
ABSTRACT

Title of Dissertation: EFFECTS OF VIBRATIONAL NONEQUILIBRIUM
ON THE ACOUSTIC NOISE RADIATED
BY A COMPRESSIBLE BOUNDARY LAYER

Graeme I. Gillespie
Doctor of Philosophy, 2023

Dissertation Directed by: Professor Stuart Laurence
Department of Aerospace Engineering

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 CO2, N2O, and mixtures of CO2/He, CO2/N2,



and N2O/He at temperatures up to 529 K. In mixtures of CO2/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 CO2/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. CO2, N2, He,

and He/CO2 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/CO2 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 �ow physics encountered in high-speed �ight include turbulent boundary

layers, shear layers, laminar-turbulent transition, shock-wave/boundary-layer interactions, �uid-

structure interactions, heat transfer, nonequilibrium chemistry, and more. The breadth of these

complexities requires detailed models to better understand their e� ects on �ight 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 e� ciency, numerical simulation can still be incapable of cap-

turing the �ow physics necessary to represent the dynamics of the full vehicle system. Further-

more, high-speed �ight 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 �ow phenomena.

Although the methods by which high-speed �ow is created in wind tunnels can vary de-

pending on facility type, the resulting �ow will always be a� ected by its generation process. In

particular, the gas processes used to create the reservoir conditions, and nozzles used to accelerate

the �ow invariably introduce disturbances into the �ow�eld. These disturbances can have signif-

icant impacts on the aerodynamic behavior of the test model in the freestream �ow. Since each
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ground-test facility is inherently unique, this makes it di� cult to compare experimental results

obtained from various wind tunnels. Additionally, comparisons to computational and free-�ight

data are challenging. Thus, the accurate comparison of experimental, computational and free-

�ight 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 �ow of conventional high-

speed wind tunnels is substantially stronger than that experienced in atmospheric �ight 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 e� ects on heat transfer, skin friction, and �ow 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 e� ects of freestream noise on the transition location complicates the use of conven-

tional tunnels for studying hypersonic �ow 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 �ight (Schneider, 2008). The �rst 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,
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a low-Reynolds number Mach-4 quiet Ludwieg tube (PQFLT) and Mach-6 quiet Ludwieg tube

(BAM6QT) 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

cross�ow and corner �ows, long nozzles with small curvature to dampen centrifugal (Görtler)

instabilities, highly-polished throats to reduce roughness e� ects, 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 �ow 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 �uctuations in a viscous compressible �ow can be described

by three disturbance �elds: entropy inhomogeneities, vortical perturbations, and acoustic waves.

Morkovin (1957, 1959) expanded on the origin of the disturbance �elds 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 �uctuations. In re�ected-shock

tunnels, entropy disturbances are known to originate in the reservoir and travel in the streamwise

direction at the mean �ow 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 �uctuations 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 �eld. In high-speed facilities,

however, vortical �uctuation 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 �ows 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
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that was di� erent 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,� I ,

and source velocity,Us, is shown in Figure 1.2 from Schilden and Schröder (2019). As detailed

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

(kx; ky) =
!

U1 cos� I � a1
(cos� I ; sin� I ) ; (1.1)

where! is the angular frequency,U1 is the freestream velocity,a1 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 isUs = != kx. For slow acoustic waves, the source velocity

must be within the interval 0� Us � U1 � a, and the inclination angle is related to the source

velocity by

cos� I =
 
1 �

Us

U1

! � 1

M� 1
1 ; (1.2)

whereM1 = U1 =a1 is the Mach number. The lower bound of the source velocity (Us ! 0)

gives� I = cos� 1(1=M1 ), i.e., a Mach wave, while the upper bound (Us ! U1 � a) represents

a slow acoustic wave without inclination (� I = 0). The Mach number dependence of the non-

dimensional source velocity,Us=U1 , can be estimated from a linear �t of the experimental and
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Figure 1.2: Plane acoustic waves radiated by eddy sources of a turbulent boundary layer
from Schilden and Schröder (2019).

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

Us

U1
= 0:0784M1 + 0:1861 (1.3)

in the range 2� M1 � 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 �ow. 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 �uctuation intensity is the summation of

the two sources. In the spanwise direction, the waves are not truly planar, with a �nite spanwise

extent attributed to the acoustic sources within the turbulent boundary layer also being of �nite

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 con�gurations, the laminar

boundary-layer receptivity to freestream disturbances leads to the growth of a dominant “second-

mode” instability, de�ned by Mack (1975). The second-mode instability is acoustic in nature,
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Figure 1.3: Numerical schlieren image in a streamwise wall-normal plane of a double wall Mach-
5.86 con�guration from Duan et al. (2015).

primarily characterized by �uctuations in density, and the most unstable second-mode waves (i.e.,

possessing the highest ampli�cation 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) con�rmed the existence of second-mode disturbances and re-

vealed their “rope-like” structure with fundamental frequencies approximately proportional to

1/(2� ), 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
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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, di� usion 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 Kirchho� (1868). Classical attenuation is well

understood for ideal gas mixtures with a known viscosity and conductivity. Attenuation due to

di� usion occurs when the propagation of an acoustic wave causes local �uctuations 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 di� usion can be reliably calculated (Bhatia, 1985).

Predicting the molecular relaxation processes and their e� ect 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

signi�cantly 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
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thermodynamic state of the gas remain out of the phase with the acoustic disturbance, resulting in

signi�cant 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 signi�cantly 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 signi�cant

attenuation of sound waves. Therefore, CO2 and mixtures of CO2 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 �rst 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 di� erent energy levels, producing several e� ective 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 coe� -

cients are obtained by sending acoustic waves through a known test gas at a speci�ed 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 coe� cient 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 Gri� n (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 C2H4/N2, CO2/air, and CH4/air at room temperature, and Ejakov et al. (2003), which featured

O2/N2, CH4/N2, and CO2/N2 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 CO2 and CH4 with air (symbols: � ,
92 kHz; � , 149 kHz;4, 215 kHz; ^ , 1 MHz) from Petculescu et al. (2006). Curves represent
model predictions.

(2006) are measurements of attenuation per wavelength of CO2 and CH4 with air, where the

symbols represent the various acoustic frequencies at which the transducers operated at. At room

temperature, CO2 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 signi�cant over

a considerable range off =P values. Attenuation measurements at higher temperatures for select

gas mixtures have been reported by Bass (1973) and Bass et al. (1974) (CO2, CO2/O2, H2O);

Wang and Springer (1973) (CH4, Ar, C2H2, C2H4, C3H6); Lewis and Shields (1967) and Shields

(1967, 1959) (SO2, SO2/Ar, CO2, CO2/He); and Winter and Hill (1967) (H2, D, O2, N2). 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 �ows. At the high temperatures of typical stagnation regions in
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high-speed �ows, the gases can exhibit signi�cant nonequilibrium e� ects, resulting in molecular

excitation-relaxation processes and attenuation of acoustic radiation in the �ow. Investigations

of the e� ects of thermodynamic nonequilibrium on turbulence-related phenomena are rare. In

the low-speed turbulent-channel-�ow experiments of Fuller et al. (2014), N2 was vibrationally

excited using a radiofrequency plasma generation system; the plasma induced nonequilibrium,

thermal heating, and �ow acceleration resulted in signi�cantly reduced peak turbulence intensi-

ties and Reynolds shear stresses. Numerical simulations of canonical turbulence-in-box (Neville

et al., 2014) and shear �ows (Neville et al., 2015) have also indicated that thermodynamic

nonequilibrium may have a signi�cant e� ect on the �uid dilatation and temperature �uctuations

in hot turbulent �ows. Attenuation from vibrational relaxation in CO2 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 T5 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%

N2 with CO2 compared to 100% N2. Fujii and Hornung (2003) also showed that the sound ab-

sorption rates of CO2 were of the same order as the second-mode ampli�cation rates in the range

of frequencies where the acoustic disturbances were most ampli�ed. For the case of air, the sound

absorption rates were greatest at frequencies much lower than those at which the acoustic ampli-

�cation rates became signi�cant; thus, transition delay due to nonequilibrium processes would

not be expected. Similarly, a computational study by Elliott et al. (2019) found that CO2 was

e� ective in reducing the ampli�cation rates of disturbances in the boundary layer on a 10-degree
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Figure 1.5: E� ect of CO2 mole fraction in the test gas on transition Reynolds number for �ows
over a 5 degree half-angle cone from Leyva et al. (2009).

half-angle cone in high- and low-enthalpy �ow in the same T5 facility. While these studies high-

light some aspects of the e� ects of nonequilibrium processes on acoustic instabilities within a

boundary layer, the e� ects of nonequilibrium on turbulence-generated acoustic radiation have

not been reported to date.

1.4 Focused Laser Di� erential Interferometry

Measurement of acoustic radiation in high-speed facilities is challenging. Pitot-pressure

measurements su� er from low bandwidth and the creation of bow shocks that modulate and �lter

�ow 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

Schr̈oder, 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 �uctuations 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 Di� erential 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 di� erences between

two closely-spaced probe volumes. The di� erences in phase are the result of varying densities

at each FLDI probe; therefore, the measured voltage �uctuations 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.

Modi�ed from its original form, Laser Di� erential 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 �ow 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 �lters �uc-

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

T5 shock tunnel at Caltech, Parziale et al. (2014) quanti�ed 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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T5 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 �at 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, �uctuations

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 e� ect 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 (> 100 kHz)

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

�ows 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 �ow 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

16



desirable acoustic absorption characteristics at temperatures and pressures relevant to high-speed

�ows; (ii) develop a multi-point FLDI capable of obtaining reliable measurements of high-

frequency acoustic disturbances; (iii) measure acoustic radiation emitted by boundary-layer �ows

composed of various gas mixtures and compare with air �ows; (iv) create a mathematical model

of the disturbance environment and compare theoretical results with the freestream �uctuations

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 e� ect of

vibrational nonequilibrium on turbulence-generated noise can be better informed. In particular,

acoustic attenuation coe� cients are measured in CO2, N2O, and mixtures consisting of CO2/N2,

CO2/He, and N2O/He at temperatures up to 529 K. Next, a four-point FLDI is developed to mea-

sure the acoustic radiation in high-speed �ows. Transfer functions for interpreting the FLDI

signal are applied to estimate the instrument's sensitivity to disturbance wavenumber, as well as

the in�uence 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 identi�ed 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 e� ect of injection on the external �ow�eld, 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 �uctuations 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 �uctuations 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 �uctuation 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 coe� cients 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 a� ect acoustic radiation

and turbulence intensities in high-speed �ows, measurements of attenuation coe� cients are made

at a variety of pressures and temperatures inside a heated acoustic chamber. The resulting co-

e� cients 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 di� usional attenuation. The total sound absorption coe� cient, � , of a

gas medium can be expressed as the summation of these contributions (Ejakov et al., 2003), that

is

� = � vib + � class+ � di� : (2.1)

In the following, we consider the �rst and latter two e� ects 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 in�nitely fast with the translational degrees of freedom associated with the temperature

�uctuations. As a result, the medium becomes dispersive, and the speci�c 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 di� erent 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 di� erent

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 stateia, from a second speciesb, initially in stateib. After the collision,

moleculesa andb are in the �nal statefa and fb, 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 moleculea losing one quantum (ia = 1 ! fa = 0) while the vibrational state

of moleculeb is unaltered (ib = 0 ! fb = 0) would be described byP01
00(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 probabilityP01
10(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

Pia! fa
ib! fb

(a; b) =
1:364

1 + Cab
T

P� aP� b

 
rc

r0

!2

V� aV� b8
� �
3

� 1
2

 
8� 3� ab� Eab

� � 2h2
P

!2

�
1
2 exp

 
� 3� +

� Eab

2kBT
+

� ab

kBT

!
;

(2.2)

with

� =
� abv�

0
2

2kBT
=

 
� E2

ab� ab� 2

2� � 2h2
PkBT

!1=3

; (2.3)

� Eab = hP� a(ia � fa) + hP� b(ib � fb); (2.4)

� ab =
mamb

ma + mb
: (2.5)

Here,Cab is the Sutherland constant of the mixture,rc is the distance of closest approach

between the molecules,r0 is the distance for zero potential value,� ab is the reduced mass of

the collision pair,� Eab denotes the net total change in translational energy involved during a

collision, � is the vibrational mode,hP = 6:62607� 10� 34 m2kg/s is Planck's constant, and

kB = 1:3807� 10� 23 J/K is the Boltzmann constant. The interaction potential is described by

the properties� � , � ab, andv�
0. P� is a steric factor that is required to account for the fact that
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the molecules are not spherically symmetrical and that some collision orientations will be more

e� ective 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 �nal states of the oscillator under the in�uence of the perturbation

produced by the collision (Lambert and Lambert, 1977). Vibrational factors are de�ned for zero

and single quantum jumps as

Vi� i
� = 1; (2.6)

V(i+1)� i
� = Vi� (i+1)

� =
� � 2Ā2(i + 1)hP

8� 2�
: (2.7)

The vibrational amplitude coe� cient,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 ofA2

for the surface atoms of a molecule are then averaged and summed over the number of surface

atoms to giveĀ2. For a diatomic molecule XY, the amplitude coe� cient is dependent only on the

masses of the atoms X and Y:

Ā2 = A2
X + A2

Y =
mY

mX(mX + mY)
+

mX

mY(mY + mX)
: (2.8)

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

ular vibrations (Wilson et al., 1980). The resulting amplitude coe� cients 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

VLJ(r) = 4� ab

h
(r0=r)12 � (r0=r)6

i
; (2.9)

wherer is the molecular separation and� ab is the pairwise potential depth (Jones, 1924). For a

two-species mixture,� ab � (� a� b)1=2 andr0 � (r0a + r0b)=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 �t the magnitude and slope of the shifted exponential

function to the Lennard-Jones potential at the point of closest approach,rc, for the transition-

favorable incident velocityv�
0. The shifted exponential �t is given by

Vexp(r) = (� ab + E� ) e� � (rc� r) � � ab; (2.10)

with

E� =
1
2

� abv�
0

2; (2.11)

where� � is the decay parameter of the exponential function (Petculescu and Lueptow, 2005). At

the classical turning point,rc, all the kinetic energy of the incident molecules,E� , is converted into

potential energy. At the hard-sphere collision diameter,r0, VLJ(r0) = Vexp(r0) = 0. Using these
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Figure 2.1: Lennard-Jones potential function.

two �tting points, the two potential functions are matched iteratively (Petculescu and Lueptow,

2005). Starting with arbitrary values ofrc and� � , both parameters are varied untilVexp(r0) =

VLJ(r0) = 0 andVexp(rc) = VLJ(rc) = E� . From Equation 2.3 and Equation 2.11, it can be seen

thatE� = � kBT. Therefore, for a given� Eab, � � , andrc, the values ofVLJ(rc) andVexp(r0) can be

iteratively calculated until� � , rc andv0
� 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 ofN vibrational modes andW kinds of molecules, the change in thermodynamic energy is

dE = Ce�
V dT

= C1
mixdT +

NX

j=1

XjCvib
j dTvib

j

=

0
BBBBBB@C

1
mix +

NX

j=1

XjCvib
j dTvib

j =dT

1
CCCCCCAdT;

(2.12)

whereC1
mix =

P W
l=1 XlC1

l is the external isochoric molar heat (IMH) of the mixture,C1
l is the

external IMH of moleculel, Xl is the mole fraction of moleculel, Tvib
j is the instantaneous tem-

perature of vibrational modej, Cvib
j is the vibrational IMH of modej, andXj is the mole fraction

of mode j. If moleculel containsNl vibrational modes, theseNl modes share the same mole

fraction asXl (Zhang et al., 2013). For a linear molecule,C1
l = 5R=2; for a nonlinear molecule,

C1
l = 3R. The vibrational IMH of modej, Cvib

j , is given by the Planck-Einstein function for a

harmonic oscillator:

Cvib
j = gjR

0
BBBBB@
� vib

j

T0

1
CCCCCA

exp(� vib
j =T0)

�
exp(� vib

j =T0) � 1
�2 ; (2.13)

with

� vib
j =

hP� j

kB
: (2.14)

Here,T0 is the equilibrium temperature,� vib
j is the characteristic vibrational temperature,� j is the

characteristic frequency for modej, andgj is the degeneracy of modej. From Equation 2.12, the
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e� ective IMH of the mixture is

Ce�
V = C1

mix +
NX

j=1

XjCvib
j yj; (2.15)

with

yj = dTvib
j =dT; (2.16)

whereyj is the ratio between the temperature �uctuation of vibrational modej and that of the

external degree of freedom. As the result of V-V coupling,yj is related to the energy relaxation

of all vibrational modes in the mixture. Therefore, Equation 2.15 is the coupled expression of

e� ective IMH. Decouplingyj 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 e� ective IMH and the sound relaxational absorption by the e� ective thermodynamic

sound speed,ce� , is given by

ce� =

vt
P0

�
Ce�

V + R
�

� 0Ce�
V

; (2.17)

whereP0 and� 0 are the equilibrium pressure and density, respectively. The sound propagation

in an excitable gas can be characterized in terms of a complex-valued e� ective wave number,

ke� . The real and imaginary parts ofke� then yield the frequency-dependent phase speed,c, and

26



relaxational absorption,� vib, given by

ke� =
!
c

� i� vib =
!
ce�

; (2.18)

and

� vib =
� 2� Im(c� 1

e� )

� Re(c� 1
e� )

; (2.19)

where� vib 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 coe� cient, Ā2, for CO2

was obtained from Ejakov et al. (2003), who adjusted the value to best �t the experimental results.

Similarly, the vibrational amplitude coe� cient for N2O was adjusted to �t the experimental atten-

uation spectra of the present work. The steric factor,P� , for the vibrational mode� = 667 cm� 1

of CO2 was taken as 1/2, as was done by Dickens and Linnett (1957) for similar modes of SO2.

Table 2.1: The vibrational modes (� ), degeneracies (g), steric factors (P� ), Lennard-Jones po-
tential depth (� ) (Hirschfelder et al., 1964), collisional diameter (r0) (Hirschfelder et al., 1964),
and vibrational amplitude coe� cients (Ā2) (Lambert and Lambert, 1977) for gases used in the
vibrational relaxation model of Dain and Lueptow (2001) and Zhang et al. (2013).

Gas � (cm� 1) g P� �=kB (K) r0 (Å) Ā2 (amu� 1)

667 2 1/2
CO2 1388 1 1/3 190 3.996 0.05

2349 1 1/3

589 2 2/3
N2O 1285 1 1/3 220 3.879 0.03

2224 1 1/3

N2 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� , acoustic

frequencyf , and pressureP. The propagation of an acoustic wave through a gaseous medium

results in a sudden increase in the energy of a �uid 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,� c. The energy transfer

between internal and external degrees of freedom, however, takes signi�cantly longer and can be

characterized by a relaxation time� (Bhatia, 1985). LetZc be the average number of collisions

required to reduce the de�cit of internal energy toe� 1 of its value if the translational energy is

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

� = Zc� c; (2.20)

whereZc is known as the collision number, andZ� 1
c is the average probability that the required

amount of energy is transferred in a single collision, known as the collision e� ciency.

The average time between successive collisions,� c, is inversely proportional to the density

of the �uid, hence for an ideal gas at constant temperature� c / P� 1. The collision e� ciencyZ� 1
c ,

however, depends only on the relative velocity and distance of closest approach of the colliding

molecules, and is independent ofP. Thus, from Equation 2.20,

� P = constant; (2.21)
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and the combinationf � may be increased by either increasingf or decreasingP. For this reason,

the attenuation at a given temperature depends only on the ratiof =P and not on the individual

values of f andP. This was �rst 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 Di� usional Attenuation

The attenuation related to viscous dissipation and irreversible heat conduction is based on

the classical formulation of Stokes (1845) and Kirchho� (1868). The classical attenuation,� class,

is expressed as

� class=
2� 2 f
� c2

 
4
3

� +
(
 � 1) K

Cp

!
; (2.22)

wheref is the frequency of the acoustic wave,� is the density,c is the sound speed,� is the shear

viscosity,
 is the ratio of speci�c heats,K is the thermal conductivity, andCp is the speci�c 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

� mix =
X

i

Xi � i

Xi +
P

j, i

�
Xi � i j

� ; (2.23)

with

� i j =

�
1 +

�
� i

� j

� 1
2

�
Mi
M j

� 1
4
� 2

4p
2

�
1 + Mi

M j

� 1
2

: (2.24)
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Here,Xi is the molar ratio of speciesi, Mi is the molar mass of speciesi, and� i j are Wilke's co-

e� cients (Davidson, 1993). Similarly, from Mason and Saxena (1958), the thermal conductivity

of the mixture can be expressed as

Kmix =
X

i

XiKi

Xi +
P

j, i(Xi � i j )
: (2.25)

Di� usional attenuation is the result of local �uctuations in concentration of a gas mixture

caused by temperature and pressure �uctuations associated with a propagating acoustic wave.

The attenuation due to di� usion is detailed by Bhatia (1985) with the mutual di� usion coe� -

cients,D12, from Lide (2004). From Bhatia (1985), the attenuation due to di� usion in a mixture

of two species is expressed as

� di� = 2� 2 f D12
�
P

X1X2

 
M1 � M2

Mmix

!2

; (2.26)

whereMmix is 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� vib, classical attenuation� class,

and di� usional attenuation� di� . Although the primary peak in attenuation is the result of vi-

brational relaxation processes (as seen in Figure 1.4), attenuation from classical and di� usional

e� ects can be substantial abovef =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-

e� cients 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 e� ect 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 �ber 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/m3 dense ceramic �ber 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 22 mm and length of 635 mm are used as acoustic bu� er 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 coe� cient to be measured using the di� erential 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, su� ciently 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 coe� cients 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 PA08 ampli�er. The ampli�er 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

bu� er rod, through the test gas, and down the second quartz bu� er rod, resulting in a voltage
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Figure 2.2: Cross section schematic of heated acoustic chamber for attenuation measurements.

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 preampli�er 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

90 kHz and 5 cycles at 50 kHz. 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 su� ciently 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 coe� cient of a gas can be found experimentally with the di� erential path

method (Winter and Hill, 1967; Wang and Springer, 1973). The acoustic pressure,Pa, decreases

with distance,z, from the emitter according to

Pa = Pa;0e� � z; (2.27)

wherePa;0 is the amplitude of the acoustic wave at the emitter, and� is the attenuation coe� -

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 di� rac-

tion and divergence of acoustic waves emitted from a transducer of �nite 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 e� ect of less than 10% on the attenuation coe� cient. In the current

study, the measured acoustic amplitudes were found to closely match the form of Equation 2.27;

therefore, no di� raction 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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