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FLDI is used to characterize an unstable boundary layer on a 5° cone. Results from two
experiments are presented: shot 2990 represented a high-enthalpy condition with a 2 mm
nosetip and shot 2955 represented a moderate-enthalpy condition with a 5 mm nosetip. For
shot 2990, the measured frequency of the second-mode instability using FLDI agreed well with
the results obtained using schlieren for an experiment performed at similar conditions, and
was in good agreement with the maximum N factor frequency obtained using stability analysis.
Cross-bicoherence analysis of the FLDI data revealed several sum and difference interactions
which contributed to the generation of the first and second harmonics of the second mode within
the boundary layer as well as provided the mechanism of energy exchange between the second
mode and the mean flow.

L. Introduction

The transition of a hypervelocity boundary layer to turbulence can increase surface heating loads by a factor of
4-10 [1]]. However, there is considerable uncertainty associated with the location of boundary-layer transition in the
hypersonic flow regime, which limits the optimization of hypersonic vehicle design. To protect the vehicle from
overheating, designers of hypersonic vehicles accommodate for this unpredictability using thermal protection systems
with large factors of safety. A better estimate of the boundary-layer transition location is required to optimize the thermal
protection system and improve vehicle performance, payload capacity, and reduce vehicle cost [2].

Boundary-layer transition in hypersonic flow at zero angle of attack is affected by receptivity to freestream
disturbances leading to the growth of dominant eigenmodes known as Mack’s first and second modes [2]. The viscous
first-mode instability is stabilized with increasing Mach number, whereas the inviscid, acoustic in nature, second-mode
instability is amplified as its growth rate exceeds that of the first-mode with increasing Mach number [3]. It becomes the
dominant instability wave in the hypersonic regime for Mach numbers greater than 4 for insulated surfaces and lower
Mach numbers for cooled surfaces [4]. The second-mode instability belongs to the family of trapped acoustic waves,
with the boundary layer behaving as an acoustic waveguide [4], propagating with a phase speed approximately equal
to the boundary-layer edge velocity with dominant frequencies ranging from 100 kHz to over 1 MHz [5]. Since its
theoretical conception, the second mode has been experimentally observed using various flow measurement techniques.
Demetriades [[6] performed experiments at M., = 8 over a very sharp 5° half-angle cone, where he photographed
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the rope-like nature of the second-mode instability using shadowgraphs. He concluded the waves were concentrated
near the boundary-layer edge and were "made up of density crests and valleys as opposed to velocity fluctuations."
Kendall [[7]] performed constant-current hot-wire anemometry experiments at M., = 8.5 over a sharp, 4° half-angle
cone and measured signatures of large amplitude, periodic waves at 3.43 x 10°m~! < Re < 8.60 x 10®m™!, which he
identified with the second-mode instability. In another set of experiments, Demetriades [8] estimated the frequency of
the second-mode instability to be proportional to the boundary-layer edge velocity and inversely proportional to the
boundary-layer thickness (f = U, /28). More recently, Laurence [9] applied image processing techniques to high-speed
schlieren sequences to obtain structural and propagation characteristics of the second-mode instability waves. Parziale
et al. [10, [11]] demonstrated the ability to measure the second-mode instability in a reflected-shock tunnel by using
focused laser differential interferometry (FLDI) on a slender body at Caltech’s T5.

Although the second-mode instability has been extensively studied by researchers, the nonlinear interactions between
the second-mode instability and other disturbances is not well understood. Using hot-wire anemometry data from
experiments performed on a sharp cone at M., =7.95 by Stetson, et al. [12]] in AEDC Tunnel B, Kimmel and Kendall [13]]
found evidence of nonlinear wave propagation not accounted for by linear theory. They used bicoherence methods
to show phase coherence between the second-mode instability and its first harmonic, suggesting the low frequency
disturbances modulate frequencies near the second mode and its first harmonic. Shiplyuk [[14] observed the subharmonic
resonance of the second mode was the dominant nonlinear interaction. Chokani [15]] studied the evolution of nonlinear
disturbances in a transitioning hypersonic boundary layer. He characterized the transition process as a series of discrete
sum and difference nonlinear interactions between the Mack mode, the mean flow, or the first harmonic. By determining
the cross-bicoherence of hot-wire data, he found that nonlinear disturbances evolved due to a phase-locked difference
interaction that involved energy exchange between the Mack mode and the mean flow and were immediately followed
by a sum interaction of the Mack mode to generate the first harmonic. He also quantified the destabilizing effect of
wall cooling on the transitioning boundary layer by observing nonlinear interactions between the Mack mode and its
harmonic to occur further upstream on a cooled wall than on an adiabatic wall.

Developed by Smeets[[L6H21]] and Smeets and George[22] in the 1970s, the focused laser differential interferometer
is a common path, polarizing interferometer sensitive to the phase difference between the interfering beam pairs. It
is used to measure density variations in gas flows, featuring excellent spatial and temporal resolution (<100 ym and
10 MHz), as well as high sensitivity at low densities (0.1 g/m>)[23]. Smeets and George used FLDI to measure
the density profile within a shock front, unsteady boundary layers, and, amongst other things, developed an eight
beam pair FLDI set-up to examine the flow field around a blunt cone. Following the work of Smeets and George,
researchers used laser differential interferometry (LDI) to make measurements in high speed flows[24-29]]. In 2012,
Parziale et al.[10, [11} 30-H34]] advanced the FLDI technique and used it to characterize the facility disturbance level
and boundary-layer instability and transition in the Caltech T5 reflected-shock tunnel. Researchers have recently
used the technique to make reliable measurements of convective velocity between two closely spaced FLDI probe
volumes|[23} 35H4 1], facility disturbance-level characterization[42-44], and have developed beam shaping techniques
for application of the technique in hard-to-access flows.[4549]. Researchers have used controlled problems[50-52] to
test the data-reduction strategies developed by Fulghum[53]], Settles and Fulghum[54]], Schmidt and Shepherd[55l], and
Hameed and Parziale[56]).

In this work, we use a multi-beam FLDI setup to probe the flow over a blunted cone at various wall-normal positions.
We use higher order spectral analysis to determine the degree of coherence between the measurements taken within and
outside of the boundary layer. Experiments during this campaign were also performed using high-speed schlieren, and
those results are presented in part I [S7]].

I1. Facility and Experimental Setup

A. TS Reflected-Shock Tunnel

The experiments in this campaign were performed at California Institute of Technology’s TS5 free-piston-driven
reflected-shock tunnel. By generating high enthalpy flows at high density, this facility simulates the chemical
nonequilibrium effects of vehicles flying at hypervelocity speeds through the atmosphere. Additional information
regarding the capabilities of T5 can be found in Hornung [58].

In TS, a 120 kg aluminum piston is loaded into the compression tube/secondary reservoir junction. A 127 pum thick
Mylar secondary diaphragm is inserted at the nozzle throat, separating the shock tube from the test section prior to the
experiment. A 7-10 mm thick stainless steel primary diaphragm is inserted between the compression tube and the shock
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tube. Once the facility reaches an acceptable level of vacuum, the shock tube is filled with the test gas (ALPHAGAZ air
for these experiments), the compression tube is filled with a He/Air mixture, and the secondary reservoir is pressurized
with air. The air in the secondary reservoir is then allowed to push against the back of the piston and the piston is
launched into the compression tube. The accelerating piston adiabatically compresses the driver gas in the compression
tube until the primary diaphragm ruptures. The rupture of the primary diaphragm causes a shock wave to propagate
into the shock tube, which reflects off the end wall, bursts the secondary diaphragm, and re-processes the test gas to
the nozzle reservoir conditions. The test gas is then expanded through the converging-diverging contoured nozzle to a
hypersonic Mach number (M ~ 5.2) in the test section.

We use the nozzle reservoir conditions to estimate the freestream run conditions. The thermodynamic state of the
test gas in the nozzle reservoir is determined using the shock tube pressure, Py, and the measured incident shock speed,
U;. Using Cantera[59] with the Shock and Detonation Toolbox[[60], we assume isentropic expansion of this state to the
reservoir pressure, Pr, accounting for weak expansion or compression waves that are reflected between the contact
surface and the shock tube end wall. The calculated nozzle reservoir conditions are inputted into the University of
Minnesota Nozzle Code to determine the freestream conditions at the exit of the contoured nozzle [61-64]. The reservoir
and freestream run conditions for the shots performed in this experimental campaign are presented in Table [T] and
Table[2] The freestream conditions are chosen to be an areal average of the DPLR output at approximately 420+10 mm,
the distance from the throat to the location of the nose tip.

A slightly-blunted 5° half-angle cone was used as the model in this experimental campaign. Two cone nose-tip
bluntnesses (R ) were used in this experimental campaign and the cone was placed at zero angle of attack in the center
of the test section.

Table 1 Reservoir Conditions

Shot | Gas  Pg hr Tr PR YN, Yo, ¥YNO YN Yo RN Diag
(MPa)  (Mlkg) (K) (kg/m®) () ) ) ) () | (mm) )
2983 | Air 53.5 9.48 5962 28.3 0.700 0.054 0.135 0.004 0.107 2 Schlieren
2984 | Air 55.8 9.60 6021 29.2 0.699 0.053 0.136 0.005 0.108 2 Schlieren
2985 | Air 58.1 9.03 5794 32.0 0.699 0.064 0.140 0.003 0.095 2 Schlieren
2986 | Air 59.9 8.98 5780 33.1 0.699 0.065 0.140 0.003 0.093 2 Schlieren
2987 | Air 58.9 8.85 5724 33.0 0.699 0.067 0.141 0.003 0.091 2 Schlieren
2988 | Air 60.1 8.93 5758 334 0.699 0.066 0.141 0.003 0.092 2 Schlieren
2989 | Air 60.1 9.74 6098 31.0 0.699 0.051 0.136 0.005 0.109 2 Schlieren
2990 | Air 59.6 8.86 5727 333 0.699 0.068 0.141 0.003 0.090 2 FLDI
2991 | Air 57.6 8.80 5695 32.4 0.699 0.068 0.140 0.003 0.090 2 FLDI
2992 | Air 59.9 8.44 5552 349 0.699 0.077 0.142 0.002 0.081 3 FLDI
2993 | Air 60.7 8.07 5396 36.6 0.700 0.086 0.142 0.001 0.072 3 Schlieren

B. FLDI Setup

The components used to generate the FLDI diagnostic employed in this experimental campaign are shown in Fig. [T}
A 532 nm, linearly polarized beam output from a Cobolt 05-01 series single frequency, CW diode pumped laser was
first expanded using a diverging lens. Two diffractive optics (Holo/Or MS-474-Q-Y-A and DS-192-Q-Y-A) were used
to generate a grid of beams. The grid of beams passed through a quarter-wave plate, and then were split once more
into orthogonally polarized beam pairs by a 2-arcminute Wollaston prism. The beams passed through a converging
lens and entered the test section. The positioning of the diverging lens (C; in Fig.[T) was adjusted relative to the
upbeam converging lens (C, in Fig. 1) to locate the focus of the beams at the top of the cone. The height of the beams
was adjusted such that the lowest set of beams were located at approximately one half of the boundary-layer height.
Downbeam of the test section, the diverging FLDI beam pairs were again brought to a focus using a converging lens (C,
in Fig.[I)). The four beam pairs were recombined using a Wollaston prism of an equivalent separation angle, linearly
polarized, and directed onto individual photodetectors.

For shot 2990, the streamwise beam interspacing was 1.71 mm, the wall-normal beam interspacing was 1.02 mm, and
the streamwise beam intraspacing was 0.18 mm. The lower set of beams were positioned at a height of approximately
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Table 2 Freestream Conditions

Shot | Ux px Px Tx Tvx Mx Re{ yx, Yo, YNo N Yo
(m/s) (kg/m¥) kPa) (K) (K) () (A/m) () () O () ()
2983 | 3913 0.075 32.1 1472 1480 5.05 5.33e+06 0.733 0.183 0.073 0.000 0.011
2984 | 3935 0.078 33.7 1495 1502 5.04 5.48e+06 0.733 0.183 0.073 0.000 0.011
2985 | 3839 0.084 33.8 1388 1397 5.11 6.07e+06 0.733 0.186 0.073 0.000 0.008
2986 | 3831 0.087 34.6 1379 1387 5.12 6.29e+06 0.733 0.187 0.073 0.000 0.007
2087 | 3808 0.086 33.8 1354 1363 5.13 6.28e+06 0.733 0.187 0.073 0.000 0.007
2088 | 3822 0.087 34.6 1369 1377 5.12 6.35e+06 0.733 0.187 0.073 0.000 0.007
2989 | 3963 0.083 36.6 1523 1530 5.02 5.80e+06 0.733 0.183 0.073 0.000 0.011
2990 | 3809 0.087 342 1355 1363 5.13 6.35¢e+06 0.733 0.187 0.073 0.000 0.007
2991 | 3797 0.084 329 1343 1352 5.14 6.18¢+06 0.733 0.187 0.073 0.000 0.007
2992 | 3735 0.089 32,5 1265 1274 521 6.63e+06 0.732 0.188 0.074 0.000 0.005
2993 | 3664 0.092 31.7 1191 1200 5.28 7.04e+06 0.732 0.189 0.076 0.000 0.004

Probe Volumes Laser

Window Quarter Wave Plate

Lens Nozzle

Photodetector Linear Polarizer

s|o|lz|o]|~

Wollaston Prism

Diffractive Optic

Fig.1 Optical components used to generate the FLDI diagnostic in this experimental campaign.

0.6 mm above the cone’s surface. The streamwise interspaced and intraspaced beams were oriented to be parallel to the
cone surface and the wall-normal interspaced beams were oriented to be perpendicular to the cone surface.

A picture of the beams at the focus taken using an Ophir-Spiricon LT-665 beam profiler is shown in Fig.[2] For shot
2990, we interrogated the flow using the column of upstream beam pairs and the lowest row of beam pairs. This selection
allowed two beam pairs to be within the boundary layer (FLDI probes C and D) and two beam pairs to be at various
heights above the boundary layer (FLDI probes A and B). The boundary layer was determined to be approximately 1.1
mm thick at the measurement location of 680 mm along the cone. The velocity profile at this position is represented in
Fig.[2]as a solid white line. Both the boundary-layer thickness and the velocity profile were determined using DPLR.

II1. Results and Discussion
In this section, we begin by presenting results for shot 2990, an experiment representing a transitional boundary
layer with a 2 mm nose-tip at relatively high enthalpy (8.9 MJ/kg). The experiment conditions of shot 2990 were similar
to those of shot 2988, allowing for a comparison between the results obtained using FLDI and schlieren. Fig. [3|shows
the reservoir pressure trace for shot 2990, with the red line indicating the average reservoir pressure for the test duration
(1.05-2.15 ms).
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Cone Surface

0 500 1000 1500 2000 2500 3000 3500
Velocity (m/s)

Fig. 2 Picture of the positioning of FLDI beam pairs for shot 2990. The major tick marks are spaced 1 mm
apart and the minor tick marks are spaced 0.1 mm apart. The beams are located approximately 0.635 mm above
the cone surface. The velocity profile is given by the solid white line and the boundary-layer thickness is depicted
by the dotted line. The flow is from left to right.

T T T T T T
North Reservoir
80 — — South Reservoir

Pr (Mpa)

0 1 1 1 1 1
0 0.5 1 1.5 2 25 3

t (ms)

Fig. 3 Reservoir pressure trace for shot 2990. The red line indicates the average reservoir pressure for the test
duration.

A. Power Spectral Density

Fig. da]to Fig. [d| show the spectrograms for the four FLDI probes throughout the test time with the addition of a
time delay to account for the time needed to accelerate the flow from the reservoir, through the nozzle, and into the test
section. The spectrogram for probes C and D (the two FLDI probes within the boundary layer at approximately 0.6 mm
above the cone surface) shows the second-mode instability intermittently present during the test time. The second-mode
instability is not seen in the spectrograms for probes A and B (the two probes outside of the boundary layer). Rather, a
broadband burst is observed in these spectrograms at discrete instances in time, with many of these bursts corresponding
to instances where the second-mode instability was observed in probes C and D. The averaged power spectral density
(PSD) for this experiment is shown in Fig. FLDI probes C and D show distinct peaks representing the second-mode
instability at approximately f>ps = 1250 kHz. The black line in Fig. [de|represents the maximum N factor curve as
estimated from stability calculations for this shot performed with PSE-Chem, which is a part of the STABL software
package described in Johnson et al.[[63,165] We note that the maximum N factor of 12.6 occurred at a peak disturbance
frequency of 1435 kHz. We suspect this difference in measured second-mode frequency and calculated peak disturbance
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frequency could be attributed to an error in the calculation of the run condition resulting in an incorrect calculation of
the mean flow, or the model having a slight angle of attack relative to the flow.

Next, we take a short-time Fourier transform from 2335 us to 2380 us to investigate the burst seen in the spectrograms
of probes A and B (Fig.a] Fig.[4b) during that time. The resulting spectrograms and the short-time PSD are presented
in Fig. 5] The spectrograms for FLDI probes A (Fig.[5a) and B (Fig.[5b) show the broadband nature of the burst, while
the spectrograms for FLDI probes C (Fig. and D (Fig. [5d) show that the second-mode instability is present in this
shorter time duration. The short-time PSD also reveals elevated low-frequency content measured by FLDI probes A and
B, which had been averaged out during the longer time duration. Higher-frequency disturbances are also observed in the
short-time PSDs for probes C and D at the second-mode instability’s first harmonic (2 25, = 2600 kHz).

B. Higher-Order Spectral Analysis

We further investigate the coherence between the bursts observed by probes A and B and the second-mode instability
measured by probes C and D using the Higher-Order Spectral Analysis (HOSA) toolbox in MATLAB. Higher-order
spectral analysis is used to characterize the nonlinear interactions between the various disturbances in a hypersonic
boundary layer. Higher order spectral analysis has been used in the study of hypersonic boundary layers to characterize
the evolution of nonlinear disturbances [[15]], show harmonic generation due to phase coupling between Mack-mode
waves [66] 67]] and to identify the existence of subharmonic resonance at the initial stage of transition [14]].

The cross-bispectrum is defined as,

Sxyz(fl,fz)=/ / Ryye (1, )e 2017 omi20 224 g g (1)

where, Ryy,(7,4) = E{x"(¢)y(t + T)z(t + 1)} is the cross-correlation. Normalizing the cross-bispectrum provides the
cross-bicoherence, and in this work, the cross-bicoherence is estimated using the bicoherx function in the HOSA
Toolbox in MATLAB. There are various methods of normalizing the bispectrum, and the strategy employed in the
HOSA toolbox is similar to the one suggested by Brillinger [[68]]. The cross-bicoherence is used to characterize the
interactions between two spatially separated signals, and is defined as,

S(fi, f)

bxyz(f1, f2) = ; 2
SN AR
where S(f) is the PSD power. It is estimated by the bicoherx function as
B 2
bic(fi. fy) = |B(f1. /2)I 3)

P(fi+ )P(fO)P(f2)’

where B(f1, f>) is the averaged estimate of the cross-bispectrum and P( f) are the averaged estimates of the power
spectra. In this work, we take the square-root of the output of the bicoherx function to get the cross-bicoherence in the
form as defined above.

Disturbances that are independently excited at the frequency triad, fi, f>, and f] + f> are statistically independent of
each other and show no peaks in the cross-bicoherence spectrum. Peaks in the cross-bicoherence spectrum indicate a
quadratic phase coupling (QPC) interaction exists between the frequency triad, fi, f>, and f; + f>, and the nonlinear
interaction (fi, f2) — fi1 + f2, where the symbol — denotes "generated by phase-locked interaction." [15] The identified
phase-locked interactions can either be sum or difference interactions. Sum interactions are associated with the frequency
triad fi, f2, and fom(= f1 + f2), and are present in the cross-bicoherence map within the triangle formed by the
symmetry line f; = f, the horizontal axis, and f,/2, where f, is the Nyquist frequency. Difference interactions
are associated with the frequency triad fi, —f2, and fuifference(= f1 — f2), and are present in the region of the
cross-bicoherence spectrum bounded by the symmetry line f; = — f5, the horizontal axis, and f;,/2. In this paper, the
axes of the cross-bicoherence maps for shot 2990 are normalized by the frequency of the second-mode instability. To
facilitate the interpretation of the peaks in the cross-bicoherence, the average of the PSD curves for the two signals being
investigated is presented on the left and to the bottom of the cross-bicoherence map. Additionally, the intensity scaling
is consistent betweeen all cross-bicoherence maps and limited to show peaks with b > 0.25 at contour intervals of 0.1.

Fig.[6] shows the cross-bicoherence computed between the spatially separated FLDI probes during the burst seen
from 2335 us to 2380 us. Fig. [6a] provides the cross-bicoherence between probes C and D. Fig. [6b|and Fig. [boc| provide
the cross-bicoherence between probes C and A, B, respectively. Fig.[6dand Fig. [6¢] provide the cross-bicoherence
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Fig.4 For shot 2990, (a) to (d) spectrograms for FLDI probes A, B, C, and D, respectively. The spectrograms for
probes C and D, which are located inside the boundary layer, show the second-mode instability. This feature is
not present in the spectrograms for probes A and B. (e) Average corrected PSD for all four FLDI probes, showing
the second-mode instability at approximately 1250 kHz measured by probes C and D in the boundary layer. (f)
FLDI probe locations relative to the surface of the cone provided for clarity.
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Fig.5 For shot 2990, (a) to (d) short-time spectrograms for FLDI probes A, B, C, and D, respectively and (e)
short-time corrected PSD for all four FLDI probes, showing the second-mode instability and its first harmonic
measured by probes C and D. (f) FLDI probe locations relative to the surface of the cone provided for clarity.
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between probes D and A, B, respectively. The strongest interactions occur between probes C and D, both of which
are located within the boundary layer, and are separated along the direction of the flow. The strong sum interaction at
(fam» fam) — 2 fopm is the nonlinear mechanism by which the first harmonic of the second mode is generated, and is the
likely cause of the peak observed in the short-time PSDs of both probes C and D at approximately 2600 kHz. The sum
interaction at (2257, f2pr) — 3f2a identifies the nonlinear mechanism by which the second harmonic of the second
mode is generated. The difference interaction at (2 f2p7, —fane) — fom provides the nonlinear mechanism through
which energy is exchanged between the second mode and its first harmonic within the boundary layer. This difference
interaction was also present in the cross-bicoherence analysis of schlieren data from shot 2988, and was identified
in Ref. [S7] to be the strongest interaction within the boundary layer for that experiment. Additional interactions
between the second mode and frequencies 60-80% of the fundamental are also observed between the probes within
the boundary layer for shot 2990, consistent with results for shot 2988 obtained using data from high-speed schlieren.
Weaker nonlinear interactions exist between probes within the boundary layer and those outside. In Fig.[6b] the range of
sum interactions extending from the abscissa to the symmetry line at 0.5 f>,, likely contribute to the generation of the
subharmonic peak and elevated low-frequency spectral content observed in the PSD for probe A. Sum and difference
interactions between the second-mode and low frequencies are observed in the cross-bicoherence maps of FLDI probes C
and B and FLDI probes D and B. These phase-locked interactions broaden the sidebands of the second-mode during the
initial stages of nonlinear evolution. Difference interactions of moderate intensity are observed in the cross-bicoherence
maps between probes C and A, B (Figs. [6bland and probes D and B (Fig. at (farpr, —fom) — 0, indicating
energy exchange between the second mode and the mean flow. [15]]

C. Spectral Analysis of Shot 2955

We next analyze shot 2955. The reservoir and freestream conditions for shot 2955 can be found in Hameed et al.
[69]. Shot 2955 was a transitional experiment with moderate enthalpy in which a 5 mm blunt nosetip was used (in
comparison to the 2 mm blunt nosetip used for shot 2990). For shots 2990 and 2955, Fig. [/|shows the entropy layer
thickness as a dashed line calculated using Eq. 1 in Hameed et al. [69]] and the boundary-layer thickness as a solid line.
In shot 2990, the entropy layer is swallowed by the boundary layer at approximately 165 mm along the cone, more than
100 boundary-layer thicknesses away from the FLDI measurement location of 680 mm. For shot 2955, the entropy layer
remains thicker than the boundary layer at the FLDI measurement location of approximately 650 mm along the cone.
The boundary layer finally swallows the entropy layer at 745 mm along the cone.

In shot 2955, the four FLDI probes were arranged in a square orientation, with probes A and C located in the outside
of the boundary layer and entropy layer and probes B and D within the entropy layer and boundary layer (Fig. [8f).
We focus on a burst seen in the averaged spectrograms of all four probes from 1500 us to 1600 us. The short-time
spectrograms and spectra for all four probes during this time duration are presented in Fig.[§] We note the elevated
low frequency spectral content for the probes outside of the boundary layer and entropy layer as well as the peaks
periodically observed at discrete frequencies by all four probes.

To further investigate relationships between the disturbances measured by the four spatially separated probes, we
perform higher order spectral analysis for the signals from shot 2955. The cross-bicoherence maps are presented in
Fig. [0 In these maps, the axes are not normalized by the second-mode frequency as one could not be ascertained from
the spectra. In general, the cross-bicoherence maps show a higher degree of phase locking between the two probes
outside of the boundary layer and entropy layer (probes A and C, Fig.[9a), suggesting the elevated spectral content
measured in this region could be due to nonlinear phase-locked interactions. The most intense of these interactions are
primarily sum interactions at frequencies corresponding to peaks observed in the spectra. There is also a notable gap in
phase-locked interactions observed in all of the cross-bicoherence maps below approximately 500 kHz. Further analysis
of experimental results and computational work is necessary to provide context to these features.

IV. Conclusions

In this paper, FLDI was used to characterize the transitional boundary layer on a 5° cone. Results from two
experiments are presented: shot 2990 represented a high-enthalpy condition with a 2 mm nosetip and shot 2955
represented a moderate-enthalpy condition with a 5 mm nosetip. For shot 2990, the second-mode instability was
measured within the boundary layer at a frequency of approximately 1250 kHz, agreeing well with the results obtained
using schlieren for an experiment performed at similar conditions, and in good agreement with the maximum N factor
frequency obtained using stability analysis. A short time PSD and spectrograms centered around a broadband burst seen
in the probes outside of the boundary layer revealed elevated spectral content at low frequencies. Higher order spectral



Downloaded by Nick Parziale on July 5, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-0288

[ (Hz)
=3

x10°

PSD (a.u.)

PSD (a.)

0

067 1.34 2.01 269
f(Hz) . q08

(a) Cross-bicoherence, probes C

and D
x10°
7
2,69 2 .
.
4
2,01 15 ’
4
.
1.34 1 .
’
,
0.67 05 .
.
5 S .
= o0 =0
- 2 N
N
-0.67 05 N
N
)
1.34 -1 N
N
N
2,01 15 ~
N
N
2.60 2 N
N
PSD (a.) 0 05 1 15 2
fif fanr
&
a
@
2

0

067 1.34 2.01 269
f(Hz) i q08

(d) Cross-bicoherence, probes D

and A

x10° %10°
4 ’
2.69 2 L 2,69 2 v
. ’
’ td
2.01 15 . 2,01 15 .
’ ,
’ 7’
1.34 1 . 1.34 1 s
’ .
, .
05 £ 0.67 05 £
4 ~
. = ] .
0 = 0 = oK
~ - LG N
N N
05 N 0.67 0.5 N
N N
~ N
1.34 -1 N 1.34 1 N
N N
N N
-2.01 15 N 2.01 15 N
A A
N N
2.69 -2 ~ 2.69 2 S
N N
PSD (a.u.) 0 05 1 15 2 PSD (au.) 0 05 1 15 2
h/fa i/ fae
£
a
7]
a
0 067 134 201 269 0 067 134 201 269

(b) Cross-bicoherence, probes C

and A

<10°

J(Hz) 408 J(Hz) 408

(¢) Cross-bicoherence, probes C
and B

/ (Hz)

faf forr

PSD ()

PSD (aw)

0

(e) Cross-bicoherence, probes D
and B

Flow —>

0.67 1.34 2.01 2.69
f (Hz) %10° L I . .
0 500 1000 1500 2000 2500 3000 3500
Velocity (m/s)

®

Cone Surface

Fig. 6 Cross-bicoherence maps for Shot 2990. In these figures, and in subsequent cross-bicoherence maps, the
dashed line represents the line of symmetry f; = +f>. (f) FLDI probe locations relative to the surface of the cone
provided for clarity.

N
o

Distance (mm)
N
=)

o

100 150
Distance (mm)

(a)

200

500

-500
-1000

s (J/(kg K)

;é/ 20t 500 &
g o &
=10 -
= -500 =
Z ”
A0 -1000

100 150
Distance (mm)

200

(b)

Fig. 7 Entropy layer swallowing lengths for (a) shot 2990 and (b) shot 2955. The entropy layer thickness is
denoted by the dashed line and the boundary-layer thickness is depicted by the solid line. In shot 2990, the
entropy layer is swallowed by the growing boundary layer at 165 mm along the cone (marked by the circle),
whereas in shot 2955 the swallowing length is 745 mm along the cone (not visible in the figure).

10



Downloaded by Nick Parziale on July 5, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-0288

25

= w N N
g 2 ) )
B & = >
2 g 1. 215 g 1.
) o @ [
e g & &
2 I I g
=9} = B~ 1 B~
0.5 H
0 0 0 ‘ 9 . 0
1500 1520 1540 1560 1580 1500 1520 1540 1560 1580 1500 1520 1540 1560 1580 1500 1520 1540 1560 1580
Time from Po Trig (us) Time from Po Trig (us) Time from Po Trig (ys) Time from Po Trig (us)
(a) (b) (© (@)
——Probe A
10'10 ——Probe B |5
Probe C
——Probe D
—:% 10711
~ 500
S —~
< 4
1072} 0o &
A <
n =)
~ Y
1013k -500
: -1000

N
<
=

647 648 649 650 651 652 653

Frequency (Hz) Distance (mm)

(e) ®

Fig. 8 For shot 2955, (a) to (d) short-time spectrograms for FLDI probes A, B, C, and D, respectively and (e)
short-time corrected PSD for all four FLDI probes. (f) A depiction of the wall-normal positions of the FLDI
probes at the measurement location of 650 mm.

11



Downloaded by Nick Parziae on July 5, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-0288

x10° x10°
3 3 S
25 | 25 PE.
2 2
15 1 15
1 1 1 A
7
05 1 ost N !
S o .,
2 0 2 0
- & N
o 4 - ~
05 05 . & ‘
4 - A
< 1 S
~
15 1 15 S
2 2
N
E ] 4 N
25 25 “d
3 -3 h
PSD (a) 0051 15 2 25 3

Si(Hz) oy q0

0 05 1 156 2 25 3
FHZ)  q0

(a) Cross-bicoherence, probes A
and C

10° x10°
3 3
7/
25 25 d
2 -2 &\
15 15 /A l
7’
1 1 ’ +
AW |
05 _05f o~
5 s ,
2 0 2 0
o B N
05 5[ N

P N
25 25 N
3 -3 L L L N
PSD (a.u.) 005 1 15 2 25 3
Ji(Hz) L q0f
a

z ;:
0051 15 2 25 3

F(Hz) i q0f

(c) Cross-bicoherence, probes B
and A

x10° x10°

3 3 7
25 s
s 7
«T\
15 A
1 7’
7’
. N\
__ 05 ’
= N 7’
& £ o
- & \
f -0.5 \\
» N -
N
N
15 S
N
2 N
N
25 AT
3 3 =
PSD (a.u.) 005 1 15 2 25 3
fi(Hz) 4908
H
=
z
0051 15 2 25 3
fHz) 908

(b) Cross-bicoherence, probes B
and D

x10° x10°
3 3 7
25+ 25 -4
7
2 2 \
15+ 15 "y
7’
1- 1 -
. N
05- __05F «
i S v
2 o0 o
- <2 A
05 - 05F N
e
L N
-1 1 N
N
15+ 15 Seh
»
-2 -2 N
A
g N
2.5 25 N
-3 - -3 L L -
PSD (a.u.) 005 1 15 2 25 3
fi(Hz)  yq08
2
a
z

0051 15 2 25 3
f(Hz) 908

(d) Cross-bicoherence, probes D
and C

Fig. 9 Cross-bicoherence maps for Shot 2955.



Downloaded by Nick Parziale on July 5, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-0288

analysis, namely cross-bicoherence analysis, was used to determine the degree of coherence between the spatially
separated FLDI signals. The cross-bicoherence analysis revealed several sum and difference interactions between the
probes within the boundary layer contributing to the generation of the first and second harmonics of the second mode
and providing the nonlinear mechanism for energy exchange between the second-mode and its first harmonic. These
nonlinear interactions identified within the boundary layer using FLDI data supported cross-bicoherence results obtained
using schlieren data. Weaker sum and difference interactions were observed between FLDI probes inside and outside of
the boundary layer. These sum interactions contributed to the elevated low frequency spectral content observed outside
of the boundary layer and the difference interactions suggested the exchange of energy between the second mode and the
mean flow.

A few interesting features were observed in the spectrogram and spectra for shot 2955. The two FLDI probes
positioned outside the boundary layer and entropy layer exhibited higher spectral content than those inside the boundary
layer/entropy layer. Additionally, the spectra for all four FLDI probes showed periodic peaks observed at discrete
frequencies. Cross-bicoherence analysis of FLDI data for this experiment showed strong sum interactions in the
outside the boundary layer and entropy layer and a notable gap in phase-locked interactions for all four probes below
approximately 500 kHz. Additional analysis is necessary to provide context to these results.
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