by transmitting and receiving ultrasonic pulses
through quartz buffer rods separated by a varying distance inside a heated quartz tube. In mixtures
of CO,/N, at room temperature, increasing the percentage of N, decreased the peak attenuation,
but the peak attenuation frequency remained unchanged. In mixtures of CO,/He at room tem-
perature, however, an increase in helium was found to decrease the peak attenuation modestly,
but increase the peak attenuation frequency. This trend was also observed at temperatures up to
528 K. This is attributed to the light He molecules acting as an efficient collision partner with
CO,, resulting in lower relaxation times for the mixture. As the temperature was increased to
528 K in CO, and mixtures of CO,/He, the peak attenuation increased substantially, but the rate
of increase was less significant as the percentage of helium increased. The results of the acoustic
chamber measurements show that varying the fraction of helium in mixtures of CO,/He can shift
the attenuation to a desired frequency range, providing a method to control the acoustic radiation
in high-speed facilities.

The acoustic disturbances radiated by a turbulent boundary layer were investigated exper-
imentally in a Mach-2.8 reflected-shock tunnel facility. The gas mixtures of interest were intro-
duced into the lower boundary layer of the flow through a porous plate located in the upstream
region of the test section. Using schlieren imaging, the effect of injection on the external flowfield
was visualized, and the maximum injection pressure was determined to occur when weak shocks
in the vicinity of the porous plate were no longer significantly steepened by the injected mass

flow.
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A four-point FLDI was developed to measure the high-frequency disturbances in the
freestream. The FLDI beams were split such that there were beam pairs oriented along stream-
lines and Mach lines. This provides simultaneous measurements of entropic and acoustic distur-
bances propagating in these two characteristic directions. The FLDI sensitivity transfer function
developed by Ceruzzi and Cadou (2022) was applied to analyze the influence of the sidewall
boundary layers on the core flow signal, and a cutoff wavenumber of k, ~ 3200 m~!' was conser-
vatively estimated as the point at which the sidewall boundary layers are no longer corrupting the
FLDI signal from the core flow. Using the cross-correlation of the streamwise-separated FLDI
beam pairs, the mean convection velocity was found to be 627 + 31 m/s. Compared to the theo-
retical freestream velocity, the measured convection velocity has a percent difference of —33%.
This is to be expected, since the inclined frozen Mach radiation will not be convecting at the local
flow velocity.

The focal points of the FLDI were positioned just above the lower boundary layer and suf-
ficiently far downstream of the injector location to ensure sufficient mixing in the boundary layer.
Amplitude spectral densities of the FLDI signals showed negligible differences between the cases
with and without injection. Since the ASDs at a single FLDI point incorporate disturbances prop-
agating from all four sidewalls, correlated fluctuations between two FLDI signals were computed
to isolate the contributions to the overall noise from the lower-wall boundary layer and freestream
entropic disturbances. Correlated fluctuations of FLDI signal pairs separated along a Mach line
thus were analyzed using a cross power spectral density. Baselines for comparison were provided
both by similar correlations along a streamline (i.e., corresponding to entropic disturbances) and
reference, no-injection experiments. Mixtures of 30%, 35%, and 40% He/CO, were found to

have the most significant attenuation in Mach-line-correlated fluctuations. As minimal reduc-
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tions in fluctuation power were measured along corresponding streamlines, it could be concluded
that the vibrationally active gas species in the boundary layer primarily affected acoustic radiation
and not entropic disturbances. Additional control cases with N, and He were run to examine the
influence of the injection itself and the density gradients within the boundary layer introduced by
a light gas; minimal attenuation effects were seen in either case.

Injection of pure CO, did not result in any significant attenuation. From the attenuation
spectra measured in the acoustic chamber, it was determined that the addition of He to CO, results
in a large increase in expected attenuation in the frequency range of 200 — 800 kHz, which was
consistent with the frequency range where significant attenuation was measured in the He/CO,
mixtures. This frequency range is also where the FLDI instrument was most sensitive, as in-
dicated by a wavenumber sensitivity analysis which conservatively estimated that disturbances
above 319 kHz can be attributed to the core flow, and are unaffected by sidewall boundary layers.
For pure CO,, however, the attenuation coefficients at these higher frequencies are too low to
have a measurable effect on the acoustic-disturbance amplitudes.

Since the correlated Mach-line fluctuations were not completely independent of other dis-
turbances (i.e., acoustic noise propagating from the top and sidewall boundary layers and entropic
disturbances) the measured decrease in CPSD was not necessarily a reliable quantitative indicator
of the attenuation from the lower boundary layer. Therefore, a mathematical disturbance model
was developed to isolate the effects of attenuation from this lower boundary layer alone. The
disturbances were modeled as Gaussian wave packets propagating along Mach lines from the
four test section walls and along streamlines. The model parameters were tuned to results from
no-injection experiments, and the contribution from the lower boundary layer was then system-
atically reduced. An amplitude reduction of 15 —30% was found to be consistent with the CPSD
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attenuation measured for He/CO, mixtures in experiments.

5.2 Contributions

This investigation made a number of contributions to the understanding of vibrational
nonequilibrium effects on acoustic disturbances. The design of a high-temperature acoustic
chamber built upon previous chamber designs (Winter and Hill, 1967; Wang and Springer, 1973),
and provides the opportunity for future attenuation coefficient measurements of any gas com-
position. The attenuation coefficient measurements of CO,/He mixtures at room temperature
confirmed previous findings in literature: the addition of helium shifts the attenuation to higher
acoustic frequencies. This effect was also measured at elevated temperatures, providing a more
comprehensive set of experimental data that can be used for validation of vibrational relaxation
models. While there are some limited results in literature of CO, attenuation coefficients at high
temperatures, the results of the present work provide greater insight into how the coefficients vary
over a wide range of temperatures. The acoustic chamber results also provide the first reported
measurements of N,O/He mixtures, which indicate that the addition of helium has a similar effect
with N,O to that with CO,.

Another significant contribution of the present work was in the development of a four-
point FLDI. The novel application of splitting the FLDI beams along streamlines and Mach lines
allows for simultaneous measurements of disturbances propagating in these two characteristic di-
rections. By examining the correlated fluctuations along these propagation directions, the relative
fluctuation powers of entropic and acoustic disturbances can be compared. Additionally, the ap-

plication of the transfer function analysis by Ceruzzi and Cadou (2022) allows for the discussion
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of FLDI results to take into account the wavenumber dependence of the instrument. The sensitiv-
ity of the instrument to disturbances away from its focal plane can have a significant effect on the
measured signal, and the influence of sidewall boundary layers or shear layers is often neglected
in published FLDI studies.

To the authors’ knowledge, the results presented here provide the first reported measure-
ments of nonequilibrium effects on turbulence-generated acoustic noise, and in particular, demon-
stration of the potential for damping of such noise. Additionally, the disturbance modeling pro-
vides a framework for analyzing data in such experiments. This significant result expands upon
previous investigations into the effect of nonequilibrium processes on acoustic instabilities within
a boundary layer (Fujii and Hornung, 2003; Leyva et al., 2009; Jewell et al., 2013; Elliott et al.,
2019). The present work represents a critical first step towards developing a “quasi-quiet” capa-
bility in conventional high-speed wind tunnels, whereby existing facilities could be modified to
incorporate the injection of absorbing gas species along the nozzle walls. This would reduce the
freestream turbulence intensity of the flow, without changing the composition of the freestream
gas (i.e., without using He/CO, as the test gas to attenuate acoustic disturbances). Addition-
ally, by modifying existing high-speed tunnels, the expensive development and limited operating
conditions of quiet tunnels can be eliminated. Operating conventional high-speed facilities with
reduced noise levels would greatly expand their utility for studying flows in which transition
plays an important role, and comparisons with computational and free-flight data could be made

with greater accuracy.
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5.3 Future Work

Additional work is required to analyze the degree of dependence between the FLDI signals
from the Mach-line and streamline pairs, for example, by varying the distance between the mea-
surement pairs. The present analysis assumes that the degree of dependence is constant across
all shots; therefore, the correlated fluctuation powers are only discussed relative to other injec-
tion conditions. In addition to the dependence between the correlated signals, the proportion of
freestream turbulence intensity that is measured by the correlated Mach-line signal pair is also
not known. Although it has been shown numerically that the freestream turbulence intensity is
the summation of disturbances propagating from each wall (Duan et al., 2015), in practice this is
complicated by the integrated measurement performed by the FLDI along its optical axis. That
is, since the FLDI signal is not a perfect point measurement at the focal plane, the contributions
to the overall noise environment may not be a linear summation from each of the four walls.
Therefore, a sophisticated model that simulates the integrated FLDI signal through the test sec-
tion could provide an estimate of the proportion of total acoustic radiation that is measured by the
FLDI Mach-line signal pair. Stronger conclusions could then be made regarding the freestream
fluctuations that result from the independent acoustic and entropic sources. The four-point FLDI
could also be extended to a multi-line FLDI system, as detailed by Weisberger et al. (2021). This
would allow for a study of the coherence between upstream and downstream signals to determine
the sensitivity of the coherence to the separation angle. Finally, a further improvement to the
current FLDI analysis would be the application of a transfer function that includes disturbances
convecting in directions other than parallel to the flow.

One limitation of this investigation was the test facility, which was characterized by a brief
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test time and generally greater shot-to-shot variation than non-shock-driven facilities. This varia-
tion led to a relatively large degree of scatter in the attenuation results, making it difficult to draw
firm conclusions from any single run. If a greater degree of attenuation was obtained by injecting
the vibrationally active gas species into boundary layers along multiple walls, the effect of shot-
to-shot variation could be diminished; however, this substantially increases the complexity of the
injection system and may restrict optical access near the injection location. If this study were
to be extended to include porous injection into all four sidewall boundary layers, uncertainties
associated with the sensitivity of the Mach-line signal to acoustic disturbances propagating from
a single boundary layer could be neglected. Additionally, a porous plate with a larger surface
area could be used to inject a greater percentage of gas without disturbing the boundary layer.
To eventually achieve a “quasi-quiet” capability in a conventional high-speed tunnel, the vibra-
tionally active gas should be injected radially along the surface of the nozzle itself, such that the
injection system does not interfere with the test section and model.

In addition to the short test time, the tunnel in the present work featured a narrow test
section which facilitated the downstream reflection of weak shocks generated from discontinu-
ities along the flowpath. A wider test section would produce a cleaner flow with less influence
from sidewall boundary layers; however, this necessitates that the FLDI beams are sufficiently
expanded to maintain a small f-number. If a small f-number can be achieved with a larger test sec-
tion, the FLDI would likely measure a greater degree of acoustic attenuation at lower frequencies
and be less affected by shot-to-shot variation.

The mathematical disturbance model presented in this work could be expanded to include a
detailed DNS study of the fluctuation environment. A DNS study of the freestream disturbances

would allow for a direct comparison to the experimental results, without the need to anchor
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the numerical model to empirical measurements. The DNS could be analyzed with an FLDI
model that simulates the integrated signal from the time-varying density fields, similar to the
model detailed by Benitez et al. (2022). A comprehensive comparison between the experimental
and numerical FLDI results could then be discussed, and further insight could be made into the
FLDTI’s ability to measure weak acoustic disturbances propagating in multiple directions.

The present work was conducted at a single Mach number and total temperature. Further
investigation could be done at higher Mach numbers, where the relative contribution of acoustic
disturbances to the overall disturbance environment is even greater. In this case, correlated fluc-
tuations along a Mach line would be less affected by streamwise disturbances. An increase in the
Mach number and/or total temperature of the facility would result in higher temperatures within
the boundary layer; therefore, from the measurements of attenuation coefficients, it would be ex-
pected that a greater degree of attenuation would be obtained from the injection CO, and He/CO,
mixtures. A test matrix with varying total temperatures could examine the degree at which this

trend is observed in a high-speed tunnel.

108



Appendix A: Multi-Point FLDI in a Mach-6 Freestream

A three-point FLDI instrument was implemented to investigate the freestream disturbance
environment in a Mach-6 shock tunnel at a variety of unit Reynolds numbers and enthalpies.
These experiments were conducted to test and validate the multi-point FLDI system prior to its

application in the Mach-2.8 injection experiments.

A.1 Facility and Test Conditions

Experiments were conducted in the same HyperTERP facility detailed in Section 3.1; how-
ever, in this case, the facility was configured with a Mach-6 axisymmetric contoured nozzle. This
free-jet nozzle has an exit diameter of 0.22 m and is connected to a 0.33 m-diameter test section.
Optical access into the test section is provided by 15.24 cm diameter, 1.27 cm thick NBK7-glass
windows. The FLDI focal region for this investigation was located approximately 108 mm from
the exit plane of the nozzle, and 11 mm below the centerline.

The mean reservoir and freestream conditions are summarized in Table A.1 for each shot.
The test campaign consisted of three shots at each of the five conditions employed to allow an
assessment of the repeatability of results. Conditions A, B, and C had a total specific enthalpy that
was held approximately constant at 0.89 MJ/kg, while conditions D and E had lower enthalpies of

approximately 0.61 MJ/kg and 0.57 MJ/kg, respectively. Based on previous Pitot measurements

109



Table A.1: Mach-6 HyperTERP test conditions.

Condition M, Shot Py (x10°Pa) Ty (K) Tw (K) pe (kgm?) U, (m/s) Re, (x10°m™)

1 9.84 888 110 0.0196 1262 3.25
A 595 2 9.77 891 110 0.0195 1263 3.21
3 9.85 892 110 0.0196 1265 3.23
1 13.9 902 112 0.0272 1271 4.47
B 595 2 13.5 890 110 0.0269 1263 4.44
3 13.4 890 110 0.0267 1263 4.40
1 16.3 908 112 0.0318 1276 5.20
C 595 2 16.3 907 112 0.0317 1275 5.19
3 16.1 908 112 0.0315 1276 5.15
1 18.2 613 75 0.0534 1043 10.9
D 6.10 2 18.3 613 75 0.0535 1044 10.9
3 18.2 612 75 0.0533 1043 10.9
1 21.3 568 70 0.0674 1004 14.4
E 6.10 2 214 570 70 0.0676 1005 14.4
3 21.5 570 70 0.0678 1005 14.4

in the tunnel, the Mach number of conditions A, B, and C is approximately 5.95 (Butler and
Laurence, 2021a), and that of conditions D and E is 6.10. Conditions A, B, and C have been
used extensively in transition experiments conducted by Butler and Laurence (2021a,b), while
conditions D and E were employed by Maszkiewicz et al. (2022) for studies of transitional, fin-

induced shock-wave/boundary-layer interactions.

A.2 FLDI Instrument

A.2.1 FLDI Setup

A three-point FLDI was used for the simultaneous measurement of fluctuations assumed to
be representative of entropic disturbances propagating in the streamwise direction and acoustic
radiation propagating along Mach lines. The FLDI setup is similar to the description given in

Section 3.5.1, with the primary differences being that C, is a 100 mm-diameter lens of focal
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length 200 mm, and a knife-edge mirror was used to split two of the beams perpendicular to the
optical axis and into their respective photodetectors. Additional details are provided by Gillespie
et al. (2022).

The orientation of the beam spacings on the focal plane of the multi-point FLDI is seen in
Figure 3.10, where Ax; and Ax, represent the intra- and inter-pair spacing, respectively. It should
be noted, however, that the FLDI point labels in the work of Gillespie et al. (2022) are different
than those used here; point 2 and point 3 are interchanged. The beam spacings were measured
by placing a LBP2-HR-VIS2 beam profiler at the center of the test section. From Equation 3.6,
Ax; = 465 um, and the FLDI was adjusted until this separation was attained (+8 wm). As seen
in Figure 3.10, Wollaston prism W, was used to split the beams along a Mach line, where u is
intended to be the Mach angle at Mach 6 (i.e., 9.59°). Using the beam profiler, the spacings were
measured to be Ax, = 1.583 £ 0.008 mm and Ay = 0.360 + 0.008 mm, giving x = 9.69 £+ 0.12°.

In this setup, the spacing of the optical components resulted in a phase difference between
the four signals when no density gradient is present. Since the FLDI is most sensitive to density
fluctuations when the mean signal is halfway between the maximum and minimum interference,
the system should be set up within this linear regime to avoid phase ambiguity. Due to the phase
difference between the four signals, however, there was no longer a position of the final W; prism
that satisfied this for all four interference fringe patterns. Therefore, in order to ensure that all
signals had a baseline voltage within the linear portion of their fringe pattern, only FLDI signals
1, 2, and 3 of Figure 3.10 were recorded.

The radius of the Gaussian beam at the focal plane, w,, was computed with the procedure
described in Section 3.5.2. From the slope of the beam radius as a function of z — z, the beam
waist was calculated with Equation 3.8 to be wy = 8.0 £ 0.5 pm, and the measured f-number of
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the FLDI was f/24. Further details of this calculation can be found in the work of Gillespie et al.

(2022).

A.2.2 Influence of Nozzle Shear Layers

The FLDI is analyzed with the same instrument model presented in Section 3.6.1. The sen-
sitivity of the FLDI instrument employed in this study as a function of wavenumber along the op-
tical path (z—axis) is plotted in Figure A.la. The combined effects of H,, and H,, on the response
of the FLDI illustrate that sensitivity is maximum for disturbances with k, = 7/Ax; (6756 m™")
at the focus (z = 0). The instruments’ depth of focus is defined as the full width at half maxi-
mum (FWHM) of the sensitivity for a given disturbance wavenumber (Equation 3.22) (Ceruzzi
and Cadou, 2022). The FWHM is plotted as a function of wavenumber in Figure A.1b. As the
wavenumber increases past k, = m/Ax;, the depth of focus decreases slightly, i.e., the spatial
resolution of the instrument increases. As the wavenumber decreases below k, = n/Ax;, the
instrument’s depth of focus rises rapidly, and the overall response decreases. This illustrates the
FLDTI’s ability to resolve large wavenumber disturbances near the focal plane of the system, while
small wavenumber disturbances are measured across a greater spatial extent with a decreased sen-
sitivity.

To compare the signal strength of the core flow to that of the nozzle shear layers, the ratio
of FLDI sensitivity functions (Equation 3.20) in the two regions is computed with Equation 3.23.
In this study, dg is replaced with dg;, the shear-layer thickness, and L is the half-width of the
flow region, equal to the nozzle radius of 0.11 m. Zhang et al. (2018) found that the magnitudes

of density based turbulence intensity across all wavenumbers in a Mach-6 boundary layer DNS
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Figure A.1: (a) Variation of the product of FLDI transfer functions H,H,, with wavenumber and
distance z and (b) full width at half maximum (FWHM) of the FLDI transfer functions (depth of
focus) as a function of wavenumber for 4y = 532 nm, wy = 8.0 um, and Ax; = 465 um.

were on the orders of 20 —25%. In a summary of various facilities at Mach 6, Lafferty and Norris
(2007) found that freestream Pitot probe RMS fluctuations were typically on the order of a 1 —4%.
Therefore, disturbances in the core flow are assumed to have uniform magnitude (g = 1), while
disturbances in the shear layers are assumed to have a magnitude 8 times greater, i.e.,

1 for |z < L—-46gL

g(z) =148 for L-6g < |27 < L (A1)
0 otherwise.

To estimate the shear-layer thickness, previous simulations of the mean nozzle flow from
VULCAN CFD software were used to determine the radius of the core flow (Starshak et al.,
2018). Using condition B, the core flow region was found to extend approximately 89 mm from
the nozzle centerline with a Mach number variation of < 1% at the exit plane; this resulted in
0s. = 21mm for condition B. To estimate the shear-layer thickness for the other conditions, the
incompressible turbulent boundary-layer scaling of 6 o« Re.,’’ was used and the resulting values

are seen in Table A.2.
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Table A.2: Estimate of shear-layer thickness for each condition.

Condition Res, (Xx10°m™") &g (mm)

A 3.23 22.0
B 4.44 21.0
C 5.18 20.5
D 10.9 18.5
E 14.4 17.7

The solution to Equation 3.23 is presented in Figure A.2. The H,,/H, ratio rises rapidly
for k, > 1000 m™!, and exceeds 5 at k, ~ 2100 m™~!. This represents a highly conservative cutoff
wavenumber; therefore, disturbances with k, > 2100 m~! can be attributed to the core flow. The
FLDI results are thus computed for the core flow using Equation 3.21 with g = 1. It is also
seen in Figure A.2 that there is minimal difference in the cutoff wavenumber among the different
conditions. Although the estimate of shear-layer thickness neglects shear-layer growth, the in-
sensitivity of the cutoff wavenumber to shear-layer thickness illustrates that its impact would be
negligible. This insensitivity is the result of the large core flow and relatively small variations in

shear-layer thickness for this flow field, which is generally the case for hypersonic wind tunnels.

A.2.3 Disturbance Velocity Analysis

In addition to the measurement of mean convection velocities (detailed in Section 3.6.3),
the frequency-dependent convection velocities are also of interest. To measure this dispersion
relation, the cross spectrum can be utilized (Poggie et al., 2000; Borg et al., 2015). The cross

power spectral density for signal pair 1-3 is defined as

Su(f)= D Rismye ™, (A2)

m=—00
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Figure A.2: Estimated ratio of FLDI signal from the core flow, relative to the nozzle shear layers.
where S 13 is the distribution of power per unit frequency for the correlated signal pair 1-3. The

phase of the cross spectrum can then be defined as

3 Im[S 13(f)]
¢s(f) = arctan [—Re[SB(f)]]' (A.3)

The phase function is related to the time delay between the two signals according to

() = ‘ij}) (A4)

which allows the frequency-dependent convection velocities to be calculated as

A
U,(f) = T?) (A.5)
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Figure A.3: Time trace for shot E1. (Top) Reservoir pressure; (Middle) voltage output from FLDI
signals, offset for clarity; (Bottom) spectrogram of FLDI point 1.

A.3 Results and Discussion

For all shots listed in Table A.1, the data analysis was based on 6 ms of test time during
which the reservoir conditions remained approximately constant. A sample time trace is pre-
sented in Figure A.3 for shot El, together with corresponding voltage outputs from the FLDI
signals and calculated short-time spectrogram from point 1. The spectrogram was computed
with Hanning windows of length 120 us and 50% overlap. In this case, the steady test time was
taken to occur from 10 — 16 ms. At around 24 ms, tunnel unstart leads to large fluctuations in the
FLDI signal, but the spectrogram indicates that there are no obvious large scale trends in noise

throughout the steady test time, an observation that held generally.
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A.3.1 Disturbance Velocity

Using the procedure described in Section 3.6.3, the streamwise convection velocities were
analyzed with a cross-correlation of the streamwise FLDI signal pair 1-3, computed over con-
secutive 1 ms intervals throughout the 6 ms test time. The resulting mean convection velocities,
(U,), and their standard deviations throughout the test time, o (y,, are seen in Table A.3. In all
shots, the measured convection velocities were below the theoretical freestream velocities, with
an average percent difference of —8.7 +3.3%. The magnitude of the percent difference was found
to increase slightly with Reynolds number, with a maximum of —12.7% in shot E3, and minimum
of —0.9% in shot A3. As discussed in Section 3.7.2, the measured FLDI convection velocities
are expected to be lower than the theoretical freestream velocities, since the FLDI is unable to
reject all of the low wavenumber eddies convecting in the shear layer along the optical path, and
inclined frozen Mach radiation originating upstream in the turbulent nozzle boundary layer will
not be convecting at the local flow velocity.

Frequency-dependent convection velocities were measured as outlined in Section A.2.3.
The cross power spectral density was computed using Welch’s method with Hanning windows
of length 40 us and 50% overlap. The resulting frequency-dependent convection velocities are
plotted in Figure A.4 together with the average theoretical freestream velocity for the relevant
condition, and mean convection velocities, (U,), for each shot. For conditions A, B, and C, the
general trend is one of gradually increasing velocity with frequency; however, for conditions D
and E, alocalized dip in velocity is observed to occur in the region 175-350 kHz, with a slight in-
crease in velocity at higher frequencies. In the previous discussion of the shear-layer influence on

the FLDI signal in Section A.2.2, it was determined that the majority of the FLDI’s signal above
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Table A.3: Mean convection velocities measured with FLDI signal pair 1-3.

Condition Shot U, (m/s) (U.) (m/s) oy, (m/s) Percent Difference (%)

1 1262 1202 47 -4.8
A 2 1263 1180 87 -6.6
3 1265 1254 56 -0.9
1 1271 1135 71 -10.8
B 2 1263 1140 83 -9.7
3 1263 1172 96 -7.2
1 1276 1192 66 -6.6
C 2 1275 1139 39 -10.7
3 1276 1156 43 -9.4
1 1043 943 71 -9.6
D 2 1044 974 69 -6.7
3 1043 911 45 -12.6
1 1004 879 72 -12.4
E 2 1005 901 97 -10.4
3 1005 877 25 -12.7

k., = 2100m™! can be attributed to the core flow. From Equation 3.16, this cutoff wavenumber
corresponds to frequencies of approximately 392 kHz for conditions A, B and C, 315kHz for
condition D, and 296 kHz for condition E. Therefore, it is likely that the strong shear-layer dis-
turbances present at these latter high-Reynolds-number conditions are corrupting the measured
freestream convection velocities below this cutoff wavenumber. Additionally, the nozzle is oper-
ating off-design for conditions D and E, which may be resulting in larger fluctuations in the shear

layers.

A.3.2 Density-Based Turbulence Intensity

For the following analysis, shots A3, B1, C1, D1 and E1 are used for comparison unless
otherwise specified. Shot A3 was chosen because an increased amount of intermittency was ob-

served among the other condition A shots, as described by Gillespie et al. (2022). In each case,

118



1600 1600

1400 r 1400

pb ernlege
—~ 19 | — ST DN ﬁl,,,,f‘,f},,,i,,, —~ 19
%1200,”’:&, Bt e e {120029*{ DN
= X ) >: ”” X
£ £ N ¥ \/0
= 1000 = 1000

—e—Shot 1 ——--(U,1)
—+—Shot 2 -——-(U,2)

Shot 3 (Ues)
— U

800 800

600 600

—e—Shot 1 -—--(U,1) —e—Shot 1 ——--(U1)
—+—Shot 2 -—--(U,2) sl —+—Shot 2 - (U,)

Shot 3 (Ues) Shot 3 (Ues)
—Ux —Ux

600

100 200 300 400

Frequency (kHz)
(a) Condition A

1600

500 600 100 200

—e—Shot 1 --- (U1)

Shot 2 - -~ (U,
T (Uez)

- 1200
2

- = 3
2 1000 -
-

7777777 W bty et
800 | B :/.A ' H\H/’

600

300
Frequency (kHz)

(b) Condition B

1600

1400 -

400

500 600 100 200 300 400

Frequency (kHz)

500 600

(c) Condition C
—e—Shot 1 -—--(U.1)
—4—Shot 2 - -~ (U2)
Shot 3 (Uss)
—
::;i‘j:;:t\:::::::::A:::::::::::::::
\“-:/,,.7- Lk &2 Jax Y SN
P

100 200 300 400 500

Frequency (kHz)

(d) Condition D

100 200 300 400 500

Frequency (kHz)

(e) Condition E

600 700

Figure A.4: Frequency-dependent convection velocities measured with FLDI signal pair 1-3.

voltage signals were converted to phase fluctuations using Equation 3.9. The power spectral den-

sity (PSD) of the phase fluctuations was then calculated using Welch’s method with Hanning

windows of length 300 us and 50% overlap, and the amplitude spectral density (ASD) was com-

puted from the square root of the PSD. As presented in Figure A.5a for shot E1, the ASDs were

essentially identical for each of the FLDI points 1, 2 and 3; similar consistency was found for

all shots. Also seen in Figure A.5b is the ASD of the raw voltage signal of FLDI point 1 for

each condition. We note a high signal-to-noise ratio at all conditions, with an increase in the

low-frequency content as the freestream Reynolds number (i.e., density) is increased. A straight

line with slope -1.75 (which would correspond to -3.5 for the PSD) is also plotted for reference,

which is a freestream spectra roll-off that has been reported in pressure data by numerous au-

thors, as summarized by Duan et al. (2019); we see that it also provides a reasonable match to
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Figure A.5: Amplitude spectral density of (a) phase fluctuations from FLDI points 1, 2 and 3
of shot E1 and (b) voltage signal from FLDI point 1 at each condition, prior to application of

Equation 3.21.

the high-frequency data here.

The phase fluctuation spectra, computed in frequency space, were converted to wavenum-
ber space using Equation 3.16, with (U,) taken as the mean convection velocity measured for a
given shot (Table A.3). Figure A.6 shows the density fluctuations calculated from Equation 3.21
for FLDI point 1, in each case normalized by the freestream density. A factor of V{(U,)/2r was
applied to convert from units of Hz™!'/2 to m!/? for consistency in the wavenumber space. These
spectra are consistent over a large wavenumber range, but it is evident that they diverge at high
wavenumbers. This can be attributed to the different signal-to-noise ratios between conditions,
which causes the signals to reach their noise floor at varying frequencies (see Figure A.5b). To
illustrate this, the vertical blue dotted line shows the wavenumber at which the noise floor is
reached by condition A (k, = 2nfy/(U.)). A roll-off slope of k;l‘g was found for the density
fluctuation spectra, which is similar to the roll-off of =7 seen in the phase fluctuation and raw

voltage spectra in Figure A.5. This indicates that the sensitivity function (Equation 3.20) has
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Figure A.6: Density fluctuation amplitude spectra from shots A3, B1, C1, D1, and E1.
only a small wavenumber dependence for 1000 m~! < k, < 3000 m™". Ceruzzi (2022) also found
a relatively constant sensitivity function over a given wavenumber band, which results from the
competing effects of Hx, and H,,.
The RMS density fluctuations over certain wavenumber bands of interest were calculated

in frequency space using

/2
(A/pPoo)rMs = \/ (A/p)*df. (A.6)
5

1

RMS fluctuations were computed over wavenumber bands of k, = [100 — 3000l m~! and k, =
[2100 — 3000] m™!, using Equation 3.16 to convert to frequencies. The fluctuations over the
wider range represent a broadband density-based turbulence intensity; however, the discussion of
Section A.2.2 showed that a significant fraction of this turbulence intensity can be attributed to the
shear layers. Therefore, such a broadband intensity measurement may not accurately represent

the fluctuations present in the core flow. This motivates the calculation of the RMS fluctuations
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over the wavenumber band of k, = [2100 — 3000] m~!, better representing an estimate of this
core flow turbulence intensity. This range corresponds to frequencies of approximately f =
[392 —560] kHz for conditions A, B, and C, f = [315—-450] kHz for condition D, and f = [296 —
4231 kHz for condition E. Likewise, a wavenumber of k, = 100 m~' corresponds to frequencies
of approximately f = 18.7kHz for conditions A, B, and C, f = 15kHz for condition D, and
f = 14.1kHz for condition E. For comparison, the expected frequency range of second-mode
disturbances in conditions A, B, and C, is 170 — 330kHz, as found by Butler and Laurence
(2021b,a).

Figure A.7 depicts a clear trend of decreasing fluctuation strength with increasing Reynolds
number for both wavenumber bands; this is consistent with Pitot measurements in numerous
other high-speed facilities, as summarized by Lafferty and Norris (2007) and Chou et al. (2018).
Direct comparisons of the absolute magnitudes of disturbance intensities documented here to
earlier measurements, however, is complicated by several factors, primarily the differing fre-
quency ranges of the instruments and assumptions regarding the respective transfer functions.
Recently, Lawson et al. (2022) found good agreement between fluctuation spectra obtained from
Pitot probes (f = [0.1 — 40]kHz) and FLDI (f = [30 — 200] kHz) in Mach-4 and Mach-5
freestream flows: if a broadband turbulence intensity is required, some combination of the two

would generally be necessary.

A.3.3 Acoustic Noise Contribution

Although the density-based turbulence intensity in the core flow provides a characterization

of the overall noise environment, it does not enable any insight into the relative contributions of
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Figure A.7: RMS density fluctuations for wavenumber band (a) k, = [100 — 3000l m~! and (b)
k. = [2100 — 3000] m~".

the acoustic and entropic disturbances. This can instead be provided by examining the coherence
of the FLDI signal pairs along the streamline (1-3) and Mach line (1-2). The magnitude-squared
coherence is computed as described in Section 3.7.3. The coherence of a representative shot at
each condition is presented in Figure A.8. Consistent in all cases, the coherence of the Mach-
line pair (1-2) is substantially higher than that of the streamline pair (1-3) over a wide range of
wavenumbers, with the curves generally converging at low wavenumbers and then close to the
noise floor. It should further be noted that the influence of the shear layers can be expected to
enhance the streamwise coherence at low wavenumbers.

While the coherence provides an estimate of the normalized cross power spectral density,
only the relative magnitudes of the fluctuating signals are obtained. A characterization of the rel-
ative fluctuation powers of the correlated signals requires the CPSDs themselves to be compared.
Ideally, the correlated signals from FLDI pair 1-3 would consist uniquely of entropic disturbances
and that of pair 1-2 of acoustic disturbances; however, in reality, these signals will not be com-

pletely independent due to the close proximity of the measurement points. Nevertheless, if we
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Figure A.8: Magnitude-squared coherence of FLDI pairs 1-2 (Mach line) and 1-3 (streamline)
from shots A3, B1, C1, D1, and E1.

make the reasonable assumption that the relative dependence is consistent across all shots, the
relation between the RMS fluctuations obtained from signal pair 1-2 and 1-3 will illustrate the
relative contributions of acoustic and entropic noise when compared to other shots.

The DNS studies of Duan et al. (2015) and Huang and Duan (2017) have demonstrated that
the freestream acoustic noise intensity results from the linear summation of all radiating surfaces.
Since the Mach-line signal pair (1-2) will only measure acoustic radiation from a portion of the
nozzle boundary layer (i.e., the region below the measurement points), an estimate of the propor-
tion of the measured acoustic intensity to the total intensity is needed. A simple but physically
plausible estimate is given by a cost?} dependence, where ¢ is measured from the +y—axis (i.e.,
vertically down) in the yz—plane of the axisymmetric nozzle (see Figure A.9). Thus, in the case

of the FLDI focal region being on the centerline of the tunnel (Y = 0 in Figure A.9), the portion

124



Figure A.9: Schematic of the FLDI in relation to the nozzle and angle ¢} used to estimate the
portion of the total acoustic field measured with signal pair 1-2.

of the total acoustic field that is measured with the signal pair 1-2 is

/2

1 1
Acoustic Fraction = — costdlr = —. (A.7)
T /2 T

To account for the FLDI focal region being located approximately 11 mm below the tunnel cen-

terline, the integral was performed on cos (19 ), from ¢ = [-1.47 — 1.47]rads. Therefore, an

794
acoustic contribution factor of 3.35 (as opposed to ) is appropriate.

The RMS fluctuations of the correlated Mach-line and streamline signal pairs were com-
puted from the square root of the CPSD over the wavenumber band of k, = [2100 — 3000] m™!
to isolate the part of the signal uncontaminated by the nozzle shear layer. The ratio of the RMS
fluctuations, Pj»/P;,13, are presented in Figure A.10. No clear trend with Reynolds number
is seen, but in each case we see that the ratio lies above unity, meaning that even this partial
acoustic contribution is stronger than the entropic component. When multiplied by the acoustic
contribution factor of 3.35, the ratio of RMS fluctuations range from 3.91 — 4.96. Therefore, it is
evident that the acoustic radiation dominates the disturbance environment in all cases. To exam-

ine the sensitivity of Py ,/P; 3 to the cutoff wavenumber, the ratios were also computed over the

wavenumber band of k, = [1100 —3000] m~!. A similar trend with Reynolds number was found,

125



s Condition A
15 s Condition B
T Condition C
s Condition D u
1.45 L | m— Condition E
’ O  Shot 1
¢ Shot 2
1.4 L O  Shot 3 ¢
G o
SR ¢
2]
~ ¢
1 3 = ‘ ‘
|
125
12 © u
{ ]
115 L L L L L L 1
2 4 6 8 10 12 14 16
Res, (m 1) %106

Figure A.10: Ratio of the RMS fluctuations of signal pair 1-2 (Mach line) to signal pair 1-3
(streamline) from the respective CPSDs in the wavenumber band of k, = [2100 — 3000] m~".

and when multiplied by the acoustic contribution factor, Py ,/P, 3 ranged from 4.10 —5.52. This
indicates that the measured proportion of acoustic noise in the freestream is fairly insensitive to

the cutoff wavenumber.

A4 Summary

A three-point FLDI system was implemented in a Mach-6 reflected-shock tunnel for simul-
taneous measurements of freestream disturbances convecting along streamlines and Mach lines
at various unit Reynolds numbers and enthalpies. Using the streamwise-separated FLDI beam
pairs, the mean convection velocities were lower than theoretical freestream values, with an av-
erage percent difference of around 9%. The frequency-dependent convection velocities showed a
general trend of increasing with frequency; however, a dip in velocity was found to occur around

175 -350 kHz for the highest Reynolds number (lowest enthalpy) conditions, D and E. The FLDI
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sensitivity transfer function developed by Ceruzzi and Cadou (2022) was applied to analyze the
influence of the shear layer on the core flow signal, and a cutoff wavenumber of k, = 2100 m™!
was estimated as the point at which the nozzle shear layers are no longer corrupting the FLDI
signal from the core flow. The convection velocities measured below this wavenumber were
suspected to be heavily influenced by the strong shear-layer disturbances in conditions D and E,
leading to the anomalous behavior. Broadband and core-flow density-based turbulence intensities
were examined: in both cases, the RMS density fluctuations decreased with Reynolds number.
The relative contributions of the acoustic and entropic disturbances to the overall noise
environment were also studied. Through a coherence analysis of the FLDI signal pairs separated
along a streamline and a Mach-line, the three-point FLDI instrument was demonstrated to be
effective in simultaneously measuring the entropic disturbances and acoustic radiation. Using
the cross power spectral densities, the ratio of RMS fluctuations of the correlated Mach-line pair
to that of the streamline pair was calculated and exceeded unity in all cases. No clear trend of
this ratio with Reynolds number was found. A simple model was developed to estimate of the
fraction of the total acoustic field measured by the FLDI Mach-line pair; based on this model, the

acoustic radiation was determined to dominate the disturbance environment at all conditions.

127



Appendix B:  Acoustic Reflection in Helium

When an acoustic wave encounters the plane interface of a second, homogeneous medium,
reflected and transmitted waves are generated. If there is an abrupt change in the density and
speed of sound at the boundary of the two media, the amplitude of the reflected wave is given by
the well-known Rayleigh reflection coefficient. If, however, the transition between the two media
is of non-zero thickness and features a continuously varying density and sound speed, then the
reflection of waves at the interface becomes considerably more complex. This problem was in-
vestigated analytically and numerically by Robins (1990, 1991), who studied the transmission of
an acoustic plane wave through a stratified fluid layer of finite thickness. The analytical solutions
presented by Robins (1990, 1991) can be applied to the case of an acoustic wave propagating
through a He/air mixture of finite thickness, representative of a boundary layer. The effect of
density and sound-speed gradients in this representative boundary layer would also be present in
He/CO, mixtures to a lesser degree. Therefore, the resulting attenuation effects in the boundary

layer can be investigated independently from the effects of vibrational nonequilibrium processes.

B.1 General Acoustic Transmission

The reflection and transmission of acoustic waves should first be discussed for the simple

case of a boundary separating fluids of constant density and sound speed. The pressure amplitude
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ratios of the reflected and transmitted waves to those of the incident wave depend on the incidence
angle and characteristic acoustic impedances in the two media (Kinsler et al., 2000). The acoustic
impedance of a medium is defined as Z = pc, where p is the equilibrium density of the fluid and
c is the speed of sound. If the complex pressure amplitude of the incident wave is P;, that of
the reflected wave P,, and that of the transmitted wave P,, then the transmission and reflection
coeflicients are defined as T = P,/P; and R = P,/P;, respectively. For an incident wave in

medium “1” and transmitted wave in medium “2”, it can be shown that

_ Zy/cos 8, — Z;/cos b;
~ Zy/cos O, + Z,/cos 6’

(B.1)

where 6; is the angle of incidence, 6; is the angle of the transmitted wave, and Snell’s law gives

sin@; _ sin6; (B.2)

C1 (6]

Since the average intensity of an acoustic wave is I = P?/(2pc) (Kinsler et al., 2000), the

intensity transmission and reflection coefficients are defined by

Z
T, =I/I; = Z—1|T|2, (B.3)
2

R = r/Ii = |R|2- (B-4)

For a general case where the cross-sectional area of the incident wave, A;, is not equal to the cross-

sectional area of the transmitted wave, A,, the power transmission and reflection coefficients are
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defined by

AZZ] 2
Ty = ——|T), B.5
I A,~Zzl | (B.5)
Ry = |R)%. (B.6)

Typically the cross-sectional area is sufficiently large compared to the wavelength, and A, = A;
for most cases (Kinsler et al., 2000). Assuming no losses during wave propagation, conservation

of energy gives

Rop+Th=1. B.7)

B.2 Density and Sound-Speed Profiles

For a fluid with a continuously varying acoustic impedance, the transmission of an acoustic
wave depends on the density and sound-speed profiles, thickness of the transition layer, inci-
dence angle, and acoustic frequency. The following derivation of the acoustic transmission has
been summarized from Robins (1990, 1991). For consistency with the notation of Robins, the
acoustic wave is propagating in the —z-direction, and the reflection coefficients are derived for a
representative density and sound-speed profile as shown in Figure B.1. In the following deriva-
tion, the subscripts “0”, “1”, and “2” denote properties in the upper, transition, and lower media,

respectively.
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Figure B.1: (a) Density variation and (b) sound-speed variation in three-layer model from Robins

(1990, 1991).

The wave equation governing acoustic propagation in a medium of varying density is

(V2 + k2) p

1
~Vp-Vp, (B.8)
Jo,

where k = w/c 1s the wavenumber. Assuming that the density depends only on the vertical

coordinate, z, Equation B.8 becomes

In the upper medium (z > &/2), an incident plane wave is described by

1dpdp
V2 + k2 =X B9
( )p pdz 0z B2
p= eiko(xcoseo—zsineo), (BIO)
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where ko = w/cp, and 6, is the grazing angle, defined as the complement to the incidence angle.
Reflection from the transition layer results in an upward (+z) traveling wave of amplitude R,

giving the total pressure in the upper medium:
Do = olkoxcos by ( o kozsindo | p eikozsiné)g). (B.11)
The transmitted wave in the lower medium (z < —h/2) is described by
Dy = Tefketxeosta=zsin) (B.12)
where k, = w/c; and the angle 6, is determined from Snell’s law,
k> cos 8, = kg cos 0. (B.13)
The pressure in the transition layer can be described by
p =" p(2). (B.14)

Substituting Equation B.14 into Equation B.9 and defining a new variable g(z) = p~'/?p;(2), the

wave equation can be expressed as

g |* 1d% 3(do\
—+q{§—kOCOS 90+ %d_zz_z p7z =0. (B15)

Robins (1990) shows that a density profile which permits simple solutions to Equation B.15
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is given by

B,

T (et a)?

0 (B.16)

where B,, a, and «, are constants. Note that «, here is not to be confused with the attenuation
coeflicient used in other chapters. For the case of dp/dz = 0 at z = —h/2, it can be shown that

1—(1-n)2

a, =
r }"1/2 £l

(B.17)

where r = p;/p,. Therefore, for a given density ratio r and layer thickness /, parameters a, and
a, can calculated. Substituting Equation B.16 into B.15 gives
d*q W o o;
d—Z2+Q(§—kOCOS GO—Z =0. (B.18)
Solutions to Equation B.18 are presented by Robins (1991) for three sound-speed profiles:
constant sound speed, linear k*> sound speed, and an inverse-square sound speed. Ideally, the
modeled sound-speed profile would be tuned to closely match a boundary-layer profile; therefore,

the inverse-square profile is chosen since it contains the most parameters that can be manually

varied. This profile is described by the equation

1 b? 1 b? 1
1 _b ( ) (B.19)

where b, and vy, are constants, ¢y is the initial sound speed (z > h/2), and c; is sound speed in

the middle of the transition layer (z = 0). By defining a new variable { = 1 — v,z, the solution to
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Equation B.18 is now given by

q={"|C"HO B0 + D' HPB,2)). (B.20)

where C”” and D” are arbitrary constants, Hﬁ” and Hf,z) are Hankel functions of the first and

second kind, respectively, and parameters 3, and v, are defined by

LN FE TR a;

By = — |kob —kocose—Z, (B.21)
1 (1 b

ey St B.22

AR -

B.3 Reflection Coefficient

For the density and sound-speed profiles described by Equations B.16 and B.19, respec-

tively, computing the reflection coefficient involves the cross product of Hankel functions. The

Hankel function notation used by Robins (1991) is

HY = HV [B.(1 - y,h/2)], (B.23)

H? = H? [B,(1 +v,h/2)], (B.24)

where the subscript “+” represents values at the bottom of the transition layer, and “—” represents

values at the top. As derived by Robins (1991), the reflection coeflicient is then found from

Reikoh sinfp _ _Nr/Dr’ (B25)
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with

N,

D,

r

Q

Vv

w

fr

8r

Sy =

t,

= 5Bk [HY B ~ B HY]

+ 5By M + O [HY HE — HY ]
+ By (s + V| HOHY - HOHL |
+ (4 + Qs + V) [HOHD — HPHY)
= 5,(Byhy [H HY ~ H' B

+ 5, + O [HY HY ~ B ]
+ By s+ W) [HOHY — HOHY |

+ (U + Q7+ W [HOH® - HOHY],
yh
2+vy,h’

Y.h
2 - th’

= fra,h + it.kyhsin 6,
= grsrarh + lkoh sin 6o,

= g,5,a.h — ikoh sin 6,

a, — e—a,h/Z

a, — ea,h/Z

" 2(a, + enh2)’

Po
Pl,z=h/2 ’

_ Piz=—np2
P2

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

(B.36)

In the low-frequency limit (k, — 0), the reflection coefficient is a function only of the
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properties of the upper and lower media. That is, it is independent of the properties of the tran-
sition layer, whose thickness is negligible compared to the acoustic wavelength. In this case, the

reflection coefficient is given by

¢5 8in 6y — poco sin 6
Rlim:p2 il £oc —, (B.37)
P2C2 SIn 6y + PoCo SIn 6,

which is equivalent to the general Rayleigh reflection coefficient in Equation B.1 for a given in-
cidence angle. In the high-frequency limit (ky, — o0), the reflection coeflicient oscillates between

two values, R| and R,, given by

R, = (p_;r sinfy sinf,  po sin 6y sinHT)(p_l+ sin 0y sin 6, N po Sin by sing;r)—l ©38)
P2 € Py ¢ o P2 Co Py ¢ o ,
R = p2 sin sin 67 _ posiné; sin 6} p2 sin sin 67 N po Sin 6 sin 6 ! (B.39)
e g sa e g ae ol ©

where the angles 6} and 6 are defined by

cos#;  cosf; 6
LA (B.40)
c| c Co
In this high-frequency limit, the reflection coefficient is independent of the shape of the density or

sound-speed profile, but depends on the values of p and ¢ at the top and bottom of the transition

layer.
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B.4 Results

The constants in the density and sound-speed profiles presented in Equation B.16 and B.19,
respectively, are manually varied to match a boundary-layer profile with a given concentration
of helium and air. The boundary layer is modeled with a sinusoidal profile of temperature as
a simple approximation to a boundary layer with an adiabatic wall, and it is assumed that the

temperature profile is not affected by the helium injection. This temperature profile is given by

T T +T.
sm(”y ”) vt e (B.A41)

T,
T(y)= —=—sin|—=+ = |+ ,
) 2 o 2 2

where T, = 293 K is the wall temperature. Although a cold wall temperature profile is a better
representation of the boundary layer in the tunnel (as detailed in Section 3.3), the adiabatic wall
profile allows for an easier comparison with the monotonic Robins profiles. The density variation
is computed with the ideal gas law and scaled to match a value of 0.62kg/m? in the freestream
(Table 3.1), assuming a constant pressure across the boundary layer. The molar ratio of helium,
Xne, throughout the boundary layer is also approximated with a sinusoidal profile, as described

by
Xpe(y) = Xpge sin (% + g) + K. (B.42)

where Xp, is the mean molar ratio in the boundary layer. The variation in molar ratio of he-
lium is presented in Figure B.2 for the case of Xy, = [0.1 — 0.4]. This range of concentrations

represent a realistic helium variation in the boundary layer, where the molar ratio directly at the
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Figure B.2: Sinusoidal variation in molar ratio of helium throughout the boundary layer.
wall is a maximum of 80%. In the experimental setup, it is unlikely that the concentration at
the wall is 100% helium since the gas is injected into a turbulent boundary layer upstream of the
measurement location, resulting in a well-mixed boundary layer at the measurement location.

To match the boundary-layer profile, the density and sound-speed profiles of Robins (1990,
1991) are computed without any discontinuities. That is, po = p] and p] = p in Figure B.1a, and
co = ¢} and ¢ = ¢, in Figure B.1b. In this case, the reflection coeficient in the high-frequency
limitis Ry = R, = 0. In Figure B.3, the profiles from Robins are compared to the sinusoidal
boundary-layer profile for the case of Xz, = 0.3. Although there are some discrepancies between
the boundary layer and Robins profiles, they match well enough to provide a reasonable estimate
of the reflection coefficient.

The power reflection coeflicients for various boundary-layer profiles with a thickness of
1 cm are presented in Figure B.4 for an acoustic incidence angle of 0° and 69.2° (equal to 90° —p,

where u is the Mach angle). These incidence angles represent the two bounds of acoustic propa-
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Figure B.3: (a) Density variation and (b) sound-speed variation in profiles from Robins (1990,
1991) and a representative boundary layer with Xy, = 0.3.

gation direction. In reality, the propagation angle of the acoustic waves will vary throughout the
boundary layer. For normal incidence in Figure B.4a, the power reflection coefficients increase
with helium fraction. This is to be expected, since a greater concentration of helium leads to
stronger gradients in acoustic impedance. At low frequencies, there is a moderate amount of
acoustic reflection; however, minimal reflection occurs at frequencies above 30 kHz. Since the
power transmission coefficient can be computed from Ty = 1 — |R|> (Equation B.7), it is evident
that the power of the transmitted wave is nearly unaffected above 30 kHz. In Figure B.4b, the large
incidence angle results in increased reflectance at high frequencies, with a peak around 30 kHz.
Although the reflectance here is greater than the 0° incidence case, it is still not very significant at
frequencies greater than 100 kHz. At these higher frequencies, Ty > 0.97 for Xy, = 0.4. There-
fore, although helium injection into the boundary layer can create a strong gradient in acoustic
impedance, it does not result in significant acoustic reflection at high frequencies.

The effects of boundary-layer height on acoustic reflection are also examined. Presented in

139



Xpge=0.1 Xpge=0.1
Xpe =0.2] | 0.08 |
Xpe =03
Xpe =04 ] 0.07 -
0.06
. 005
1=
0.04
0.03 F
0.02
0.01
= N e ‘ = I \r ‘
10% 10* 10° 108 10% 10* 10° 108
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure B.4: Power reflection coefficients for various boundary-layer profiles with a thickness of
1 cm and an acoustic incidence angle of (a) 0° and (b) 90° — u = 69.2°.

Figure B.5 are the power reflection coefficients for boundary-layer profiles of various heights with
Xpu. = 0.3. Also plotted is the low-frequency limit of the reflection coefficient (Equation B.37).
For incidence angles of 0° (Figure B.5a) and 69.2° (Figure B.5b), an increase in the boundary-
layer height shifts the power reflection coefficients to lower frequencies. Since a larger boundary
layer decreases the gradient in acoustic impedance, this results in lower reflection coefficients at
high frequencies. To maximize the acoustic reflection in a boundary layer composed of helium
and air, the boundary layer thickness should be small and the helium concentration should be
large at the wall. In practice, this would be difficult to achieve, since the injection of helium into
a boundary layer promotes the growth and transition of the boundary layer, increasing turbulent

mixing and reducing the gradient of helium concentration at the wall.
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Figure B.5: Power reflection coefficients for boundary-layer profiles of various heights and an
acoustic incidence angle of (a) 0° and (b) 90° — u = 69.2°.
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