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To understand the effects of freestream acoustic disturbances on transition reversal over a
blunt body, three-dimensional direct numerical simulations (DNS) were conducted to investigate
the interaction of a tunnel-like acoustic disturbance field with a Mach 8 laminar boundary layer
over a 7 deg half-angle blunt cone with a nose radius of R,, = 5.2 mm. The flow conditions
and the axisymmetric cone geometry matched those measured in the Sandia Hypersonic Wind
Tunnel at Mach 8 (Sandia HWT-8), and the incident freestream acoustic disturbances in the
DNS were generated by acoustic radiation from the nozzle-wall turbulent boundary layer in the
same tunnel. Consistent with the predictions of the nonmodal instability analysis, the study
shows the emergence of a second spectral peak for moderately oblique waves between 150 kHz
and 200 kHz in the aft part of the cone. The spectral energy of temperature and streamwise
velocity fluctuations is initially concentrated within the entropy layer. These fluctiations are
eventually “swallowed” by the boundary layer as the entropy-layer thickness 65 becomes similar
to the boundary-layer thickness §,; at downstream locations. The numerical schlieren contours
show the same inclined structures commonly observed in blunt cone experiments, and these
structures are found to be three dimensional and advect with a constant speed approximately
equal to the mean flow speed near the edge of the boundary layer.

Nomenclature

= skin friction coefficient, Cy = 7,/ (0.5pU%), dimensionless
= mean Stanton number,Cj, = gy /(pooUcCp (T;- — Ty,)), dimensionless
= heat capacity at constant pressure, J/(K-kg)
= heat capacity at constant volume, J/(K-kg)
= total energy norm, J
= frequency, Hz
= shape factor, H = §*/6, dimensionless
= streamwise metric factor
= spanwise metric factor, m
= objective function
Mach number, dimensionless
= azimuthal wavenumber, rad™!
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= Logarithmic amplification factor
= vector of amplitude variables
= vector of disturbance function variables
= vector of base flow variables
= vector of perturbation variables
r = Prandtl number, Pr = 0.71, dimensionless
= ideal gas constant, R = 287, J/(K-kg)
U -1

es = freestream unit Reynolds number, Re,, = ===, m

Heo
Reynolds number based on momentum thickness and freestream viscosity, Reg = £ Ues
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Re; = Reynolds number based on shear velocity, boundary-layer thickness, and wall viscosity, Re; = ﬂ—)‘s, dimensionless
= entropy, S = % In % —1In p%, dimensionless

= temperature, K

= recovery temperature, T, = Too(1 + 0.9 = YT_IMOZO), K

= freestream velocity, m/s

= speed of sound, m/s

= pressure, Pa

= dynamic pressure, Pa

= radial coordinate

= streamwise velocity, m/s

friction velocity, ur = 7, /p,,, m/s

spanwise velocity, m/s

= wall-normal velocity, m/s

streamwise direction of the right hand Cartesian coordinate

= spanwise direction of the right hand Cartesian coordinate

= wall-normal direction of the right hand Cartesian coordinate

= viscous length, z = vy, /u,, m

= specific heat ratio, y = C,/C,, dimensionless

= boundary layer thickness (based on 99.5% of the total enthalpy), m

= displacement thickness, m

entropy layer thickness at S/S,y4;; = 0.25, m

= boundary layer thickness based on the maximum of the total enthalpy, m

= wall-normal location of the sonic line M = 1, m

= thermal conductivity, k = uCp,/Pr, W/(m-K)

= momentum thickness, m

dynamic viscosity, kg/(m-s)

= kinematic viscosity, v = u/p, m?-s

= density, kg/m?

Tw = wall shear stress, Pa

Subscripts

e = boundary-layer edge variables

inflow station for the domain of direct numerical simulations

o = stagnation quantities

rms = rootmean square

wall variables

00 = freestream variables

Superscripts

+ inner wall units
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Reynolds number based on momentum thickness and wall viscosity, Re,
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I. Introduction

Boundary layer transition (BLT) accounts for a major source of uncertainty in the heating loads on high-speed
vehicles. Therefore, the prediction and control of transition onset and the associated variation in aerothermodynamic
parameters in high-speed flows are critical factors in the design of next-generation aerospace vehicles. While many
practical high-speed vehicles are blunt, the mechanisms that lead to boundary layer instability and transition on blunt
bodies are much less thoroughly understood at present compared to those on sharp bodies. Particularly elusive have been
the role played by the entropy layer in the nose region of a blunted cone and the phenomenon of “transition reversal” [1]].
While experiments in conventional (i.e., “noisy’’) hypersonic wind tunnels indicate that the delay in boundary-layer
transition at a small nose bluntness eventually slows down and reverses as the nose bluntness exceeds a certain critical
range of values [1H6], the linear modal stability theory predicts a continual delay in transition onset without reversal
at large nose bluntness. Alternative theoretical paradigms based on nonmodal disturbance amplification have been
proposed to explain the phenomenon of transition reversal [[7H10]. However, the scope of the nonmodal analyses did not
extend to addressing the origin of these nonmodal traveling disturbances that peak within the entropy layer. A follow-on
study is therefore necessary to provide further information regarding the role of the freestream disturbances and the
nonmodal growth of traveling disturbances within the entropy layer during the transition process. It is particularly
important to establish a link between measured transition in the absence of modal disturbance amplification and the
freestream acoustic disturbances in a noisy wind-tunnel environment, given that almost all available experimental
observations of the blunt cone transition phenomenon have been made in conventional hypersonic wind tunnels.

Complementary to experiments and theories, high-fidelity direct numerical simulations (DNS) have been performed
to study the instability process in the entropy layer in the nose region of blunted cones at hypersonic Mach numbers. To
date, most DNS of hypersonic blunt cones have been carried out using either controlled forcing at the inlet or within the
domain with a broadband of frequencies and wave numbers [[11H14] or assumed incoming freestream disturbance fields
with plane acoustic waves [[15116]]. For study of receptivity to freestream acoustic disturbances in particular, Balakumar
and Chou [16] conducted hypersonic boundary-layer flows over a 7° half-angle straight cone with varying bluntness at a
freestream Mach number of 10. In their study, an attempt was made to predict transition onset for flow over cones by
using measured freestream spectrum and two-dimensional numerical simulations. Only plane two-dimensional acoustic
waves were imposed in the simulations, unlike the noise radiated from the nozzle walls that impinges on a test article at
oblique angles. Although this approach provided encouraging results for a sharp cone under different flow conditions,
the predictions for the flow over a medium blunt cone were not very satisfactory. Balakumar et al. [[17] further examined
the response of a Mach 3.5 flow over a sharp 7° half-angle cone to oblique acoustic waves described by ad hoc analytical
expressions. However, it is unclear how well this simple form of freestream disturbances would perform in predicting
BLT over a blunt body.

To elucidate the role of the freestream disturbances and the nonmodal growth of traveling disturbances within
the entropy layer during the transition process, Liu et al. [[18] performed DNS and nonmodal stability analysis to
study boundary-layer receptivity to broadband freestream acoustic disturbances from the nozzle wall of a digital
conventional wind tunnel at Mach 8. In their DNS, a “tunnel-like” acoustic disturbance field, that reproduces both
the frequency-wavenumber spectra and the temporal evolution of the broadband tunnel noise radiated from the nozzle
wall, was input above the bow shock of a 7-degree half-angle cone with a nose radius of R,, = 5.2 mm. The DNS
showed prominent entropy layer disturbances resembling the predictions of nonmodal growth [10]. The DNS-predicted
spectra of wall-pressure and heat-transfer fluctuations were shown to recover the signature of the axisymmetric waves
predicted by the nonmodal analysis, and the numerical schlieren contours of the DNS showed similar inclined structures
commonly observed in blunt cone experiments. The current paper extends the pioneering DNS of Liu et al. [18] by
including a longer length of the cone, along with more detailed data analysis to provide further information regarding
the downstream evolution of the prominent entropy layer disturbances. The goal is to characterize tunnel-noise effects
within the transition reversal regime, by helping to establish a more definitive link between the nonmodal growth of
disturbances and the observed onset of transition in the absence of substantial modal disturbance growth.

The paper is structured as follows. The flow conditions and numerical methods are outlined in Section[[I} Section
presents DNS results for studying the interaction of a tunnel-like acoustic disturbance field with a 7° half-angle blunt
cone with nose radius of 5.20 mm at Mach 8. A summary of the planned work is given in Section

I1. Flow Conditions and DNS Methodology
DNS of boundary-layer instability and transition are conducted over a 0.517-meter-long, 7° half-angle cone with a
blunt nose radius of 5.2 mm. To simulate BLT over the cone model within a digital wind tunnel, a precursor DNS of the



Table 1 Preshock freestream conditions and wall temperature for DNS of a Mach 8 cone.

Mo Ulomss) p1ekgm®) TioX) T, (K) T,/T, Rew x 10%(1/m)
8.085  1091.82 0.0345 43.90 298  0.537 12.2

full-scale axisymmetric nozzle of the Sandia HWT-8 was first conducted at a nominal operational condition of total
pressure of Py ~ 4692 kPa and total temperature of 7o ~ 617 K, and the flow conditions (including the unsteady acoustic
disturbances) at the center of the nozzle near the nozzle exit were extracted and used for the primary cone simulation.
More details of the precursor DNS of the digital wind tunnel along with the methodology for extracting freestream
acoustic disturbances was described in Liu et al. [18]]. Table[T]summarizes the extracted mean freestream conditions used
for the current cone DNS. The wall temperature of the cone is 298 K, corresponding to a wall-to-recovery temperature
ratio of T, /T, =~ 0.537.

To simulate boundary-layer instability and transition on a circular cone, the full three-dimensional compressible
Navier-Stokes equations in conservation form were solved numerically in cylindrical coordinates. The working fluid was
nitrogen (with an ideal gas constant of R = 296.7 J/(K-kg)) and fell within the perfect gas regime. The usual constitutive
relations for a Newtonian fluid were used: the viscous stress tensor was linearly related to the rate-of-strain tensor, and
the heat flux vector was linearly related to the temperature gradient through Fourier’s law. The coefficient of molecular
viscosity u was computed from Keyes law [19], and of thermal conductivity, «, was computed from x = uC,/Pr,
with the molecular Prandtl number, Pr = 0.71. The inviscid fluxes of the governing equations were computed using a
seventh-order weighted essentially nonoscillatory (WENO) scheme [20]. The viscous fluxes were discretized using a
fourth-order central difference scheme, and time integration was performed using a third-order low-storage Runge-Kutta
scheme [21]]. The singularity at the polar axis, as manifested in the 1/ terms of the governing equations, is handled
by shifting the grid points in the radial direction by one-half of the mesh spacing, following the approach proposed
by Mohseni and Colonius [22]. In their approach, the use of less accurate one-sided finite difference schemes for
the purpose of evaluating radial derivatives close to the pole (r = 0) is eliminated by mapping the flow domain from
(0,R) x (0,27) to (—R, R) X (0, ), where R is the radius of the computational domain. The time step limitation due to
the decrease in azimuthal spacing in the vicinity of the centerline (or pole) is addressed by dropping every few grid
points (which amounts to increasing the grid spacing) in the azimuthal direction as r — 0 in the computation of the
azimuthal derivative [23]. The cone DNS has been conducted in multiple stages, and each stage computes the solutions
for different streamwise domains, where each domain overlaps the adjacent ones. Thus, the time step can be larger for
further the downstream domains, and also, the number of points in the azimuthal direction can increase considering that
the azimuthal length increases as x increases. A similar multidomain simulation approach of this type was previously
applied to the DNS of BLT over a cone [24} 25]. Additional details of the DNS methodology have been documented in
our previous paper [18].

To numerically investigate the transitional and turbulent boundary layer over a circular cone that is subject to
“tunnel-like” freestream acoustic disturbances, the DNS is set up with the inflow boundary of the computational domain
lying outside the leading-edge shock of the cone. “Tunnel-like” freestream acoustic disturbances are then introduced by
prescribing flow variables at the inflow boundary based on the data saved from the precursor DNS of the disturbance
environment inside a digital wind tunnel that pertains to an empty wind-tunnel configuration (i.e., without the test article).
Fluctuation data within the freestream region of the precursor DNS are extracted and, after necessary reconstruction, fed
through the outer boundary of the computational domain of the DNS involving the cone (See Liu et al. [18]] for details
of the tunnel-noise extraction process). On the wall, no-slip conditions are applied for the three velocity components,
and an isothermal condition is used for the temperature. In the last 150 points in the axial direction in each box, the grid
has been stretched to dampen acoustic reflections, and unsteady nonreflecting boundary conditions are imposed at the
outlet boundaries. Periodic boundary conditions are used in the azimuthal direction, with an azimuthal domain that
covers the 360 degrees of the geometry.

For the current work, considering the significant azimuthal meandering of the strongly curved shock near the nose
region of the cone due to its interaction with the freestream acoustics waves, we have rerun part of the simulations
with increased number of points in the azimuthal direction and with the introduction of an azimuthal spectral filter
immediately behind the strongly curved portion of the shock at x = 0.105 m to remove any spurious two-point oscillations
originating from the shock-capturing scheme due to the misalignment of the azimuthal grid line and the deformed
shock. Figure [I]shows the DNS setup used in our updated work, wherein the streamwise location of the azimuthal



spectral filter corresponds to the intersection of Box 2 and Box2b. The details of the grid dimensions, domain size, and
resolutions for each DNS boxes are listed Table@ Ny, Ng and N, are the grid points in the streamwise, azimuthal, and
radial directions, respectively. The range of x indicates the streamwise domain range of each DNS boxes. Ax™* is the
streamwise wall-paralleled grid spacing, (rAf)* is the azimuthal grid spacing at the wall, and Az, ,, and Az, . are the
wall-normal grid spacing at wall and boundary-layer edge, respectively. The leading edge of the cone corresponds to
x = —5.2 mm, and the superscript “+” denotes normalization by the viscous length z, at x = 0.3 m for all the boxes.
The numerical noise due to shock oscillations is confirmed to be negligibly small in comparison to the input tunnel
noise disturbances after the filtering is applied, which allows to establish a more definitive link between tunnel noise and
the nonmodal growth of disturbances.
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Fig. 1 Computational domain and simulation setup for the updated DNS of Mach 8 flow over a blunt 7-deg
half-angle circular cone with a blunt nose radius of R,, = 5.2 mm.

Table 2 Domain size and grid resolution for the cone DNS runs.

Case Ny X Ng X N, t (ms) x (m) Axyo A, (PAG): . (rAO)n. Az,

Box 1 2800 x 256 x 1440  [0.0,0.58] [-0.0061 - 0.02]  0.23 0.23 0.003 4.28 0.11

Box 2 1050 x 256 x 1440  [0.01,0.58] [0.015 - 0.144] 0.23 4.72 4.18 13.46 0.27

Box2b 900 x 512 x 1440  [0.08,0.58] [0.106 - 0.252] 4.72 4.72 5.34 10.58 0.34

Box 3 1800 x 1024 x 1440 [0.21,0.58] [0.242 - 0.563] 4.72 4.72 5.12 10.89 0.54
II1. Results

The results of the three-dimensional DNS of a Mach 8 blunt cone with R,, = 5.2 mm are discussed next. In our
previous work by Liu et al. [18]], we ran the solution until ~ 0.48 milliseconds (ms), representing approximately 0.95
flow through time. However, in this paper, we have extended this time to 0.58 ms, which represents around 1.15 flow
through time, an increase of 20% in run time, and, consequently, more statistically converged results. As a reference
for the following results, the leading edge of the cone corresponds to x = —5.2 mm. As explained in Section[ll] the
reconstructed, tunnel-like freestream acoustic disturbances described in Liu et al. are used as the inflow forcing
along the freestream boundary of the computational grid upstream of the bow shock. The full azimuthal domain of 27
radians is included in the DNS.

Figure [2| shows the comparison in the evolution of the mean skin-friction coefficient C¢ = 7, /(0.5 pz,oon,w), the
mean Stanton number Cp, = ¢y /(02,00U2,60Cp (T — T\y)), and the mean wall pressure predicted by the current DNS



against those of Liu et al. [[18]. No significant difference is seen between old and new simulations in these wall statistics.
In both cases, the modeled freestream acoustic disturbances lead to Stanton number values that are approximately 10%
higher in the nosetip region, and at approximately x = 0.08 m, there is a small difference smaller than 1% in the wall
pressure between baseflow and the new DNS results. However, both the Stanton number and the wall pressure for the
acoustic forcing case recover to the laminar baseflow values for x > 0.15 m. The skin-friction coefficient for both cases
is very similar to the baseflow values and there is no sign of an increase in the skin-friction or heat transfer coefficient,
indicating that the flow remains laminar at least up to x = 0.55 m.
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Fig. 2 (a) Skin-friction coefficient, (b) Stanton number, and (c) wall pressure over the Mach 8 cone of R,, = 5.2
mm predicted by the current DNS and that of Liu et al. [18].

The linear disturbances can be considered harmonic in time and azimuthal direction so that they can be decomposed
into Fourier modes. Then, the following spectral results are Fourier transformed in time and/or the azimuthal coordinate.
Figure 3] shows the DNS-predicted spectral amplitude of the fluctuations in wall pressure, surface heat flux, and wall
skin-friction in the frequency (f) and azimuthal wavenumber (1) plane, where m can be computed by m = 27/44
being A¢ is the azimuthal wavelength. At the upstream locations, the highest values of spectral density for all the wall
quantities are mostly confined to the low frequency range of up to approximately 50 kHz. Such a range coincides
with a major fraction of the signal energy in the tunnel-like freestream acoustic disturbances as reported in Liu et al.
[L8]. In the aft part of the cone, however, a secondary peak emerges at higher frequencies in the range of 150 kHz to
200 kHz and azimuthal wavenumbers lower than approximately 40. The emergence of a secondary peak in the same
range of frequencies and for small values of m is also predicted by the optimal growth analysis shown in Liu et al.
[18]. This secondary peak is further visualized in Figure [ which plots the frequency spectrum as a function of the
streamwise coordinate x. For all the wall quantities, the appearance of a second peak between 150 kHz to 200 kHz is
apparent at x ~ 0.20 m, and the peak persists over the entire streamwise domain with nearly a constant magnitude. No
superharmonics of the peak has yet appeared within the computational domain.

Next, we analyze the wall-normal variation of the disturbance spectra at multiple different streamwise locations.
Figures 5] and [6] show the azimuthal wavenumber and frequency spectra of pressure p’, temperature 7, and streamwise
velocity u’ fluctuations. In each figure, ds, 0, and 6, represents the entropy layer thickness at S/S,4;; = 0.25, the
boundary layer thickness based on the maximum of the total enthalpy, and the wall-normal location of the sonic line for
the baseflow, respectively. From the pressure results, at all streamwise locations, we can see that the boundary layer acts
as a low-pass filter, i.e., only disturbances with small frequencies and small azimuthal wavenumbers penetrate into the
boundary layer. Moreover, the same secondary peak around f ~ 175 kHz in the near wall region seen in the previous
plots can also be observed. At x ~ 0.2 m, this peak starts appearing, and it becomes more evident in more downstream
locations. In addition, it can be seen that it is located at the wall, and confined below the sonic line. Furthermore, from
the frequency spectra of temperature fluctuation in Figure|[] it is also possible to observe this secondary peak around
f =~ 175 kHz, and also confined between the wall and the sonic line. However, its maximum is not at the wall since we
considered an isothermal wall along the entire cone surface. Previous work [9] suggests that this peak is related to
the nonmodal entropy layer instability. Additionally, the frequency spectrum is more broad close to the entropy layer
edge, while the azimuthal wavenumber spectrum is more broad between the boundary-layer edge and the sonic line.
Finally, one of the most important observations is that the additional peak around m = 128 seen in the previous DNS of



Liu et al. [18] no longer exists after the filtering at an upstream location, confirming that the peak was indeed due to
numerical noise. In these new results, most of the energy spectra are concentrated for small azimuthal wavenumber.
In both spectra for the streamwise velocity fluctuation, most of the signal energy is inside the boundary layer for the
selected locations. It may be observed that the wavenumber spectra become more broad at further downstream location,
while the frequency spectra remain nearly unchanged.

Figure[/|shows the fluctuation magnitude associated with a given frequency and azimuthal wavenumber of ( f, m) =
(177.8 kHz, 0) at three different streamwise locations. The temperature disturbance is shown to peak very close to
the edge of the entropy layer (ds), while the peak of the pressure disturbance typically lies above the entropy layer.
In addition to the outer peak within the entropy layer, a near-wall peak below the sonic line is also apparent in both
temperature and pressure disturbances, with peak amplitude remaining constant across the streamwise domain.

Figure [§] shows the temporal/spatial evolution of the numerical schlieren contours in the x-r plane. Similar to
experimental observations in conventional wind tunnels for blunt straight cones [26, [27]] or blunt ogive-cylinder [28],
one observes the appearance of inclined structures that extend above the boundary-layer edge. Since these inclined
structures do not appear for sharp cones [27]], and in the baseflow without freestream acoustics disturbances, we can
suggest that such structures are likely to be excited by freestream acoustic disturbances in the presence of an entropy
layer due to the blunt nosetip. Figure [§|further tracks the time evolution of a typical inclined structure. The structure
is shown to advect with a constant speed without much variations in size or shape, and the convection speed of this
structure is found to be approximately equal to the mean flow speed near the edge of the boundary layer. A similar
observation was made by Kennedy et al. [27] in their experimental study for a blunt cone in a conventional Mach 6
Ludwieg tube. It is worth mentioning that the inclined structures are very similar to those observed in Liu et al. [18],
indicating that the current applications of an azimuthal filter in the current work at an upstream location has negligible
impact on the excitation of downstream flow structures.

Finally, Figure Q] plots an isosurface of the numerical schlieren colored by the local wall-normal distance to provide a
three-dimensional view of typical inclined structures as shown in Figure[§] A zoomed-in three-dimensional view of such
structures is further given in Figure The inclined structures are indeed three-dimensional, initially residing outside
of the boundary layer but becoming closer the the wall as they advect downstream. However, the three dimensional
structures are free of the spurious periodic azimuthal patterns as observed in the old simulations of Liu et al. [18]], which
were presumably caused by numerical noise and have been successfully removed by the upstream azimuthal filter.

IV. Summary

The interaction of a tunnel-like acoustic disturbance field with a Mach 8 laminar boundary layer over a 7 deg
half-angle blunt cone with a nose radius of R, = 5.2 mm has been investigated by using DNS. The imposed freestream
disturbances in the DNS are planar acoustic waves modeled based on a digital wind tunnel to mimic the acoustic
radiation from turbulent boundary layers on the walls of a Mach 8 conventional wind tunnel. As a continuation of our
previous work by Liu et al. [18]], we investigated the origin of the prominent three-dimensional disturbances in the
entropy layer by including a longer length of the cone, along with more detailed data analysis.

The study shows that, while most of the signal energy at the wall is confined to small frequencies and small
wavenumbers, there exists an additional concentration of energy for moderately oblique waves between frequencies
150 kHz and 200 kHz in the aft part of the cone, which agrees well with the predictions of the nonmodal instability
analysis. The emergence of such a secondary peak occurs at x = 0.2 m, and its amplitude remains nearly constant along
the cone length. The temperature fluctuations frequency spectra show a very broadband signal with frequencies up to
300 kHz around the entropy layer edge. These fluctuations are associated with lower azimuthal wavenumbers than the
fluctuations that evolve within the boundary layer. The streamwise fluctuations are contained within the entropy layer
and peak inside the boundary layer. As the entropy layer is swallowed by the boundary layer when their thicknesses
become comparable, a broader spectra of the fluctuations are observed within the boundary layer. The numerical
schlieren contours show the same inclined structures commonly observed in blunt cone experiments. These structures
correspond to three-dimensional structures that advect with a constant speed equal to the mean flow speed near the edge
of the boundary layer.

Notably, the azimuthal wavenumber spectrum of temperature fluctuations is free of a spectral peak at m =~ 128 as
shown in the previous DNS by Liu et al. [18]]. Consistently, the three-dimensional structures are free of the spurious
periodic azimuthal patterns shown before. Such a spurious spectral peak and the periodic azimuthal patterns were
presumably caused by numerical noise and are shown to be successfully removed by applying an azimuthal filter in an
upstream plane.



Future work will include DNS runs for longer periods of time and locations further downstream of the cone to
capture the final breakdown stages of the laminar-turbulent transition. Such additional simulations will provide further
information regarding the role of the freestream disturbances and the nonmodal growth of traveling disturbances within
the entropy layer during the transition process.
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Fig.3 Frequency/azimuthal-wavenumber (f — m) spectrum of the wall-pressure (first column), wall heat-flux
(second column) and wall-skin-friction (third column) fluctuations over the Mach 8 cone of R,, = 5.2 mm predicted
by three-dimensional DNS with tunnel-like acoustic input.
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Fig. 8 Temporal/spatial visualization of the propagation of inclined structures that extend out of the boundary
layer using numerical schlieren based on the density gradient.
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Fig. 9 Isosurface of the numerical schlieren (colored by the wall-normal distance z,,) over a cone section of x =
[0.337,0.533] for the Mach 8 cone of R,, = 5.2 mm predicted by three-dimensional DNS with tunnel-like acoustic
input.
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Fig. 10 Isosurface of the numerical schlieren over the entire cone for the Mach 8 cone of R,, = 5.2 mm predicted
by three-dimensional DNS with tunnel-like acoustic input.
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