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In this article, we present a comparison of experimental measurements of density fluctuations over a hollow
cylinder to direct numerical simulation (DNS) data at similar conditions and wall-normal positions. The
experimental observations are made using a closely spaced multiple-beam-pair focused laser differential
interferometry (FLDI) flow diagnostic, allowing data to be acquired above 1 MHz. The power spectral density
(PSD), autocorrelation and cross-correlation, and coherence spectra computed from FLDI and DNS data are
presented for comparison. The PSD spectra obtained from experimental results and numerical analysis show good
agreement in the energy-containing and inertial subrange, with a minor deviation in the higher frequencies of the
dissipation range. A comparison of the cross-correlation maintains the agreement in the energy-containing and
inertial ranges, but shows slightly higher correlation values for DNS data until it asymptotically approaches zero.
The coherence spectra consistently show that the DNS data remain better correlated at higher frequencies.
However, both datasets show steep reductions in correlation with increasing probe separation distances,
extending into the lower frequencies of the energy-containing and inertial ranges.

I. Introduction

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 turbulence [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].

To provide a comprehensive representation of a turbulent boun-
dary layer, experimental diagnostic techniques and computational
simulation methods must be able to resolve disturbances of frequen-
cies that span the entirety of the energy cascade, from the large
energy-containing structures to the small dissipative eddies. Exper-
imentalists have found focused laser differential interferometry
(FLDI) to be an appropriate flow diagnostic for turbulence studies
because of its excellent spatial resolution (<100 pm) perpendicular
to the beam propagation axis, large frequency bandwidth (10 kHz to
10 MHz), and high sensitivity at low densities (0.1 g/m?®) [6].
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Developed by Smeets [7-12] and Smeets and George [13] in the
1970s, FLDI is a common-path polarizing interferometer sensitive
to the phase difference between the interfering beam pairs. In 2012,
Parziale et al. [14-20] advanced the FLDI technique and used it to
characterize the facility disturbance level and boundary-layer insta-
bility and transition in the Caltech TS reflected-shock tunnel.
Researchers have recently used the technique to make reliable
measurements of convective velocity between two closely spaced
FLDI prove volumes [6,21-27], facility disturbance-level charac-
terization [28-30] and have developed beam-shaping techniques for
application of the technique in hard-to-access flows [31-35].
Researchers have used controlled problems [36-38] to test the
data-reduction strategies developed by Fulghum [39], Settles and
Fulghum [40], Schmidt and Shepherd [41], and Hameed and
Parziale [42].

Experimental investigations of hypersonic turbulent boundary
layers have historically been made with diagnostic techniques such
as hot-wire anemometry, which have been limited by poor fre-
quency or particle response and spatial resolution [43]. Measure-
ments of pressure fluctuations within high-speed turbulent boundary
layers have been limited to the surface and have suffered from
significant scatter in magnitude [44,45] and from poor spatial
resolution and frequency response [46]. Recently, optical diagnostic
techniques have been implemented to study hypersonic turbulent
boundary layers. Camillo et al. [47] employed a multipoint FLDI
setup to probe the hypersonic turbulent boundary layer over a 7°
half-angle cone at several heights above the model surface. They
found the convective velocity of density disturbances agreed with
similar measurements of pressure disturbances, and the density
spectra showed evidence of power-law scaling previously observed
in the pressure spectra. Benitez et al. [48] used direct numerical
simulation (DNS) to model the behavior of a computational FLDI
passing through a hypersonic turbulent boundary layer. They found
that integration along the optical axis resulted in lower FLDI
amplitudes than for true point measurements and determined that
the finite spacing between the FLDI beams resulted in amplitude
roll-oft at low-frequencies.

High-speed turbulent boundary layers have also been investigated
using DNS, which requires high spatiotemporal resolution to
capture the vast scales of turbulence. Regarding inflow generation
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techniques, significant emphasis has been placed on using long
streamwise domains to ensure that the flow reaches fully developed
equilibrium turbulence and that turbulent structures are sufficiently
decorrelated prior to the analysis plane [49-54]. Notably, Martin
[55] developed a local initialization procedure for supersonic and
hypersonic flows that produced controlled conditions over a wide
range of Reynolds and Mach numbers. The results showed good
agreement with experimental data regarding turbulent shear stresses
and fluctuations in velocity and temperature.

Leveraging these high-fidelity simulation frameworks, Pirozzoli
and Bernardini [50] performed a large-scale DNS simulation to
study a turbulent boundary layer at supersonic flow (M, = 2)
and Re, = 1120, and found excellent agreement of velocity statis-
tics compared to incompressible data with the application of appro-
priate scaling factors. Duan et al. [56] performed a DNS study of
turbulent boundary layers at Mach 5 to assess the influence of wall
temperature on turbulence relations and compressibility effects and
found that the scaling relations used to express adiabatic compress-
ible boundary-layer statistics in terms of incompressible boundary
layers also held for nonadiabatic cases. They extended the analysis
to study the effect of Mach number [57] and high enthalpy [58],
finding that many of the scaling relations derived based on the weak
compressibility hypothesis remain valid for high Mach numbers and
enthalpy. Duan et al. [59] used DNS to study the pressure fluctua-
tions generated within a turbulent boundary layer at different wall-
normal locations over a flat plate. They found that the dominant
frequency of boundary-layer-induced pressure fluctuations shifted
to lower frequencies as the location of interest moved 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. Recent work has extended the numerical analysis of
turbulent boundary layers to higher Mach numbers (M, = 11 and
14) with strong wall-cooling (T, /T =~ 0.2) [60]. Additionally,
Zhang et al. [61] presented a DNS database for high-speed, zero-
pressure-gradient turbulent boundary layers over a wide range of
nominal freestream Mach numbers (M, = 2.5-14) and wall-to-
recovery temperature ratios (7,,/Tr = 0.18-1.0) at appreciable
Reynolds numbers (Re, = 450-646) to gauge the performance of
compressibility transformations in the high-Mach-number, cold-wall
regime, finding good success applying various compressibility trans-
formations in most of the boundary layer. Huang et al. [54] extended
this analysis to Re, < 1200 to confirm the validity of compressibility
transformations at moderately high Reynolds numbers.

In this work, we study the turbulent boundary layer generated
over a hollow cylinder using a multibeam-pair FLDI diagnostic
[62,63]. The experimental measurements of the density fluctuations
obtained by FLDI are compared to a DNS solution produced using
the experimental flow conditions and model geometry. We compare
the DNS and FLDI spectra with the expected power-law scalings in
their respective ranges. The closely spaced FLDI beams used to
probe the boundary layer enabled density disturbance measurements
well into the dissipation range of the turbulence spectra. Further-
more, we present a comparison of the auto- and cross-correlations
between experimentally measured and computationally simulated

density fluctuations. These results highlight the variation in exper-
imental and computational agreement across the relevant frequency
scales. Finally, the coherence spectra for experimentally measured
and computationally simulated density fluctuations are presented at
increasing spatial separations to demonstrate spectral attenuation
within the aforementioned scaling ranges.

II. Facility and Experimental Setup

All experiments in this work were conducted 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 [64];
higher Reynolds numbers can be achieved at reduced enthalpy, or
“cold flow” conditions. A schematic of the facility is shown in Fig. 1.

The facility was operated in a fashion similar to other shock
tunnels. The driver and driven sections were separated by a
double-diaphragm section, which allowed the driver pressure to
be prescribed depending on the diaphragm thickness and provided
an accurate, controlled, and repeatable test method. Aluminum
1100 diaphragms were used, with their thickness dependent on
the shot conditions. A thinner aluminum diaphragm was used to
separate the driven section from the nozzle, test section, and dump
tanks. Following the installation of the diaphragms, the entire
facility was evacuated to an acceptable level of vacuum, with
the test section reaching approximately 33 Pa. Next, the driven
section was filled with the test gas to the tailored run condition,
and the driver and double-diaphragm sections were filled with the
driver gas. For this experiment, the driver section was filled with
pure N, and the driven gas was a 5% K1/95% N, mixture. During
the filling process, the pressure in the double-diaphragm station
was maintained at approximately half the driver pressure. The
experiment started once the gas in the double-diaphragm section
was rapidly evacuated.

The reservoir conditions were determined using Cantera [65] with
the Shock and Detonation Toolbox [66], taking into account the
pressure of the driven tube, P, and the measured incident shock
speed, U,. The relevant conditions for the experiment analyzed in
this work (shot 385) are shown in Table 1. Here, boundary-layer
quantities such as the boundary-layer thickness (), viscous length
(y.), and friction velocity (u#,) were determined as described in
Segall et al. [67]. The model, shown in Fig. 2, used in these
experiments was a 1-m-long hollow-cylinder flare (HCF). The
model featured a 5° removable nose tip with a sharp leading edge,
a 0.102-m-outer-diameter hollow cylinder, and a 34° flare of maxi-
mum diameter 0.203 m. Strips of roughness elements (sandpaper)
were placed near the leading edge of the model to artificially trip the
boundary layer and promote transition to turbulence.

FLDI was used as the flow diagnostic for the experiments pre-
sented in this work. The FLDI beams were positioned within the
turbulent boundary layer, approximately 0.7 m from the model’s
leading edge and at approximately 6.7 mm above the surface of the
hollow cylinder. As shown in Fig. 3a, the beam pairs were oriented
in a single row of six columns, with each column interspaced by
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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.
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Table 1 Experimental
conditions for FLDI shot 385
performed at the Stevens Shock
Tunnel (boundary-layer
properties estimated using DNS)

Parameter Value
Shot 385
S5, mm 10
U, m/s 942
Ty, K 295
T,,K 533
T,/T, 0.54
T, K 65.3
ReY, 1/m 14 x 10°
M, 6.32
Rey 5293
Ve, M 2.6e-05
u,, m/s 48
Re, 370

approximately 2.4 mm. A magnified view of a single FLDI beam
pair is shown in Fig. 3b, showing a beam intraspacing of approx-
imately 0.04 mm.

The components used to generate the closely spaced multiple-
beam-pair FLDI diagnostic are shown in Fig. 3c. In this setup, the
diffractive optical element was used to generate a single row of 6
beam pairs, and its placement and specification prescribed the beam
interspacing seen in Fig. 3a. 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 was

used to recombine the intraspaced beams. Each of the six recom-
bined beams was focused on individual photodetectors, which
registered a voltage change as a result of the interference caused
by the differing 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 separate the recombined beams
by a practical distance. Additional converging lenses were used to
focus each beam onto its respective photodiode.

III. DNS Solutions

As noted in the Introduction, a DNS was performed on the
hollow-cylinder (HC) section of the hollow-cylinder-flare (HCF)
test article to enable comparison with the FLDI. This section details
the simulation setup for the HC DNS. The DNS provides fully
resolved space—time density fields, which serve as a reference for
interpreting the FLDI data. Single- and multipoint density statistics
from the DNS—including power spectral density, auto- and cross-
correlations, and spatial coherence—are directly compared with the
FLDI measurements in later sections to cross-validate experiment and
simulation and to analyze the spectral and structural characteristics of
density fluctuations in a hypersonic turbulent boundary layer.

A. Flow Conditions and Computational Domain

Table 2 summarizes the freestream and wall-temperature condi-
tions used for the HC DNS. The DNS is conducted for the turbulent
boundary layer over the HCF model at a nominal Mach number of
6.32, and the wall temperature is fixed at 7, = 295 K, which
corresponds to a wall-to-recovery temperature ratio of T, /T, =
0.54 with a recovery factor r = 0.89. The freestream and wall
temperature conditions of the DNS closely match the operating
conditions of the experiment in the Stevens Shock Tunnel.

FLDI beams

. / 0.0067 m
1 /

34° flare —» 9|0

0.18m y 0.79m
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Fig. 2 Section view of HCF showing removable 5° tip, hollow cylinder, 34° flare, and location of FLDI beams.
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Fig. 3 a) Picture of FLDI beams (major/minor ticks at 1 mm/0.5 mm). b) Close-up of individual FLDI beam pair (major/minor ticks at 0.50 mm/

0.10 mm). ¢) Components for FLDI setup.
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Table 2  Freestream
conditions and wall temperatures
for the HC DNS case

Parameter Value
M, 6.32
Reg,, 1/m 13.6 x 10°
U, m/s 992.4
Poo> kg/m3 0.063
To, K 65.25
T, K 295.0

To initialize the DNS and establish the necessary inflow condi-
tions, a precursor RANS simulation was first performed using
ANSYS Fluent [68]. This RANS calculation covers the entire
HCF model geometry, capturing the nose-tip physics and the devel-
opment of the leading-edge shock. The DNS domain, illustrated in
Fig. 4, is strategically positioned to begin at x = 0.305 m
(x/L ~0.316). This location is selected to align with the experi-
mental setup, where a sandpaper trip is used to force boundary-layer
transition. By placing the DNS inflow slightly downstream of the
physical trip location, the simulation can bypass the complex tran-
sition region and immediately establish a fully developed turbulent
state using synthetic turbulence generation. As shown in the top
panel of Fig. 4, the top boundary of the DNS domain is placed
entirely beneath the leading-edge shock captured by the RANS.

A single DNS domain with an azimuthal extent of ¢ = 60° is
employed, spanning the axial range from x/L = 0.316 to 0.931,
where L is the cylinder length. At the inlet of the DNS domain, the
boundary-layer thickness is §; = 4.9 mm and the streamwise length
of the domain is L, = 1236;. Uniform grids are used in the stream-
wise and azimuthal directions with Ax* =473 and
(rA0);, = 2.65. The wall-normal grids are refined near the wall
with Ayj = 0.47, gradually stretching to Ay; = 3.71 near the
boundary-layer edge. Detailed grid parameters are presented in
Table 3. The chosen azimuthal domain ¢ = 60° yields a

Table 3  Grid resolution and domain
size for the HC DNS (normalizations are
done using the values indicated in Table 4)

Parameter Value
Xpeg, M 0.305
Xend, M 0.898
¢, deg 60
Ny XNyXN, 4700 x 750 x 750
AxT 4.73
(rAg) 2.65
(rAg)F 3.24
Ay 0.47
Ayy 3.71
Tru./d 5.8
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Fig. 4 Computational domain and simulation setup for the present DNS case. Top: DNS domain along with precursor RANS. Bottom: instantaneous

isosurface of normalized density gradient.
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spanwise-equivalent domain L, /5 ~ 4.74 at the sampling location,
which allows sufficient decay of spanwise correlations and avoids
azimuthal locking of large-scale structures.

B. Numerical Method and Boundary Conditions

The simulations solve the three-dimensional compressible Nav-
ier—Stokes equations in conservative form using cylindrical coordi-
nates. In the HC DNS, the working fluid is modeled as a calorically
perfect gas with a molecular mass of M = 30.803 kg/kmol and a
specific heat ratio of y = 1.4077, providing an approximation of the
nitrogen—krypton mixture used in the experiment. The dynamic
viscosity is determined via Keyes’ law [69], while the thermal
conductivity x is computed assuming a constant molecular Prandtl
number of Pr = 0.71 such that k = uc,/Pr.

The inviscid fluxes are discretized using a seventh-order
Weighted Essentially Non-Oscillatory (WENO) scheme, which is
optimized by adjusting the frequency of WENO adaptations. 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. At the inflow, turbulent fluctuations are
prescribed using the modified digital-filter method for nonuniform
curvilinear grids of Dhamankar et al. [70]. To ensure that the DNS
accurately represents the experimental turbulent state, the mean
velocity field and the turbulent shear stress terms required for the
digital-filter method are extracted directly from the converged pre-
cursor RANS solution at the x = 0.305 m station. Digitally filtered
random disturbances are superimposed on the prescribed mean
inflow profiles to promote immediate turbulent content and bypass
transition. The detailed inflow methodology and numerical setup are
provided in Roy et al. [71]. The top boundary utilizes an unsteady,
nonreflecting boundary condition. A periodic boundary condition is
applied in the azimuthal direction. At the wall, a no-slip, isothermal
wall condition is imposed. Grid sensitivity on the spectral content
for the present HC DNS is assessed in the Appendix, while the
corresponding first- and second-order turbulent statistics and their
grid independence for the same geometry and methodology are
reported in Roy et al. [71].

C. Statistical Sampling and Analysis Locations

Flow statistics, power spectral densities (PSDs), spectral coher-
ence, and related quantities are evaluated at selected downstream
sampling planes where the boundary layer is fully developed and
sufficiently upstream of the flare-induced shock—boundary-layer
interaction and separation region. Boundary-layer properties and
viscous scaling parameters at these sampling locations are summa-
rized in Table 4. The density spectra are obtained from planar
density records sampled at 16.67 MHz and at different wall-normal
heights. Each signal is detrended and preconditioned with a Han-
ning window. The total signal is divided into eight 50% overlapping
segments. Spectral estimates are computed using Welch’s method
and subsequently averaged across all azimuthal planes to suppress

Table 4 Boundary-layer
properties at the DNS sampling
location along the hollow
cylinder, x, = 0.855 m

Parameter Value
x,/D 8.38
Rey 6084
Re, 421

Res, 1582
0, mm 0.45
H 14.66
S5, mm 11.26
Yer HM 26.77
u,, m/s 47.55

statistical variability. Correlation coefficients and coherence spectra
were computed at the same DNS sampling location and similarly
ensemble-averaged across the azimuthal plane within ¢p = +30° of
the hollow cylinder’s top dead center. The total data-collection time
used for spectral estimation is T ju.6 = 5.8. The chosen sampling
durations are sufficient to ensure convergence of the low-frequency
content of the PSDs and to support statistically robust estimates of
spectral coherence presented in Sec. IV.

IV. Results

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

A. Spectral Comparison

Figure 5a shows the spectra for phase change computed from data
collected by all FLDI detectors as well as the experimental noise
floor. The PSD was computed using Welch’s method with a Han-
ning window size of approximately 500,000 samples at 50% overlap
to provide 3 kHz of spectral resolution. Each spectrum was divided
by the frequency vector to represent the differencing nature of the
FLDI instrument. Disregarding the spurious noise spikes seen in the
spectra for Detector C, the spectra for all FLDI detectors showed
excellent agreement and reached the noise floor at approximately
f = 3.5 MHz. In addition to the spectral comparison between FLDI
detectors for shot 385, we present a spectral comparison between
shots for a single FLDI detector in Fig. 5b. We note the excellent
agreement of the spectra throughout the relevant frequency range
between the three experiments run at the same nominal conditions.

The density fluctuation spectra computed from the experimental
and numerical datasets are presented in Fig. 6. In Fig. 6a, the DNS
spectra are presented for wall-normal locations in the range of
7.4e7* <y/§ < 1. Two FLDI spectra are overlaid, representing
corrections to the FLDI spectra due to the 1) differencing effects
of the instrument and 2) the finite width of the disturbance field. On
the abscissa, the spectra are normalized to the outer length scale
(wd/U ) by the respective boundary-layer thickness and freestream
velocity.

In Fig. 6b, the density fluctuation spectrum for the DNS simu-
lation was extracted at y/6 = 0.66 for comparison with experimen-
tal results obtained using the FLDI diagnostic. The spectra are
presented in the outer and inner length scales, and all spectra are
normalized by the area under each respective curve.

The measured time-series phase difference between the FLDI
beams was converted to density fluctuation spectra using the proc-
ess detailed in Hameed and Parziale [42]. Namely, the phase differ-
ence between the two signals was related to density using the
Gladstone—Dale relation, and the spectral response of the measured
density fluctuations of an ideal FLDI instrument was approximated
using transfer functions. Two variations of the density fluctuation
spectrum were computed for experimental data gathered using the
FLDI diagnostic. The spectrum labeled “differencing only” consid-
ered an infinitesimally thin sinusoidal disturbance at the focus of the
FLDI beams and accounted only for the differencing effects of the
instrument, modeled using the transfer function of the form

Hx) = ésin(%) )

where Ax represents the beam intraspacing. The second FLDI
spectrum shown in Fig. 6b incorporates the effect of the FLDI
beams propagating through a sinusoidal density disturbance field
fluctuating in x and y, confined to the area between the hollow-
cylinder flare and the boundary-layer edge, modeled as

232w, KAXx wik? LiA
H(k) = ———sin| — -0 rf [ —— 2
) = AL “n( 2 )eXp( 4 )e [2nw()] @
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Fig. 6 Normalized FLDI and DNS density fluctuation spectra at a) 7.4e™ < y/6 < 1 and b) y/6 = 0.67, with power-law scalings for reference.

where wy is the beam waist radius, 4 is the laser wavelength, and L
is the integration length of the FLDI instrument. As shown in Fig. 7,
the FLDI beams traverse this region between —0.02 m < x =
L <£0.02 m. Additionally, the power-law scalings for the energy-
containing range, inertial subrange, and dissipation range are pro-
vided as a reference.

Based on the adherence of the DNS HCF spectrum to the
expected scaling, the energy-containing range occurs between 2 <
®8/U, < 15 in the outer length scale. All spectra appear to follow
the expected ™! slope in this region and agree with each other.
Within the inertial subrange (12 < w6/U,, < 43), a disparity is
observed between the two FLDI spectra. Compared to the spectrum
only accounting for the instrument’s differencing effects, the FLDI
spectrum corrected assuming a density disturbance field of a finite
length shows an extended region of the expected w=>/3 scaling and
more closely follows the DNS spectrum. While the FLDI spectrum
corrected with a finite density disturbance field shows a flatter
adherence to the expected w=>/3 slope, the DNS spectrum appears
to tangentially approach the expected scaling. Continuing into the
dissipation range (95 < wd/U,, < 144), the disparity between
the two FLDI spectra increases, as well as the difference between

y/o

1
0
-1 C 1 1 4 1 1 1 1 1L\ 1 1 1
-0.1  -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 006 008 0.1
z (m)

Fig. 7 Propagation of FLDI beams through the boundary layer gen-
erated over the hollow-cylinder section of the hollow-cylinder flare.

the FLDI spectrum corrected assuming a finite disturbance field and
the DNS spectrum. All spectra diverge considerably from the
expected @™ scaling in this region. Although the FLDI spectrum
accounting for a limited density disturbance field showed good adher-
ence to the respective scalings of the energy-containing and inertial
ranges, it maintained a gentler decay in the dissipation range. Similarly,
a distinct change in slope is not observed with the DNS spectrum, and
the spectra appear to tangentially approach the expected @™ scaling.

B. Correlation Comparison
The space-time correlation of the density field is defined as

P (x.y,z,)p'(x + Ax,y.z,t + At)
1/2 1/2
(p’z(x,y, z, t)) / (p’z(x + Ax,y, z,t+ Az)) /
3

C,,(Ax, Ar) =

where Ax is the spatial separation in the streamwise direction and At
is the time delay.

1. Autocorrelation

The autocorrelation of density fluctuations is given by setting Ax
equal to zero in Eq. (3). Figure 8 presents the autocorrelation
function (ACF) of density fluctuations measured experimentally
by each FLDI detector. Each ACF was computed over a broadband
frequency range extending from the onset of the energy-containing
region to the end of the dissipation range. To obtain the ACFs, the
phase change measured in the temporal domain by each FLDI
detector was transformed into the spatial wavenumber domain
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Fig. 8 Autocorrelation of density fluctuations for all FLDI detectors.

following the procedure defined by Hameed and Parziale [72], using
the sin(kx), —L < z < L transfer function. The resulting spectra
were filtered to within the specified frequency bounds and then
transformed back to the temporal domain, where the autocorrelation
was calculated using MATLAB’s xcorr function. Excellent agree-
ment was observed between the ACFs of each FLDI detector, with
matching temporal decay rates from the perfectly correlated value at
Atyorm = AtU /6 = 0. The signal became negatively correlated at
Athorm = 0.42, with the anti-autocorrelation reaching a minimum of
C,, ~—0.33 at approximately one normalized time delay. The
oscillatory nature of each ACF continued with increasing normal-
ized time delay; however, the local maxima and minima of the
autocorrelation coefficients were observed to have significantly
decreased.

Figure 9 shows a comparison between the experimentally and
numerically calculated ACF of density fluctuations in the energy-
containing range, inertial subrange, and dissipation range as a
function of time delay. The process to calculate the ACF for FLDI
data followed the steps previously described, with the frequency
bandwidth limited to the specific ranges of the respective power-law
scaling regions. The autocorrelation of density fluctuations
extracted from the DNS flowfield was computed similarly without
the need to apply transfer functions for spectral correction. There
was generally good agreement between the autocorrelation com-
puted from the experimental and numerical datasets, with an
increase in the temporal decay rate observed for higher frequency
density fluctuations. A significant degree of anti-autocorrelation
was observed in each scaling region. For the lower frequency
fluctuations present in the energy-containing range, the signal was
approximately 25-35% negatively autocorrelated. In the inertial
subrange, the signal’s negative autocorrelation increased to 45—
50%. In the dissipation range, the oscillatory nature of the density
field at these higher frequencies was most apparent, as the signal
was equally positively and negatively autocorrelated.

The agreement between the experimental and computational
autocorrelation functions of density fluctuations varied between
scaling regions. In the energy-containing range, where the corrected
FLDI density spectrum slightly deviated from the DNS spectrum,
and consequently, the referenced @™ scaling, the ACF derived from
DNS data exhibited a faster temporal decay rate and a reduced

degree of negative autocorrelation. Furthermore, the DNS ACF
was observed to have higher frequency oscillations, which were
absent in the FLDI ACF. In the inertial subrange, the excellent
agreement between the FLDI and DNS density spectra corre-
sponded to good agreement between the experimentally and com-
putationally determined ACFs, with matching temporal decay rates
and local maximum and minimum autocorrelation values. The
higher frequency oscillations observed in the energy-containing
range remained in this region; however, they appeared to have only
a modest effect on the overall shape of the DNS ACF at longer
normalized time delays. In the dissipation range, where the most
significant differences were observed between the two spectra, the
ACF comparison showed a similar degree of disagreement. While
the temporal decay rate and period of oscillation showed good
agreement, the DNS ACF was observed to have a slightly higher
oscillatory magnitude until approximately Az, = AtU, /5~ 0.5.
For a short duration after this normalized time delay, the DNS and
FLDI autocorrelation functions matched until Az, ~0.75, at
which point, a moderate increase in autocorrelation was observed
in the DNS ACFE.

2. Cross-Correlation

The space-time correlation computed for successive FLDI beams
spatially separated by multiples of the interbeam spacing (2.4 mm)
is shown in Fig. 10. The procedure used to compute the space-time
correlation was similar to that described in Sec. IV.B.1, with the
same transfer function used to correct the FLDI spectra. For the
results shown in Fig. 10, the correlation was bandpass filtered from
the minimum frequency of the energy-containing range to the
maximum frequency of the dissipation range (2 < w6/U, < 144).
The autocorrelation of FLDI probe A (labeled A-A in Fig. 10) was
provided as a reference. The density fluctuations became less corre-
lated as the spatial separation between the FLDI probes was
increased; within one normalized time delay and spanning a distance
of approximately 1.26, the density fluctuations decorrelated from
unity to C,, ~ 0.8. A monotonic, nearly linear decay was observed
with a slight broadening of the correlation peak. While the peak
cross-correlation values decreased, the negative cross-correlation
between increasingly spaced probes remained consistent.
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0.75F A-C .
A-D
A-E
5 H -
05H __AF \

C,p(Az, Al)
[=1
()
ot

;/\ Wi 7

-3 -2 -1 0 1 2 3
AU /5

Fig. 10 Cross-correlation of density fluctuations between spatially
separated FLDI probes, C,,(Ax,A¢?), as a function of time delay, Az.
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Fig. 9 Autocorrelation of density fluctuations, C,,(Ax = 0,A¢), computed from experimental and numerical data in the a) energy-containing, b)

inertial, and c) dissipation range.
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The individual peaks of the FLDI and DNS cross-correlation
coefficients as a function of streamwise separation normalized by
the respective boundary-layer thickness, Ax/§, are shown in Fig. 11.
Similar to the autocorrelation presented above, the cross-correlation
comparison is also presented within the estimated energy-containing,
inertial, and dissipation ranges. The FLDI cross-correlation coeffi-
cients are presented as six discrete points corresponding to the
distinct measurement locations, and the DNS cross-correlation coef-
ficients are shown as a continuous function.

In the energy-containing range (Fig. 11a), the DNS and FLDI
cross-correlations show very good agreement across the plotted
normalized spatial separations. At these low frequencies, density
fluctuations remain strongly correlated over substantial distances,
with the peak cross-correlation coefficient decreasing from unity to
0.85 over a streamwise distance equivalent to approximately one
boundary-layer thickness. In the intermediate frequencies of the
inertial subrange (Fig. 11b), excellent agreement between FLDI
and DNS is again observed across all measured normalized stream-
wise separations. Here, the density fluctuations decorrelate moder-
ately, with the correlation coefficient decreasing from unity to
roughly 0.5 over approximately one boundary-layer thickness.
Finally, Fig. 11c presents the peaks of the cross-correlation coeffi-
cients in the high-frequency dissipation range. At these frequencies,
density fluctuations decorrelate rapidly, and notable discrepancies
emerge between the FLDI and DNS datasets. FLDI measurements
exhibit a faster spatial decay, with fluctuations becoming 50%
decorrelated within about 0.26 and reaching a minimum of C,, ~
0.04 at Ax/5=0.7. In contrast, the DNS cross-correlation decays
more gradually, with a 50% decorrelation occurring near 0.356 and
continuing to decrease with increasing separation. While the diver-
gence between FLDI and DNS initially grows due to these differing
decay rates, it stabilizes as the correlation coefficients asymptotically
approach their respective minima. The good agreement between the
FLDI and DNS datasets in the energy-containing and inertial ranges
and poor agreement in the dissipation range is consistent with the
spectral results presented in Fig. 6.

C. Coherence Comparison

The magnitude-squared coherence of density fluctuations com-
puted from the FLDI and DNS datasets is presented in the outer
length scale in Fig. 12. The coherence obtained using the FLDI
diagnostic was computed by first converting the measured phase
change to density using the sin(kx), —L < z < L transfer function
and then applying MATLAB’s mscohere function. For the DNS
density data, the coherence function was defined by Eq. (4), with Ax
prescribed to match the normalized spatial separation values (Ax/5)
of the individual FLDI beam pairs, compensating for the difference
between the experimental and computational boundary-layer thick-
ness and maintaining y/é = 0.66.

|q>PuP,, (Ax/s, Ay, w)|2
|‘1>PL, P, (0)| |‘I>P,,P,, (0)|

In general, good agreement was observed between the coherence
of density fluctuations computed using the FLDI data and DNS data
at shorter streamwise separation distances. Considering the coher-
ence spectra at the streamwise separation of Ax/§=0.22, the
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Fig. 12 Coherence of density fluctuations between streamwise probe
locations calculated from FLDI and DNS data. Dotted sections of FLDI
spectra represent frequencies beyond the instrument’s range.

magnitude-squared coherence was observed to be slightly below unity
throughout the energy-containing range. A gradual roll-off, spanning
approximately a decade of the normalized frequency, was observed in
both the FLDI and DNS magnitude-squared coherence, beginning
near the onset of the inertial subrange at w6/ U, & 15 and continuing
until the coherence diminished to its minimum value in the dissipation
range. At this relatively short streamwise probe separation, for both
the FLDI and DNS datasets, the coherence maintained a nonzero
value across the measured frequency range, without an asymptotic
approach to zero. Additionally, the magnitude-squared coherence
computed from FLDI data was observed to roll off at a slightly lower
frequency than the coherence computed from DNS data, resulting in
DNS coherence values deviating marginally in the roll-off region.
Increasing the streamwise separation to Ax/é ~ 0.44 resulted in a
DNS coherence spectrum with an initial value of I'> ~ 0.97. The
coherence computed from the experimental FLDI dataset was
appreciably lower within the energy-containing range. However,
within the inertial subrange, both FLDI and DNS coherence spectra
experienced similar roll-off characteristics, with consistent roll-off
onset, and the DNS spectrum maintained slightly higher coherence
values throughout the roll-off region. At this streamwise separation,
the calculated coherence from both datasets changed concavity and
showed an asymptotic approach to zero after the roll-off period.
As the streamwise separation was further increased, the initial

le lg 1q
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Fig. 11  Cross-correlation of density fluctuations, C,,(Ax,At), computed from experimental and numerical data in the a) energy-containing, b) inertial,

and c) dissipation range.
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coherence values computed from computational data decreased
slightly. With increasing separation, the roll-off region shifted to
progressively lower frequencies, and a greater discrepancy between
the computationally and experimentally computed coherence values
was observed. The DNS coherence spectra consistently showed
higher values throughout the energy-containing range and inertial
subrange at these larger spatial separations. The roll-off in coher-
ence comprised the entirety of the inertial subrange. After the roll-
off, both coherence spectra for each of these larger streamwise probe
separations exhibited an extended frequency range of nearly zero
correlation, with the dissipation range nearly fully decorrelated. At
the larger probe separations examined (Ax/§ > 0.89), the initial
coherence values computed using DNS data decreased to
I ~0.9, suggesting significant levels of correlation remained
among low-frequency disturbances. At the start of the energy-
containing range, the DNS coherence value was largely unchanged,
while the coherence computed using FLDI data was significantly
lower, at T2 ~ 0.76. The roll-off in the coherence calculated from
both datasets was observed to begin immediately at the beginning of
the energy-containing range, with the computed coherence decreas-
ing to T3 ~ 0.5 and T’} 1;; ~ 0.38 by the end. For both datasets, the
roll-off continued in the inertial subrange, within which the coher-
ence decreased to approximately zero. At this streamwise separation
of approximately one boundary-layer thickness, the disturbances in
the dissipation range were fully decorrelated.

V. Conclusions

This work compares experimental measurements of density fluc-
tuations over a hollow-cylinder flare to DNS simulations performed
under similar conditions. The experimental observations were made
using a multipoint FLDI diagnostic (6 FLDI beam pairs), separated
in a single row within the boundary layer at y/6 = 0.66. The DNS
simulation was performed using the provided experimental nozzle
exit conditions and model geometry. A comparison between the
experimental and computational power spectral density, auto- and
cross-correlation, and coherence was presented.

There was generally good agreement between the power spectral
density computed using density fluctuation data obtained from the
experiment and from the DNS simulation. The comparison was
further analyzed within the energy-containing range (o), the iner-
tial subrange (w>/3), and the dissipation range (w~>). Good agree-
ment was observed in the energy-containing range, with the largest
discrepancy at the lower normalized frequencies. Excellent agree-
ment between the experimental and DNS spectra was obtained in the
inertial subrange. The greatest discrepancy was observed in the
dissipation range, where the DNS spectra experienced a higher rate
of decrease than the experimental spectra. We do not believe the
discrepancy at high frequency is due to FLDI instrument bandwidth.
The beam intraspacing that was prescribed as part of the flow
diagnostic design was approximately 40 pm, resulting in a Nyquist
frequency based on beam separation of approximately 13 MHz. This
is higher than the reported frequency content in the boundary layer,
where the SNR is above the noise floor to ~4 MHz (see Fig. 5).

Regarding the density autocorrelation functions computed from
experimental and computational data, we observed discrepancies in
the correlation comparison similar to those observed in the spectral
comparison. Namely, the autocorrelation functions in the energy-
containing and dissipative ranges diverged between the two datasets.
The divergence in the energy-containing range was attributed to the

low-frequency density fluctuations, which were not properly
resolved by the small FLDI beam intraspacing. In the dissipation
range, we observed a wider discrepancy; the autocorrelation function
generated from experimental data showed a slightly faster decay rate,
decaying below C,, = 0.25 within AtU,/é = 0.1. Interestingly,
both autocorrelation functions exhibited a beat frequency. The best
agreement between the two autocorrelation functions was observed
in the inertial subrange, where the amplitude and period of the
oscillations showed excellent agreement.

Comparing the cross-correlation of density fluctuations obtained
experimentally and computationally, we observed generally good
agreement between the datasets. The lower-frequency fluctuations in
the energy-containing range remained largely correlated. As the dis-
turbance frequency was increased, the decrease in the cross-correlation
coefficient was more pronounced, with the cross-correlation coeffi-
cient decreasing to negligible values within half a boundary-layer
thickness in the streamwise direction for the dissipation range.

Regarding the coherence of density fluctuations between stream-
wise probe locations, we observed good agreement overall, with the
best agreement occurring at the smallest streamwise separations. At
the shortest streamwise separation (Ax/é =~ 0.22), the fluctuations
remained correlated until the inertial subrange. As the separation
was increased, the coherence decreased dramatically, and at a spatial
separation equal to approximately one boundary-layer thickness, the
fluctuations in the energy-containing range exhibited diminished
coherence values, and those in the inertial subrange were almost
completely incoherent.

Appendix: Grid Refinement Study on DNS of the Hollow
Cylinder/Flare Configuration

This appendix provides a detailed assessment of grid refinement
effects to verify that the spatial and temporal resolutions used in the
DNS are adequate for calculating spectral, correlation, and coherence
statistics of density (p) fluctuations in the hypersonic hollow-cylin-
der/flare (HCF) configuration. The objective is to show that the grid
resolution has only a minimal effect on the quantities analyzed in the
main text and to justify the grid selected for the primary simulation.

Table 5 presents the DNS resolution metrics for the different grids
examined in this work. Alongside the baseline DNS, two additional
DNS cases with grids that are respectively coarser and finer than the
baseline were conducted to assess sensitivity to grid resolution. These
three DNS configurations (coarse, baseline, and fine), which encom-
pass only the HC section of the HCF geometry, are also compared to
the Box 2 DNS from Roy et al. [71]. In the latter case, the streamwise
domain starts slightly upstream of the sampling plane above the HC
and continues through the flare region of the HCF, and the simulation
was calculated using twice the number of spanwise grid points.
Figure 13a depicts the streamwise extents of all the simulations. All
simulations employ a structured, body-fitted mesh with grid cluster-
ing near the wall to capture viscous near-wall dynamics, and the wall-
normal grid distribution for each case is illustrated in Fig. 13b. An
azimuthal domain of ¢ = 60° is used consistently in all cases.

Figure 14 compares the PSD of density fluctuations at the wall of
y/6 = 0 and in the outer layer of y/§ ~ 0.6. At both positions, the
PSD from all grid configurations collapses satisfactorily across the
energetic range of the spectrum and then transitions smoothly into a
high-frequency decay with a slope characteristic of dissipation-
range dynamics in compressible wall-bounded turbulence. At the
highest-frequency end (wy,/u, 2 5), which lies well within the

Table5 Grid-resolution metrics for the convergence study of HC simulations computed at the reference

plane shown in Fig. 13a (the azimuthal spanwise domain size is ¢ = 60°)

Case Xbegs M Xepg, M N,XNyxN, Axt (rAg)y  (rA9)§ Ayl Ayies Avi
Coarse 0.305 0.898 3300 x 500x500 6.74 3.97 4.86 0.71 547 555
Baseline 0.305 0.898 4700 x 750x 750 4.73 2.65 3.24 047 364 371
Fine 0.847 0.898 744 x 750 x 1125 3.03 2.65 3.24 031 214 248
Roy et al. (2025) 0.847 1.04 3000 x 1500 x 750  4.73 1.33 1.62 0.13 249 386
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Fig. 14 Power spectral density of density fluctuations for different grid resolutions. The shaded regions represent the characteristic turbulence scales.

dissipation range and accounts for less than 0.5% of the total
fluctuation energy, differences in the spectral roll-off become appar-
ent among the grids with varying streamwise and wall-normal
resolutions. In contrast, the comparison between the baseline grid

and the configuration of Roy et al. [71] at the wall indicates that
increasing the spanwise resolution does not alter the roll-off slope.

Figures 15 and 16 present comparisons of the temporal autocor-
relation and maximum cross-correlation functions over various
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Fig. 15 Autocorrelation functions of the density fluctuations p’ across different spectral ranges. Top row: y/6 = 0. Bottom row: y/é ~ 0.6.
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spectral ranges for the different grid configurations, respectively.
The selection of each spectral range (energy-containing, inertial
subrange, dissipation) is consistent with those in the FLDI/DNS
comparisons shown in Figs. 9 and 11. At both y/6 = 0 and 0.6, the
baseline and fine-grid cases yield nearly indistinguishable correla-
tion functions across all spectral ranges, whereas the coarse-grid
case exhibits a slight deviation from these two.

Figure 17 shows the streamwise coherence function I'? of the
density fluctuations at y/6 = 0 (left) and y/6 =~ 0.6 (right). The
coherence obtained from the baseline and fine-grid simulations
agrees closely across almost the entire frequency range, further
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demonstrating that the baseline grid resolution is sufficient to cap-
ture both the spectral characteristics and spatial structure of the
density fluctuations.

In summary, the DNS grid sensitivity analysis confirms that the
baseline grid is appropriate for resolving the dynamically significant
scales in the present study and spans the frequency range pertinent
to the current FLDI/DNS comparisons.
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