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In this paper, we present a comparison of experimental measurements of density fluctuations
over a hollow cylinder to DNS data at similar conditions and wall-normal positions. The
experimental observations are made using a closely-spaced multiple beam-pair FLDI flow
diagnostic incorporating a technique to improve the signal-to-noise ratio, thus allowing for
data to be captured above 1 MHz. The power spectral density (PSD) and two-point space-time
correlations and coherence spectra computed from FLDI and DNS data are compared. The
PSD spectra are further compared with expected power-law scalings in specific regions. With
few deviations, good agreement is generally observed between the FLDI and DNS results and
applicable power-law scalings.

I. Introduction

A thorough understanding of turbulent boundary layers at hypersonic Mach numbers is important to the design
of high-speed vehicles. Turbulent boundary layers dramatically increase the aerodynamic drag and heating rate over
the vehicle’s surface. In tests of ballistic reentry vehicles, the surface heating rate was found to increase by a factor
of 5 within the turbulent boundary layer [[1]]. For slender bodies, the heating rate was found to have increased by a
factor of 3 following transition to the turbulent boundary layer [2,[3]. Furthermore, fluctuations in pressure within the
turbulent boundary layer can induce vibrational loading on aerodynamic surfaces and impact the structural integrity of
the high-speed vehicle [4} |5].

Direct numerical simulations (DNS) of high-speed turbulent boundary layers have also been conducted. Duan et al.
[6] used DNS to study the pressure fluctuations generated within a turbulent boundary layer at different wall-normal
locations over a flat plate. They found the dominant frequency of boundary-layer-induced pressure fluctuations shifts to
lower frequencies as the location of interest moves away from the wall. Furthermore, they showed good agreement
between DNS and experimental data and the expected power-law scaling in regions of low, mid, and mid-to-high overlap,
and acceptable agreement at high frequencies.

Experimental investigations of hypersonic turbulent boundary layers using hot-wire anemometry have been limited
by the poor frequency response and spatial resolution of the diagnostic technique [7]]. Particle image velocimetry has
been successfully used to measure the spatially varying velocity fields of high-speed turbulent boundary layers, however,
its accuracy has been limited by the technique’s particle response [7]. Pressure fluctuations within high-speed turbulent
boundary layers have been limited to those at the surface and exhibit significant scatter in the magnitude of wall-pressure
fluctuations [8} 9]. These measurements suffer from the poor spatial resolution of the pressure transducers or limitations
in their frequency response [10].

In this paper, we study the turbulent boundary layer generated over a hollow cylinder using a non-intrusive, optical
measurement technique. Developed by Smeets [11H16] and Smeets and George [17] in the 1970s, focused laser
differential interferometry (FLDI) is a common path, polarizing interferometer sensitive to the phase difference between
the interfering beam pairs. It features excellent spatial and temporal resolution (<100 pm and 10 MHz), as well as high
sensitivity at low densities (0.1 g/m?®) [18]. In 2012, Parziale et al. [19-25]] advanced the FLDI technique and used it to
characterize the facility disturbance level and boundary-layer instability and transition in the Caltech TS5 reflected-shock
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tunnel. Researchers have recently used the technique to make reliable measurements of convective velocity between two
closely spaced FLDI probe volumes [[18,26H32], facility disturbance-level characterization [33H35]], and have developed
beam shaping techniques for application of the technique in hard-to-access flows [36-H40]. Researchers have used
controlled problems [41H43] to test the data-reduction strategies developed by Fulghum [44], Settles and Fulghum [45]],
Schmidt and Shepherd [46], and Hameed and Parziale [47]].

The measurements of the density fluctuations obtained by the FLDI technique are compared to the DNS results.
A strategy for obtaining ultra-high frequency measurements is implemented to resolve frequencies above 1 MHz. A
comparison of the DNS and FLDI spectra to the expected power-law scalings in their respective regions is made.
Additionally, a comparison of the correlation and coherence computed using FLDI and DNS data between two points
located at various streamwise separation distances is presented.

I1. Facility and Experimental Setup
All experiments performed in this work were performed at the Stevens Shock Tunnel (SST) at Stevens Institute
of Technology. The SST is a reflected-shock tunnel capable of replicating Mach 6 free-flight flow conditions at an
enthalpy of 1.5 MJ/kg. The facility can produce unit Reynolds numbers of 0.35 - 8.1 x 10% m~! for at least 4 ms [48]. A
schematic of the facility is provided in Fig. [I]
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Fig. 1 Schematic of the Stevens Shock Tunnel identifying the driver and driven sections, Mach 6 nozzle, 24 inch
test section, and dump tanks.

The facility is operated in a fashion similar to other shock tunnels. The driver and driven sections of the facility are
separated by a double-diaphragm station, and a pair of aluminum diaphragms approximately 1.27 mm or 2.29 mm are
typically used. The use of a double-diaphragm section provides a more accurate, controlled, and repeatable test method,
allowing the driver pressure to be prescribed depending on the diaphragm thickness. The driven section is separated
from the nozzle, test section, and dump tanks by a thinner aluminum diaphragm (typically 0.127 mm or 0.254 mm).
Following the installation of the diaphragms, the entire facility is evacuated to an acceptable level of vacuum, with the
test section reaching 0.25 torr. Next, the driven section is filled with the test gas (either lab air or a mixture of 5% Kr
and N, to simultaneously accommodate a tagging velocimetry diagnostic technique that was employed during these
experiments) to the tailored run condition, and the driver section and the double-diaphragm station are filled with Nj.
The pressure in the double-diaphragm station is maintained at approximately half the driver pressure until the gas in the
section is rapidly evacuated, beginning the experiment. The reservoir conditions were determined using the pressure
of the driven tube, P, the measured incident shock speed, Uy using Cantera [49] with the Shock and Detonation
Toolbox [50]. The model used in these experiments was a 1 m-long hollow-cylinder flare. The model featured a sharp
leading edge, a 0.102 m outer diameter hollow cylinder, and a 34° flare of maximum diameter 0.203 m. Relevant
conditions for the shot analyzed in this paper (shot 385) are presented in Table[T} Here, boundary-layer quantities such
as the boundary-layer thickness (8), viscous length (y.), and friction velocity (u,), were determined in a manner similar
to that described in Segall et al. [S1].

Focused laser differential interferometry (FLDI) was used as the flow diagnostic for the experiments presented in this
paper. The FLDI beams used to interrogate the boundary layer generated over the model were positioned approximately
0.7 m from the model’s leading edge and approximately 6.7 mm above the surface of the hollow cylinder. As shown in
Fig.2, the beam pairs were oriented in a single row of six columns, with each column interspaced by approximately 2.4
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Table 1 Experimental conditions for FLDI shot 385 performed at the Stevens Shock Tunnel. Here, 6, U, T,,,
Ty Ty /Ty Toos Mooy Regy yry ury and Re, are the boundary-layer thickness, boundary-layer edge velocity, wall
temperature, recovery temperature, wall-to-recovery temperature ratio, freestream temperature, freestream
Mach number, momentum thickness Reynolds number, viscous length, friction velocity, and the friction Reynolds
number, respectively.

Shot 0 Ue Tw T Tw/T, T M Reg Vr Ur Re+

(mm) @mfs) K) K 0 K 66 (m)  (m/s) ()
385 13 942 295 533 054 653 632 8620 28e-05 48 450

mm. We present a magnified view of a single FLDI beam pair from this row in Fig. Zp to show the intraspacing between
the pair of FLDI beams, which was determined to be approximately 0.04 mm.

The components used to generate the closely-spaced multiple beam-pair FLDI setup used as the diagnostic in these
experiments are depicted in Fig. 2c. In this setup, the diffractive optical element was used to generate a single row
of 6 beam pairs. The diffractive optic was also used to generate the streamwise beam interspacing seen in Fig. [Zh.
A Wollaston prism of 1 arcminute was used to generate the streamwise beam intraspacing. Downbeam of the test
section, a complementary 1 arcminute Wollaston prism is used to recombine the intraspaced beams. Each of the twelve
recombined beam pairs was focused on individual photodetectors, which register a voltage change as a result of the
interference caused by the different optical path lengths traversed by the individual beams within the beam pair. The
close interspacing within each row of beams required the use of an array of converging and diverging lenses (not
pictured) to expand and separate the recombined beam pairs by a practical distance. Additional converging lenses were
used to focus the beam onto the photodiode.
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Fig. 2 (a) Picture of FLDI beam pairs taken at their focus using a beam profiling camera. The label associated
with each beam pair is provided as an identifying reference. The row of FLDI beam pairs is positioned
approximately 6.7 mm above the surface of the hollow-cylinder flare. Major tick marks are 1 mm apart and
minor tick marks are 0.5 mm apart. (b) Close-up of an individual, closely-spaced FLDI beam pair. Here, the
major and minor tick marks are 0.50 mm and 0.10 mm apart, respectively. (c) Schematic showing components
used to generate the closely-spaced multiple beam-pair FLDI setup.
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To facilitate these ultra high-frequency measurements, it was necessary to raise the FLDI signal above the noise
floor. As a result, the FLDI response measured by one of the six photodetectors was passed through a high-pass filter
to remove frequency content lower than 30 kHz. Next, as shown in Fig. 3] the signal was passed through a Stanford
Research Systems model SR445A signal amplifier, where it was amplified by a factor of 625 before it was passed to the
Cleverscope CS328A digital oscilloscope. The signals were then digitally AC-coupled in the oscilloscope to remove the
DC offset. The vertical scaling of the AC-coupled Cleverscope signals was limited to slightly above/below the minimum
and maximum values expected during the experiment.

/‘SRS STANFORD RESEARCH SYSTEMS, INC. - MODEL SR445A - FOUR CHANNEL, DC to 350 MHz AMPLIFIER

Signal from

EAWY,
photodetector X

625x amplified
signal to scope

Fig. 3 Technique employed to amplify the ultra-high frequency FLDI signal above the noise floor. The
amplification allowed the FLDI diagnostic to resolve frequencies above 1 MHz.

I11. DNS Solutions

As mentioned in the Introduction Section, the spectra computed from FLDI data are compared with those from DNS
data to understand the power-law scalings of density fluctuations. Table 2] outlines the freestream flow condition of the
DNS for comparison with FLDI. The freestream condition of the DNS is similar to the conditions of the Boeing/AFOSR
Mach-6 Quiet Tunnel (BAM6QT) under noisy runs with a total pressure of 921 kPa and a total temperature of 433 K.
The flow conditions and setup of the present DNS are the same as those described by Duan et al. [6], except that the
streamwise domain has been extended from 58.76; to 135.96; (with two overlapping computational boxes as shown in
Fig.[) to increase the range of Reynolds numbers up to Re, ~ 660. Additionally, the uniform region of the wall-normal
grid has been extended from 5.56; (or 3.29) to 9.56; (or 5.50) to resolve a larger region of the near field of acoustic
fluctuations radiated by the boundary layer (Fig.[5). Here, §; and 6 represent boundary-layer thickness at the inflow of
Box 1 and at the selected downstream location for spectral analysis, respectively. Table[3]summarizes the grid resolution
and domain size for the present DNS.

The DNS solver solves the full compressible 3D Navier-Stokes equations in conservation form. The working fluid
is assumed to be a perfect gas, for which the coeflicient of viscosity u is determined using Sutherland’s law and the
coefficient of thermal conductivity « is calculated using x = uC,,/ Pr with Pr = 0.71. The inviscid fluxes are discretized
using a seventh-order Weighted Essentially Non-Oscillatory (WENO) scheme, which is optimized by employing limiters.
A fourth-order central difference technique is used to discretize the viscous fluxes while a third-order low-storage
Runge-Kutta scheme is employed for time integration, ensuring accurate and efficient computations. The top boundary
utilizes an unsteady, non-reflecting boundary condition. A periodic boundary condition is applied in the spanwise
direction. At the wall, a no-slip, isothermal wall condition is imposed. Additional details of the DNS methodology are
provided in Duan et al. [6].

Table 2 List of freestream conditions and wall temperature, 7, for Mach 5.86 DNS of turbulent boundary layer.

Mo  Rew(m™) Usx(m/s) pe(kg/m®) Two(K) Ty(K)
5.86 10.4x 10° 870.4 0.0427 54.97 300.0
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Fig.4 Computational domain setup for the present DNS, showing an instantaneous flow visualized by iso-surface
of the magnitude of normalized density gradient, |Ap|d;/p. = 0.98. The iso-surface is colored by the stream-wise
velocity component, which ranges from 0 to U, (blue to red). ¢; ~ 13.8 mm represents the boundary layer
thickness at the inflow plane.

Table 3  Grid resolution and domain size for the DNS of the Mach 5.86 turbulent boundary layer. In this
context, the domain sizes in the streamwise, spanwise, and wall-normal directions are normalized by the inflow
boundary layer thickness, denoted by L./6;, L;/6;, and L, /6; respectively. The uniform grid spacings in the
streamwise and spanwise directions are represented by Ax™ and Az", respectively. Additionally, Ay’ . and Ay}, .
denote the minimum and maximum grid spacings in the wall-normal direction for 0 < y/§; < 9.5. These grid
spacings are reported in terms of the viscous length scale, y, evaluated at the sampling location x/5; = 49.52. Ty
is the total time for data collection. The friction velocity and the boundary layer thickness are listed in Table E] .

Li/6; L./6; Ly/6i  NexNxNy  Ax* Azt Ayt Ayhae Truc/s
Box1 734 157 397 2000x800x700 9.7 5.2  0.51 5.3 3.8
Box2 734 157  39.7 2000x800x700 9.7 5.2 0.1 5.3 3.0

Table 4 Boundary layer properties at the sampling plane for the Mach 5.86 turbulent boundary layer.

Xqa/0; Reg Rer Resr 6 (mm) H 6 (mm) vy (um) wu; (m/s)
49.52 9530 453 1856 0.92 1434  23.49 51.80 45.57

IV. Results
In this section, we present comparisons between the experimental results obtained at the Stevens Shock Tunnel and
the DNS simulations. Specifically, the power spectral density, two-point correlation in the streamwise direction, and
coherence between two points with varying spatial streamwise separation are compared.

A. Spectra Comparison

Figure [6| compares the power spectral density computed from the phase change measured by the FLDI instrument for
shot 385 (black line) with the DNS spectrum of density fluctuations (red line), both at a relative wall-normal position of
v/ = 0.6 and Re, ~ 450. The abscissa is presented in angular frequency (w = 27 f). The outer-scaling normalization
of the angular frequency, shown in Fig. [6h, is achieved using the respective experimental and DNS boundary-layer
thickness and freestream velocity (Wnorm = wW6/Us). As shown in Fig. @3, the inner-scaling normalization of the
angular frequency is performed using the viscous length and friction velocity (wyorm = Wy« /u+) for the FLDI data
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Fig.5 Comparison of wall-normal grid distribution for DNS of Mach 5.86 from Duan et al. [6] and present DNS.

and, equivalently, the kinematic viscosity and friction velocity (Wyorm = WV / u%) for the DNS data. The expected
power-law scaling in the specific regions of the spectra is provided as a reference.
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Fig. 6 Spectra for FLDI and DNS at y/6 ~ 0.6 and Re, ~ 450. The expected power-law scalings in specific
ranges of the spectra are provided as a reference. a) For outer scaling, the abscissa of both DNS and FLDI results
are normalized by the respective boundary-layer thickness and freestream velocity. b) For inner scaling, the
FLDI results are normalized by the viscous length and friction velocity (w,,,m = wy./u,) while DNS data is
equivalently normalized by kinematic viscosity and friction velocity (w;;m = WV / u%).

Referring to @), the DNS spectrum briefly adheres to the w,’ul,m scaling (0.1 < wyorm < 0.2) while the FLDI
spectrum follows this scaling over a broader range, until w,,,m = 0.3, consistent with the theoretical prediction of
the estimated location of slope change from the mid to mid-to-high frequency overlap region [S)]. In the mid-to-high
frequency overlap region, the FLDI spectrum appears to follow the w;ﬂf’n scaling until approximately w,orm = 1.5,
slightly higher than the theoretically predicted transition to the high-frequency region [S)]. Similarly, we observe the
inertial subrange in the DNS spectrum from 0.2 < wyorm < 1.5. In the apparent transition from the mid-to-high

frequency overlap region to the high-frequency region, we observe a much more distinct divergence between the FLDI
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and DNS spectra. At these higher normalized angular frequencies, the DNS spectrum shows a much steeper roll-off.
Neither spectra appear to show extended agreement to the referenced power-law scaling in this region (w,_l;ffs ). While
this scaling is provided as a reference, the spectra appear to experience a continuously changing slope at these high
frequencies, making it difficult for the authors to identify a specific power-law scaling in this region. A more suitable
comparison would be to compare the FLDI and DNS spectra with the model energy spectrum as defined in Pope
[52], which suggests the spectra should experience exponential decay in this region. Additional analysis is needed to
understand the stark deviation of the FLDI spectra from the DNS spectra at these frequencies. This difference could be
a result of a misunderstanding of the spatial resolution of the FLDI instrument - further investigation is required.

B. Correlation Comparison

We next compare the correlation of density fluctuations (Cp,,) calculated from DNS data to the correlations computed
from experimental FLDI data. The correlation, computed using MATLAB’s xcorr function, between beam pair A
and subsequent beam pairs in the FLDI system (as labeled in Fig. [2) is presented in Fig.[7p. Here, the abscissa is
the maximum lag time between signals, nondimensionalized by the freestream velocity and boundary-layer thickness.
Expectedly, the self-correlation between FLDI signals A-A shows perfect correlation with zero time lag. As the distance
from beam pair A to the subsequent beam pair increases, we observe an increase in the nondimensional time lag and an
exponential decrease in the correlation coefficient. Additionally, as the nondimensional time lag increases, we observe a
broadening of the correlation peak. A small deviation from the expected trend is observed in the computed correlation
between signals A-C. We suspect the lower correlation coefficient computed between these signals could be due to
additional noise that was present in signal C.

In Fig.[7p, we extract the peaks of the correlation coefficients computed from FLDI data in Fig.[7h and compare
them to the space-time correlation of density fluctuations calculated using DNS data. For both datasets, the comparison
is made at approximately the same relative height within the boundary layer (y/¢ ~ 0.6). The correlation is plotted as
a function of the streamwise separation between probes (the interspacing between beam pairs A to F for FLDI, the
distance between points for DNS) nondimensionalized by the respective boundary-layer thickness. While the FLDI
correlation peaks are plotted as discrete points (due to the specific spacing between the beams and the finite number of
beam pairs), a clear trend is visible, which is in excellent agreement with the decay observed in the computed correlation
from DNS data. As suggested by Duan et al. [6], the correlation is sensitive to the wall-normal position, and the slightly
higher values of the peak correlation coefficient computed using FLDI data could be due to uncertainty in determining
the wall-normal position of the row of FLDI beams.

1—AA] | | — i i i T :
—AB 1 o FLDI||
A-C * o —DNS

0.8 [|— A-D
—A-E

—A-F

p os o0 os 1 0 05 1 15 2 25 3
tlu,gUoo/(S Aa;/é

(a) (b)

Fig.7 a) Time domain density correlation between FLDI probes. The density correlation decreases monotonically
as nondimensional time lag is increased. b) Comparison of the correlation experimentally obtained using FLDI
data and computed from DNS data. The spacing between the probes (distance between beams for FLDI, points
for DNS) is normalized by the respective boundary-layer thickness, 6.
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C. Coherence Comparison

In this section, we compare the two-point coherence spectra computed from the FLDI and DNS data. Each DNS
coherence spectra in the series presented in Fig. [§] was computed at the specific Ax/6 value matching the relative spacing
of the FLDI beams. The FLDI and DNS spectra are plotted as functions of the angular frequency normalized by the
respective boundary-layer thickness and freestream velocity. In general, we observe good agreement between the FLDI
and DNS coherence spectra, noting increasing consensus between the experimental and computational datasets with
decreasing streamwise spacing. As expected, the best agreement between the two coherence spectra is achieved at
the smallest relative spacing, Ax/6 = 0.20. Deviations observed in the power spectral density spectra presented in
Fig.[6h also manifest in the coherence spectra. For example, the DNS coherence spectra appear to show higher values of
coherence than the FLDI coherence spectra until the high-frequency region, where divergence is observed between the
PSDs of the two datasets. For each relative streamwise separation, we note a significant drop in the FLDI coherence at
the lower normalized angular frequencies (wé /U« = 0.5), likely due to the high-pass filter used in the diagnostics’s data
acquisition system.

T(Ae/5=020) 120 ‘ |
3 -y
IT(Az/6 = 0.37) + 1.5
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r” '”“
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Fig. 8 Comparison of the calculated coherence between streamwise points obtained from FLDI and DNS data.
The streamwise separation between points was selected to match the streamwise spacing between the FLDI beams.
The DNS and FLDI frequencies are normalized by their respective boundary layer thickness and freestream
velocity.

V. Conclusions

In this paper, we compare experimental measurements of density fluctuations over a hollow cylinder to DNS data at
similar conditions and wall-normal positions. The experimental observations are made using a closely-spaced multiple
beam-pair FLDI diagnostic. The signal-to-noise ratio of the FLDI diagnostics’s output is improved using a high-pass
filter, signal amplifier, and by digitally AC-coupling the signal. These modifications allowed the FLDI diagnostic to
capture data above 1 MHz. A flowfield with conditions similar to those in the experiment was analyzed using DNS. The
power spectral density and two-point space-time correlation and coherence computed from FLDI and DNS data were
compared.
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With minor deviations, the FLDI and DNS PSDs show generally good agreement. To differing extents, adherence
to expected power-law scalings is observed in both spectra. The w;},,, scaling is briefly observed in the uncorrected
DNS spectra, while the FLDI spectra begins to follow this scaling at earlier normalized angular frequencies and to
a broader extent. The w;,fﬁn scaling is observed in both the FLDI and DNS spectra in the mid-to-high frequency
overlap region. The spectra don’t appear to extensively follow the expected power-law scaling at the higher normalized
angular frequencies and the FLDI spectrum deviates from the DNS spectra considerably in this region. Additional
analysis is required to understand this discrepancy. We also observe a continuously changing slope in both spectra in
this region. A comparison of density fluctuations computed from DNS and experimental FLDI data also shows good
agreement. Although the trend is consistent with the correlation computed from DNS data, the computed experimental
peak correlation coefficient is found to be higher, likely due to uncertainty in the measured wall-normal height of the
row of FLDI beams and the high sensitivity of the correlation to wall-normal position. The coherence spectra shows
improving agreement between the DNS and FLDI results as the streamwise spacing between the probes is decreased.
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