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activities that include systems engineering, operational research and analysis, synthesis, integration and validation of
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Hypersonic Boundary-Layer Transition Prediction
(STO-TR-AVT-240)

Executive Summary

Hypersonic boundary-layer transition can have dramatic effects on aeroheating and control authority, yet it
remains very difficult to predict, even after half a century of research. Applications include missiles for
time-critical strike, hypersonic cruise vehicles, reusable launch and re-entry vehicles, and missile-defence
interceptors. Although researchers have been working toward mechanism-based prediction methods for
several decades, designers are still using empirical methods, and there is a need to narrow the gap between
the two groups. Recently, quiet hypersonic wind tunnels have become available to the research community,
high enthalpy facilities have been used to obtain useful data related to instability and transition, and some
high-quality flight data were accumulated. Moreover, new instrumentation has been developed for
identification and analysis of the instability mechanisms that lead to transition. Also, sophisticated new
computational capabilities have shown progress to the point where computations of the Parabolized Stability
Equations are becoming a state-of-the-art engineering method, at least for perfect-gas flows, and Direct
Numerical Simulation (DNS) of the transition processes is now feasible. DNS even allows taking into
account the freestream disturbance environment, when known. It appears that definitive progress on the
difficult problem of hypersonic boundary layer transition is possible by coordinating the various international
research efforts.

Hypersonic transition can be caused by several different mechanisms, is affected by various freestream and
surface perturbations, and can occur under a variety of flow conditions. In order to develop mechanism-based
methods for prediction and control, generic geometries need to be investigated in order to understand the
various instabilities that may occur in each case, how they cause transition, and their sensitivity to the flow
parameters. Accordingly, the activities of the AVT-240 Task Group were divided into multiple Subtasks. Each
Subtask represented an important building block in the overall problem of hypersonic transition, wherein
several experts from various NATO nations embarked in cooperative research, each with their own financial
support. A number of researchers worked on multiple Subtasks, using similar facilities, instrumentation, and
computer codes, yielding a significant overlap as well as synergy between the different Subtask Teams. These
subtasks covered:

*  Second-mode transition on slender geometries in quiet and conventional ground based facilities;
*  Cross-flow transition on conical geometries at wind tunnel flow conditions;

*  Mechanism of windside forward transition on sharp and blunted cones at angle of attack; and

*  Mechanism of boundary layer transition on nonablating capsules and its sensitivities.

As described in this document, substantial progress was achieved in addressing these major problems in
hypersonic transition.
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Prédiction de la transition de la
couche limite hypersonique
(STO-TR-AVT-240)

Synthese

La transition de la couche limite hypersonique peut avoir des effets spectaculaires sur 1’échauffement
aérodynamique et 1’action sur les commandes de vol, mais elle reste trés difficile a prédire, méme aprés
un demi-siécle de recherches. Les applications concernent notamment les missiles pour les frappes critiques,
les véhicules de croisiere hypersoniques, les véhicules réutilisables de lancement et de rentrée, ainsi que
les intercepteurs antimissiles. Bien que les chercheurs travaillent depuis plusieurs décennies a des méthodes
de prédiction basées sur des mécanismes, les concepteurs utilisent toujours des méthodes empiriques et il est
nécessaire de combler le fossé entre ces deux groupes d’acteurs. Depuis peu, la communauté de la recherche
a acces a des souffleries hypersoniques a faibles turbulences, elle utilise des installations a haute enthalpie
pour obtenir des données utiles liées a I’instabilité et la transition, et elle a accumulé des données de vol
de grande qualité. Par ailleurs, une nouvelle instrumentation a été développée pour I’identification et
I’analyse des mécanismes d’instabilité qui ménent a la transition. En outre, les nouvelles capacités de calcul
sophistiquées ont progressé au point que le calcul des équations de stabilité parabolisées devient
une méthode d’ingénierie de pointe, au moins pour les écoulements de gaz parfait, et que la simulation
numérique directe (DNS) des processus de transition est désormais faisable. La DNS permet méme de tenir
compte de I’environnement de turbulence en écoulement libre, lorsque celui-ci est connu. Il semble que
des progres définitifs soient possibles sur 1’épineux probléme de la transition de la couche limite
hypersonique, grace a la coordination des divers travaux de recherche internationaux.

La transition hypersonique peut étre provoquée par plusieurs mécanismes différents, subit 1’influence
de divers écoulements libres et perturbations de surface, et peut se produire dans diverses conditions
d’écoulement. Le développement de méthodes de prédiction et de controle basées sur des mécanismes passe
par I’étude des géométries générales, qui permettent de comprendre les diverses instabilités susceptibles
de survenir dans chaque cas, la fagon dont elles provoquent la transition, ainsi que leur sensibilité
aux parametres d’écoulement. En conséquence, les activités du groupe de travail AVT-240 ont été divisées
en multiples tidches secondaires. Chaque tache secondaire représentait un module important du probléme
global de la transition hypersonique, pour lequel plusieurs experts de divers pays de ’OTAN se sont engagés
dans des recherches en coopération, chacun avec leur propre soutien financier. Un certain nombre
de chercheurs ont travaillé a de multiples taches secondaires, en utilisant des installations,
une instrumentation et des codes informatiques similaires, ce qui a produit un chevauchement important
des travaux et une synergie entre les différentes équipes. Les taches secondaires étaient les suivantes :

* La transition de second mode sur les géométries plus effilées dans les installations terrestres
conventionnelles et a faibles turbulences ;

» La transition transversale sur les géométries coniques en conditions d’écoulement des souffleries ;

e Le mécanisme de transition vers I’avant sur I’intrados sur les cones effilés et émoussés a I’angle
d’attaque ; et

* Le mécanisme de transition de la couche limite sur des capsules non érodables et ses sensibilités.

Ainsi que ce document le décrit, des progres sensibles ont été réalisés dans le traitement de ces problémes
majeurs de la transition hypersonique.
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Chapter 1 - GENERAL INTRODUCTION

Rolf Radespiel Steven Schneider
Technische Universitét Braunschweig Purdue University
GERMANY UNITED STATES

1.0 NOMENCLATURE

AGARD Advisory Group for Aerospace Research and Development (predecessor to STO)
AIAA American Institute of Aeronautics and Astronautics

AEDC Arnold Engineering Development Center

AFRL Air Force Research Laboratory (USA)

AVT Applied Vehicle Technology Panel

CUBRC Calspan University at Buffalo Research Center

DLR Deutsches Zentrum fiir Luft und Raumfahrt (German Aerospace Center)
DNS Direct Numerical Simulation

HIFiRE Hypersonic International Flight Research Experimentation

JAXA Japan Aerospace Exploration Agency

NASA National Aeronautics and Space Administration

RTO Research and Technology Organization (predecessor to STO)

RWTH Rheinisch Westfalische Technische Hochschule Aachen

TU Technical University

USAFA US Air Force Academy

VKI Von Karman Institute for Fluid Dynamics

1.1 BACKGROUND

Hypersonic boundary layer transition has been studied for more than half a century. Over the years, AGARD
and RTO/AVT has organized several symposia on this topic, including the recent Specialists’ Meeting on Hypersonic
Boundary-Layer Transition (AVT-200). Aeroheating and the effect of transition on aerodynamic forces and moments
are the principal design drivers for hypersonic vehicles such as missiles for time-critical strike, hypersonic
cruise vehicles, reusable launch and re-entry vehicles, and ballistic-missile interceptors. Therefore, the simulation
and control of transition represents a fundamental and critical issue for these vehicle configurations. Although
researchers have been working toward mechanism-based prediction methods for a number of decades, designers are
still using empirical methods, and there is a need to narrow the gap between the two groups. Recently, quiet
hypersonic wind tunnels have become available to the research community, high enthalpy facilities have been used
to obtain useful data related to instability and transition, and some high-quality flight data were accumulated.
Moreover, new instrumentation has been developed for identification and analysis of the instability mechanisms that
lead to transition. Also, sophisticated new computational capabilities have shown progress to the point where
computations of the Parabolized Stability Equations are becoming a state-of-the-art engineering method, at least for
perfect-gas flows, and Direct Numerical Simulation (DNS) of the transition processes is now feasible. DNS even
allows taking into account the freestream disturbance environment. It appears that definitive progress on the difficult
problem of hypersonic boundary layer transition is possible by coordinating the various international research efforts.
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1.2 OBJECTIVES OF TASK GROUP AVT-240

Although hypersonic transition is sometimes viewed as a narrow technical area, the related flow phenomena are
rooted in a broad range of flow instabilities, and furthermore, transition is affected by various freestream and
surface perturbations, and it occurs under a variety of flow conditions. In order to develop mechanism-based
methods for prediction and control, various generic geometries need to be investigated in order to understand the
various instabilities that may occur in each case, how they cause transition, and their sensitivity to the flow
parameters. Accordingly, the activities of the AVT-240 Task Group were divided into multiple Subtasks. Each
Subtask represents an important building block in the overall problem of hypersonic transition, wherein several
experts from various NATO nations embarked in cooperative research, each with their own financial support. A
number of researchers worked on multiple Subtasks, using similar facilities, instrumentation, and computer
codes, yielding a significant overlap as well as synergy between the different Subtask Teams.

The primary objective of the Task Group AVT-240 was to establish the scientific foundations that would
aid the characterization and physics based prediction of hypersonic boundary layer transition in the
following specific areas:

*  Ability to predict second mode transition on slender geometries in quiet and conventional ground based
facilities;
*  Ability to predict cross-flow transition on conical geometries at wind tunnel flow conditions;

*  Mechanism of wind-side forward transition on sharp and blunted cones at angle of attack; and

*  Mechanism of boundary layer transition on non-ablating capsules and its sensitivities.

As described in this document, a substantial progress was achieved in addressing these major problems in
hypersonic transition. However, it does not mean that the problem of predicting hypersonic boundary layer
transition is generally solved. Rather, the present cooperative approach has paved the way to moving forward in
an area where the limitations of individual research groups would have allowed a rather small chance of success
in the absence of such collaboration.

1.3 APPROACH AND RESULTS OF TASK GROUP AVT-240

The Subtasks comprising the overall effort address important transition phenomena that were not sufficiently
well understood at the onset of the Task Group’s work. The task teams combined theoretical results, advanced
flow simulations, and wind tunnel experiments to advance the scientific knowledge base on each of the relevant
subtopics. The work of the Task Group was carried out during the years 2015 — 2018, involving frequent
contacts via telephone and email communications, and semi-annual meetings. The fall meeting was held as part
of the business week meeting of the AVT Panel, whereas the spring meeting rotated between the various
research groups within AVT-240. As described in Section 1.4, a large portion of the research conducted under
AVT-240 has already been published in conference papers and archival publications. Rather than providing a
comprehensive account of the entire set of activities, this report provides a summary of the main body of results
based on the AVT-240 effort.
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1.3.1 Second Mode Instability

At hypersonic Mach numbers, the transition to turbulence in essentially 2-D or axisymmetric boundary
layers is primarily governed by the second mode instability. For adiabatic flows, the second mode
instability is relevant to both slender cones at zero angle of attack and wedge-like geometries such as the
research vehicle X-43, at freestream Mach numbers of greater than four to seven, depending on the nose
radius. Physically, the second mode disturbance is similar to a trapped acoustic wave near the wall. These
disturbances have been found in experiments and validated by theory and computations. For cooled
surfaces, the second mode is further destabilized, and hence, can dominate at even lower Mach numbers.
Particular attention must be given to the thermal boundary layer and other effects (air chemistry, surface
catalysis, wall temperature, etc.) that modify it. Promising techniques for transition delay include
ultrasonically absorptive surface coatings to damp the second mode waves, and high enthalpy CO, and
air/CO» mixtures to suppress the second mode through the absorption of acoustic disturbance energy via
vibrational relaxation.

For edge Mach numbers greater than about 4, the second mode will likely be a dominant transition mechanism
on smooth axisymmetric vehicles flying ballistic trajectories at zero (or low) angle of attack. This mechanism
will also occur on 3D geometries, on sections of the body where the surface streamlines are relatively straight,
although in 3D flows it will coexist with the cross-flow instability. Careful shaping of the surface might
minimize the cross-flow instability, leaving the second mode modes as the dominant primary instability.

Experimental and computational groups closely collaborated in both discovery and validation activities
that were focused on common geometries that included the near-sharp, 7° half-angle, right-circular cone,
a near-sharp elliptic cone, and a flared cone. The flared cone was primarily used in the quiet tunnels to
achieve the larger growth in second mode instability that is required in a low disturbance environment,
given the limited quiet Reynolds numbers that are presently available.

Most facilities are “conventional” and not designed as “quiet”, and it is important to assess and relate the
observations from these facilities to in-flight transition. Therefore, the effects of the freestream
disturbances on second mode evolution were evaluated experimentally and computationally at different
Mach numbers, and in low and high enthalpy environments, by groups at AEDC, Sandia National
Laboratories, CUBRC, AFRL, NASA, DLR, JAXA, Purdue University, TU Braunschweig, Texas A&M
University, and Minnesota University. Those results are presented in Chapter 2 of this report. They
indicate the feasibility of predicting transition due to second mode instabilities in conventional tunnels by
employing the so-called amplitude methods.

The transition processes extending into the nonlinear stages were also studied by the AVT-240 Group, including
the factors related to the experimental observations of streaks and overshoot in skin-friction and heat transfer.
Nonlinear interaction could be assessed for the first time in cold flow quiet tunnels, while the analysis took
advantage of numerous simulations performed within the Group. The groups at Purdue,
Texas A&M, University of Arizona, Minnesota, NASA carried out this work. The results are presented in
Chapter 4 of this report. High enthalpy effects on second mode transition were evaluated by groups at DLR,
Sandia, VKI, and JAXA, as reported in Chapter 5.

Passive porous walls appear very promising for suppressing the second mode. Recent research involved
multidisciplinary investigations of material and fluid physics sciences. A range of designs and analysis methods
were investigated by the groups at DLR and Purdue University, as presented in Chapter 3 of this report.
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1.3.2 Characterization of Wind Tunnel Freestream Disturbances

Freestream disturbances in hypersonic wind tunnels are usually composed of acoustic disturbances, vorticity
disturbances, and fluctuations of flow entropy. The acoustic disturbances are generated by high-speed turbulent
boundary layers along the nozzle walls that radiate noise into the wind tunnel test section. These disturbances
increase rapidly with flow speed, at least up to Mach 6, and hence, they appear to strongly influence the
transition processes in hypersonic wind tunnels with turbulent nozzles. Five hypersonic wind tunnels with
laminar nozzle boundary layers exist worldwide. These are operated by the universities at Purdue, Texas A&M,
Beijing University (which has 2 such facilities), and the National Defence University of China, and these tunnels
are effective in reducing the acoustic disturbances by at least one order of magnitude. However, the facilities are
limited in Reynolds number so that only selected hypersonic transition processes can be investigated in them,
whereas the duplication of flight Reynolds number and Mach number is generally not possible. Fluctuations of
freestream vorticity and entropy originate from the tunnel settling chamber and the subsequent changes imposed
by the wind tunnel nozzle. The role that the individual disturbances play in the typically observed transition
scenarios is mostly unknown. Unfortunately, existing measurements mostly provide data in terms of the rms
amplitudes, without any evaluation of the disturbance spectra up to the very high frequencies corresponding to
second mode instabilities in transitional hypersonic boundary layers. It is believed that new probes and new
instrumentation will greatly help the physical characterization of freestream disturbance levels and make the
numerical rebuilding of transition experiments possible.

The research partners undertook coordinated experimental and numerical work to yield freestream data that are
physically relevant to the transition processes in hypersonic flows. The new experimental data now available
covers a spectral range of disturbances that was previously not achieved by using hot-wire probes. The groups
from NASA, AEDC, Braunschweig, Sandia, and Purdue tested a range of freestream probes and sensors.
Numerical simulations addressed the problem of disturbance generation, i.e., at the nozzle walls. For the first
time, the acoustic noise level in hypersonic wind tunnels was computed from direct simulations provided by
Missouri University of Science and Technology and NASA. Also, numerical simulations of RWTH Aachen and
Minnesota provided the transfer of disturbances to the detailed location of the flow sensor as mounted on the
probe. Chapter 6 presents the results of this collaborative research effort.

1.3.3 Blunt Shapes

While many transition measurements have been performed in the past on blunt hypersonic geometries, little was
known about the detailed transition mechanisms at the start of the Task Group. On the windward side of very
blunt re-entry shapes, transition had been previously observed for nominally smooth surfaces and even for cases
where linear stability analysis indicated a stable boundary layer. Instability experiments on blunt shapes have not
been feasible in quiet wind tunnels, as the accessible Reynolds number is too small in these facilities. The use of
large nose bluntness on slender cone models in conventional facilities had revealed the so-called transition
reversal, where an unknown mechanism resulted in significantly earlier transition than that on models with
smaller nose radii. Theoretical considerations had therefore led to the hypothesis that roughness effects create
disturbances that undergo transient growth, leading to amplitudes that are large enough for transition to occur.
However, in wind tunnels with significant freestream disturbances, there could be also combined effects of
freestream disturbances and small surface roughness, creating an alternate path to transition.

The research partners selected two common generic shapes to investigate the receptivity processes and
disturbance evolution on blunt shapes, namely, the generic Apollo capsule shape and the blunted cone. While
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increasing the nose bluntness of slender cones usually increases the measured transition length on wind tunnel
models, this trend is reversed at sufficiently large values of the nosetip Reynolds number, so that the transition
onset location eventually moves upstream with a further increase in nosetip bluntness. This transition reversal
phenomenon, which cannot be explained on the basis of the usual linear stability theory, was the focus of
collaborative investigations in the wind tunnels of AEDC, AFRL, and VKI, while NASA provided numerical
estimates of optimal disturbance growth. Chapter 7 reports that the transient growth analysis is in qualitative
agreement with the experimental observations, albeit a definitive link between transient growth and transition
onset has not yet been established.

The Apollo shape at angles of attack was selected to investigate transition on the windward side of the blunt
geometry. Apollo was chosen because significant and valuable wind tunnel data already exist for that shape and
the windward side boundary layer is not affected by cross-flow instabilities. Fundamental knowledge on the
transition mechanisms of the blunt Apollo shape was obtained by performing wind tunnel tests using well
instrumented models with smooth surfaces, as well as isolated and distributed roughness in cold flow by
Texas A&M, Braunschweig, and for higher freestream enthalpies by JAXA. The results indicate that theory-
based correlations provide reasonable correlation with roughness induced transition measured in conventional,
cold, hypersonic wind tunnels as detailed in Chapter 9, while the accuracy of these correlations at higher
enthalpies and for strongly cooled walls remains to be seen. DLR, NASA, Aachen, and TU Munich contributed
to the rebuilding of these experiments by employing optimal growth analyses and DNS, resulting in new
knowledge on the sensitivities of roughness induced transition mechanisms, as detailed in Chapter 8.

1.3.4 Cross-Flow Dominated Transition

Transition on hypersonic lifting bodies is likely to be influenced by the mean cross-flow velocity component that
is subject to a cross-flow instability. Much is known about cross-flow dominated transition at subsonic and
supersonic Mach numbers. In those Mach number regimes, validated flow simulation codes can predict the
modal characteristics of cross-flow instability and the resulting transition location with reasonable accuracy. The
understanding gained through a combination of experiments and simulations has led to the development of
successful methods for cross-flow transition control that have been validated up to supersonic Mach numbers.

The Task Group therefore undertook an analogous, coordinated effort on the prediction and control of cross-flow
transition for the higher, i.e., hypersonic Mach numbers that are expected on both future air vehicles and
airbreathing launch systems. The objective was to utilize the assets of multilateral experimental facilities, flight
tests, and expertise in computational flow simulation. The research partners selected two common generic
shapes: a 7 deg. half-angle right-circular cone at angles of attack from 4 deg. to 6 deg., and a 2:1 elliptic cone at
0 deg. angle of attack. In both geometries, a mean cross-flow velocity component is present, and the dominant
transition mechanisms are through the cross-flow instability.

The groups have obtained new fundamental knowledge of the linear and nonlinear cross-flow transition
mechanisms on the two model shapes, by performing wind tunnel tests using well instrumented models
with smooth surfaces in cold hypersonic flow by Purdue, Texas A&M, University of Notre Dame, and
AFRL, while flight test data from HIFiRE flights provided important insight on ground-to-flight
extrapolation. Companion numerical simulations of these experiments were performed by Texas A&M,
NASA, and Minnesota. The results presented in Chapters 10 and 11 of this report provide a significant basis
of new knowledge about the relevant paths to transition in cross-flow dominated flows, including
high-frequency, strongly amplified secondary instability modes. Advanced experimental techniques took
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advantage of the international know-how and exchange, for example, the use of infrared techniques for
global measurements of surface heat-transfer (Chapter 13).

The stationary cross-flow instability mode is known to be highly sensitive to surface roughness. This
characteristic is the basis for the patterned Discrete Roughness Elements (DREs) used for cross-flow transition
control. Hence, the effect of surface roughness on hypersonic cross-flow transition experiments was a particular
focus. Wind tunnel experiments conducted by Notre Dame at USAFA and by Texas A&M on the 7 deg.
half-angle right-circular cone at an angle of attack, and on a 2:1 elliptic cone at zero angle are reported on
Chapter 12. The results reveal prediction and control of turbulent transition in these cases, as well as the
sensitivity to initial conditions including surface roughness, and freestream acoustic disturbance levels.

The complex receptivity process of the fully 3D flow over a generic forebody was studied by wind tunnel
experiments and by Direct Numerical Simulations. Chapter 14 shows that cross-flow instabilities have different
receptivity characteristics relative to the boundary layer close to the forebody plane of symmetry.

1.4 DISSEMINATION OF RESULTS

The scientific work of the AVT-240 Task Group has resulted in numerous conference and journal publications
by its members over the last 4 years. The number of publications is so large that collecting and documenting
them all is beyond the scope of the present final report. Most of these publications are cited in the references of
the individual chapters of the present final report.

The team of AVT-240 organized two Technical Sessions devoted to its joint research at the AIAA SciTech
Forum in January 2018. The presentations composing these sessions described the most important joint results of
the team and highlighted the collaborative approach of AVT-240. The papers written from these presentations
appeared in a Special Issue of the Journal of Spacecrafi and Rockets, Volume 56, Number 2, March-April, 2019.

1.5 CONCLUSIONS

The Task Group AVT-240 was formed to establish and/or strengthen the scientific foundations of hypersonic
boundary layer transition in areas where previous knowledge was not sufficient to establish a sound prediction
methodology. A strong collaboration between researchers performing advanced flow experiments, specialists in
numerical flow simulations, and theoreticians has allowed the Task Group to substantially accelerate the
scientific progress in its field.

For boundary layer edge Mach numbers of greater than about 4, the second mode will likely be a dominant
transition mechanism over large surface areas of slender vehicles at moderate angles of attack. The results of
AVT-240 indicate the feasibility to predict transition due to second modes in conventional tunnels using
so-called amplitude methods. These amplitude methods might later be extrapolated to freestream conditions with
low disturbance levels, as in flight. The Task Group has demonstrated the feasibility of numerically rebuilding
the acoustic disturbance environment in the test section of a conventional cold hypersonic wind tunnel, as well as
the response of flow probes to these disturbances, for the first time. The Group has also identified a range of
transition paths for cross-flow dominated transition in hypersonic flow environments, and has also studied
approaches for controlling these instabilities. This knowledge should serve as a basis for building accurate
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prediction methods to be used within vehicle design cycles. The Group has also studied theoretical concepts
based on the transient growth paradigm for transition in cases where the boundary layer is linearly stable. This is
a typical situation encountered for blunt aerodynamic shapes including blunt cones and re-entry capsules.
Advanced analysis, DNS, and experiments of such cases are generally consistent with the theoretical hypotheses.
However, a direct proof of transient growth as the dominant transition mechanism is still pending.

Our progress in substantially augmenting the knowledge base related to several major problems in hypersonic
transition does not mean that the problem of predicting and controlling hypersonic boundary layer transition is
generally solved. Open questions include transition phenomena in shock-boundary layer interactions, the effects
of strongly cooled walls, high flow enthalpy, and surface ablation, the ability to predict flow fields that exhibit
multiple primary instabilities, robust control of flow instabilities that are responsible for transition, the
establishment of computationally more efficient transition prediction approaches compared to DNS, and the
need for flow experiments in low disturbance environments with higher Reynolds numbers than presently
accessible. Nevertheless, the present cooperative approach has demonstrated an effective path to continue
moving forward in an area wherein the limitations within individual research groups would allow only small
chances of success otherwise.
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2.0 NOMENCLATURE
A pressure fluctuation RMS normalized by the mean edge pressure
a pressure spectral amplitude on cone surface normalized by mean edge pressure, 1/Hz"->
Ag initial amplitudes of the second-mode normalized by the mean edge pressure
Amaz maximum pressure fluctuation RMS of the second-mode normalized by the mean edge pres-
sure
Cr receptivity coefficient
dn nozzle diameter at the exit plane, m
F dimensionless frequency

frequency, Hz
nozzle height at the exit plane, m
constant for freestream noise fit

~ >
3
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L, cone length, m

Ly, nozzle length, m

M Mach number

m slope of the freestream noise power spectral density

N N factor

D mean pressure, Pa

R stability Reynolds number defined as square root of Reynolds number based on freestream
quantities and surface coordinate

R, nose radius, mm

Ry stability Reynolds number at start of transition, m

Re/m freestream unit Reynolds number, 1/m

Re, Reynolds number based on freestream condition and surface coordinates

St surface coordinate at start of transition, m

U velocity, m/s

w constant for second-mode bandwidth

Wy, nozzle width at the exit plane, m

a dimensionless second-mode growth rate

On nozzle wall boundary-layer thickness, m

Ty normalized freestream noise amplitude integrated over the second-mode bandwidth

Yo normalized pitot noise spectral amplitude, 1/Hz

Af second-mode bandwidth, Hz

0} freestream noise power spectral amplitude, Pa?/Hz

0. cone half-angle, deg

p density, kg/m3

Subscripts

e boundary layer edge conditions

ET end of transition

Tor ST at start of transition

w wall conditions

0 stagnation conditions or at neutral point

0s outer scaling

o0 freestream conditions

2.1 INTRODUCTION

Over the last 10 years, second-mode amplitude measurements have been performed in several hypersonic wind
tunnels worldwide using fast-response piezoelectric pressure sensors (PCB-132) [1-10]. These measurements
can provide quantitative growth rates and breakdown amplitudes of the second-mode instability which dominates
the boundary layer transition (BLT) process for hypersonic flows over slender bodies at moderate angles of
attack. The same pressure sensors enabled fast pitot-pressure measurements to quantify the freestream noise
content at frequencies up to approximately 750 kHz [11-13]. Such high frequency measurements are required to
characterize the spectral amplitudes of the freestream noise over the range of unstable second-mode frequencies.
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Over the same time period, the development of robust and user-friendly linear stability theory (LST) and parab-
olized stability equation (PSE) solvers such as STABL and STABL-3D [14] have democratized the access to
LST and PSE predictions. Such tools have facilitated fully integrated experimental and computational studies of
second-mode dominated hypersonic BLT [5, 10]. These studies have contributed to the development of a new
wind-tunnel prediction methodology [15] based on Mack’s amplitude method [16]. The method uses linear sta-
bility computations, tunnel noise measurement, and experimentally determined correlations for the second-mode
breakdown amplitudes and receptivity coefficients to predict the start of BLT. The new methodology allows a
more efficient use of conventional (noisy) wind tunnels to characterize BLT on hypersonic vehicles. This is key,
as current quiet wind tunnels only operate at Mach 6, moderate Reynolds numbers, and low enthalpies. These
limitations mean that conventional wind tunnels must be used for the test and evaluation of hypersonic vehicles.

The main objectives of this current international research effort undertaken by the North Atlantic Treaty Or-
ganization (NATO) Science and Technology Organization (STO) Applied Vehicle Technology (AVT)-240 spe-
cialists’ group was to compile and analyze second-mode amplitudes measured on sharp slender cones at 0 deg
angle of attack (AOA). For the most part, the study involves the reanalysis and interpretation of existing data sets
from 11 hypersonic wind tunnels from 3 NATO countries (Belgium, Germany, and USA) and Japan that provide
second-mode amplitudes at Mach numbers M between 5 and 14, unit Reynolds numbers Re/m between 1.5 and
16x 105/m per meter, and wall-to-total temperature ratios Ty, /Tp between 0.1 and 0.8. This wide range of key
parameters and tunnel sizes makes it possible to evaluate their effect on the second-mode growth rates, initial
amplitudes (Ag) and maximum amplitudes (A, ) near the onset of BLT.

This chapter is organized as follows. Section 2.2 describes the experimental facilities, test conditions, test arti-
cles, and pressure instrumentation. Section 2.3 presents the computational methodology and discusses the scal-
ing of sharp cone stability and the effect of the Mach number and wall temperature ratio. Section 2.4 compiles
the second-mode amplitude measurements and introduces the methodology used to compare the measurements
to PSE. Section 2.5 explores the effect of Re/m on the initial amplitudes and correlate the amplitudes. The
chapter concludes by summarizing the main findings and providing an overview of future research.

2.2 EXPERIMENTAL METHOD

2.2.1 Experimental Facilities and Test Conditions

The current study uses BLT data collected in 11 ground test facilities operated by 9 organizations located in 4
countries. The facilities are the Sandia National Laboratories (SNL) Hypersonic Wind Tunnel [17] with its inter-
changeable Mach 5, 8, and 14 nozzles (HWT-5, HWT-8 and HWT-14); the Purdue University Boeing/AFOSR
Mach-6 Quiet Tunnel (BAM6QT) [18]; the NASA Langley Research Center 15-Inch Mach 6 Wind Tunnel
(15inM6), 20-Inch Mach 6 Wind Tunnel (20inM6), and 31-Inch Mach 10 Wind Tunnel (31inM10) [19]; the
Technical University Braunschweig (TUB) Mach 6 Hypersonic Ludwieg Tube Braunschweig (HLB) [20]; the
German Aerospace Center (DLR) High Enthalpy Shock-tunnel Gottingen (HEG) [21] with its Mach 8 nozzle;
the Japan Aerospace Exploration Agency (JAXA) High Enthalpy Shock Tunnel (HIEST) [22] with its Mach
8 nozzle; The von Karman Institute for Fluid Dynamics (VKI) Longshot hypersonic wind-tunnel [23] with its
Mach 10 nozzle, the CUBRC Large Energy National Shock Tunnel I (LENS I) [24, 25] with its Mach 10 nozzle;
and the Arnold Engineering Development Complex (AEDC) Hypervelocity Wind Tunnel 9 (T9) [26, 27] with
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its interchangeable Mach 10 and 14 nozzles. The CUBRC data were not included in this chapter since they were
being collected and processed at the time of writing. These data will be included in a future publication.

The facility characteristics and dimensions are listed in Table 2-1. The list includes eight blowdown tunnels,
three shock tunnels, two Ludwieg tubes, and one gun tunnel. The overall range of Mach numbers and unit
Reynolds numbers are between 5-14 and 1.5-16x10%/m, respectively. It is important to note that the unit
Reynolds numbers and Mach numbers listed in Table 2-1 do not represent the entire operational envelope of
each facility, but strictly covers the range of conditions pertaining to the BLT data analyzed in this chapter. The
flow is expanded through contoured axisymmetric nozzles with the exception of the NASA 20inM6 and 31inM 10
with two-dimensional nozzles. The nozzle exit diameters vary from 0.24 m for the Purdue BAM6QT to 1.52 m
for AEDC T9. The relative scales of the nozzles are shown in Figure 2-1 where the facilities are arranged by
increasing Mach numbers and nozzle exit dimensions. All the facilities have conventional (noisy) freestreams
with the exception of the BAM6QT that generates a quiet freestream by maintaining a laminar boundary-layer
on its highly polished nozzle wall. The BAM6QT can also produce a noisy freestream by closing the bleed-valve
located upstream of the nozzle throat [18].

Table 2-1: Description Of Ground Test Facilities, Geometries, And Cone Test Articles.

Re/m dp, [m] or

Name Organization Operation Geometry Moo mx10-6]  hy x w [m] O, [deg] Ry [mm]  Le [m]
HWT-5 SNL Blowdown Axisymmetric 5 10-12.8 0.46 7 0.03 0.52
BAM6QT  Purdue Ludwieg Tube  Axisymmetric 6 6.4-12 0.24 2.5, 3,7 & flared 0.03 0.52
15inM6 NASA Blowdown Axisymmetric 6 6.7 0.38 7 0.03 0.52
HLB TUB Ludwieg Tube  Axisymmetric 6 5.0-16 0.50 7 0.09 0.50
20inM6 NASA Blowdown 2D 6 6.8-13 0.51x0.51 7 0.03 0.51
HWT-8 SNL Blowdown Axisymmetric 8 4.1-13 0.36 7 0.03 0.52
HEG DLR Shock Tunnel ~ Axisymmetric 8 1.5-24 0.59 7 2.5 1.10
HIEST JAXA Shock Tunnel ~ Axisymmetric 8 33-48 0.80 7 2.5 1.00
Longshot VKI Gun Tunnel Axisymmetric 10 33-12 0.43 7 0.2 0.80
31inM10 NASA Blowdown 2D 10 1.7-6.6 0.79 x 0.79 7 0.03 0.52
LENSI CUBRC Shock Tunnel Axisymmetric 10 2.0-15 1.22 7 0.15 2.44
Tunnel 9 AEDC Blowdown Axisymmetric 10 20-15 1.52 7 0.15 1.55
HWT-14 SNL Blowdown Axisymmetric 14 33 0.46 7 0.03 0.52
Tunnel 9 AEDC Blowdown Axisymmetric 14 1.7-12 1.52 7 0.15 1.55

2.2.2 Test Articles and Instrumentation

BLT measurements have been performed on 7-deg half-angle cones in each of the tunnels listed in the previous
section. To promote transition under quiet flow, the BAM6QT experiments were also performed on a flared cone
to destabilize the second-mode as well as on 2.5 and 3-deg cones. The shallower cones enable longer running
lengths compared to 7-deg cones with similar base diameters and tunnel blockage. The characteristics of the
test articles are found in the last three columns of Table 2-1. With the exception of the HEG and HIEST ex-
periments with a 2.5 mm nosetip radius, the cones can be considered sharp as the nosetips radii (from 0.03 to
0.2 mm) should be small enough to avoid any significant influence of bluntness on the second-mode growth and
receptivity. Recent DNS studies by Balakumar and Chou [28] of the Tunnel 9 Mach 10 sharp cone transition
experiments [5] showed that the receptivity coefficients increase only slightly with increasing nosetip Reynolds
numbers. For all the experiments, the amplitude of the pressure fluctuations on the surface of the cone were mea-
sured with flush-mounted PCB-132 piezoelectric pressure transducers. These sensors have a resonant frequency
above 1 MHz, and a flat frequency response to at least several hundred kilohertz. The number of sensors, sensor
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locations, and number of instrumented rays varied among the experiments. However, in most cases, the number
of sensors and sensor spacing were sufficient to characterize the growth rates and breakdown amplitudes. More
details about the test articles, instrumentation, and data acquisition can be found in Casper et al. [9, 29] for the
SNL experiments, Berridge et al. [2] and Rufer and Berridge [3] for NASA experiments, Wagner et al. [7] for
the HEG experiments, Tanno et al. [8] for the HIEST experiments, Grossir et al. [4] for the VKI experiments,
and Marineau et al. [5, 10] for the AEDC experiments.

I 7 Blowdown Tunnel

E=——— Shock Tunnel (O tongshot
I Ludwieg Tube
[ GunTunnel 31inM10

O BAMsar LENS |
. HWT-8
O 1sinme O O HWT-14
One O
O HWT-5 D 20inM6 OHIEST T9 LERE P
40 in
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Figure 2-1: Depiction Of Ground Test Facilities Geometries And Dimensions Of The Nozzle Exit Plane.

2.3 COMPUTATIONAL METHOD

2.3.1 Linear Stability Computations

The mean flow for the stability analysis is calculated using a structured, axisymmetric computational fluid dy-
namic (CFD) solver which is part of the STABL software from Johnson and Candler [14] and solves the reacting
Navier-Stokes equations. This flow solver is based on the finite-volume formulation. The inviscid fluxes are
based on the modified Steger-Warming flux vector splitting method and are second-order accurate with a mono-
tonic upstream-centered scheme for conservation laws (MUSCL) limiter as the total variation diminishing (TVD)
scheme. The viscous fluxes are second-order accurate. The time integration method is the implicit, first-order
data parallel line relaxation (DPLR) method. Sutherland’s law is used for the viscosity, and the heat conductivity
is calculated using Eucken’s relation. The mean flow for each case is computed on a single-block, structured
grid. Each grid is clustered near the wall and the nose of the test geometry in order to capture the fluid gradients
at these locations. The stability analyses are performed using the PSE-Chem solver [14], which is also part of
the STABL software suite. PSE-Chem solves the reacting, two-dimensional, axisymmetric, linear parabolized
stability equations (PSE) to predict the amplification of disturbances as they interact with the boundary-layer.
The PSE-Chem solver includes finite-rate chemistry and translational-vibrational energy exchange.
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2.3.2 Scaling of Sharp Cone Stability

The scaling from Stetson et al. [30] was used by Marineau et al. [5] to compare sharp cone stability measure-
ments at different unit Reynolds numbers. For convenience, the dimensionless frequency F is defined using the

freestream conditions as
2 f

F=—/—""77""
usoRe/m’

(2-1

where 1 is the freestream velocity. For sharp cone data, Marineau [15] has shown that the maximum N factor
envelope, computed with PSE, can be expressed as

N =aR+b, 2-2)

where o and b are constants and R is the the stability Reynolds number defined as

R =/ Re,. (2-3)

The stability Reynolds number at the neutral point is obtained by solving Equation 2-2 for R with N=0 which
leads to

—
o

Ro = (2-4)

In addition, the most unstable second-mode frequency, which corresponds to the frequency of the maximum N

factors can be expressed as
g

RN’
where g and h are constants. In practice h =~ 1, such that F' approximately scales as 1/R. In cold hypersonic
wind tunnels, the variation of the wall-to-total temperature ratio T,,/7p at a given nominal Mach number is
small, such that the same set of constants («,b,g and h) can be used to parametrize the PSE solutions. Generally,
the total temperature is kept as low as possible to maximize the unit Reynolds number for a given stagnation
pressure while avoiding flow condensation. This means that cold flow wind tunnels operating at the same
nominal Mach number generally operate at similar 7,/7p. Scaled PSE solutions for a sharp 7-deg cone in
HWT-8 at 3 unit Reynolds number and wall temperature ratios are shown in Figure 2-2 along with the curve-fits
based on Equations 2-2 and 2-5. The unit Reynolds numbers and 7T, /Tj are 3.6, 7.4, and 10x 105/m and 0.35,
0.48, and 0.48, respectively. The variation in T3,/Tp among the 3 solutions has a minor effect on the quality of
the fit. The only discernible difference is the minor increase of F' at the lowest unit Reynolds number solution
which is most likely due to the thinner boundary layer at the lower T3, /Ty compared to the two other solutions.

F= (2-5)

2.3.3 Effect of Mach Number and Wall Temperature Ratio on Sharp Cone Stability

Linear fits of the PSE solutions for freestream Mach numbers of 5, 6, 8, 10, and 14 are shown in Figure 2-3. In
order to prevent flow condensation, the stagnation temperature has to increase with Mach number. This leads to
a decrease of Ty,/Tp from 0.7 at Mach 5 to 0.2 at Mach 14. These conditions are representative of the cold-flow
tunnels presented in Section 2.2. The curves at Mach 14 correspond to the Tunnel 9 and HWT-14 which operate
at different wall-to-total temperature ratios of 0.2 and 0.3 respectively. The Mach number has a strong effect
on the growth rate as shown in Figure 2-4a. A strong increase occurs between Mach 5 and Mach 6 followed
with a monotonic decrease. These trends are consistent with previous studies from the literature [31, 32]. The
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variation of the neutral point with Mach number is presented in Figure 2-4b. Ry decreases from Mach 5 to 10
and increases from Mach 10 to 14. The PSE solutions presented in this section are used to scale the measured
amplitude as /V factors and to estimate the initial amplitudes in Section 2.4 and 2.5, respectively.
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Figure 2-4: Effect M., on « and R, for Cold-Flow PSE solutions at M = 5, 6, 8, 10 and 14.

2.4 COMPILATION AND ANALYSIS OF SECOND-MODE AMPLITUDES

2.4.1 Methodology

This section compiles and analyzes second-mode amplitudes obtained from surface pressure fluctuation mea-
surements from PCB-132 pressure sensors. The second-mode amplitudes at each PCB sensor location are com-
puted by integrating the power spectral density (PSD) over the second-mode peak. The steepness of the PSD
near the second-mode peak implies that the most of the energy is located near the peak and that variations in
bounds of integration have a small effect on the computed amplitudes. The PSD are calculated using Welch’s
method using Hanning windows with 50 percent overlap and a fast Fourier transform (FFT) length of 4,096
points. To compare the amplitudes at different unit Reynolds numbers (and freestream pressures), the ampli-
tudes are normalized by the static pressure at the cone surface. In this study, the cone pressures are obtained by
using the Taylor-Maccoll conical-flow solution.

The analysis of the second-mode amplitudes follows the methodology from Marineau et al. [10]. As previously
mentioned, the sharp cone N factors from PSE can be expressed as a linear function of R. Prior to the start of
transition (in the linear regime), the second mode amplitude A exhibits an exponential growth such that

A = cel, (2-6)
where ¢ and d are constants. Fitting the measured amplitudes using Equation 2-6 reveals that d ~ « which is

not surprising because

1)  Both constants correspond to the growth rate.

2)  The measured and computed growth rates agree well.
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In Figure 2-5, the exponential fit of the measured amplitude using Equation 2-6 with d = « (red line) shows
good agreement with the circumferentially averaged measurements (black line) for conditions C1, C2, C3, C4,
and C5 corresponding to Re/m of 11.9, 7.1, 3.5, 2.1, and 1.7 x 10%/m. In addition, since

A= Age" = Age TP, 2-7)
the initial amplitude can be estimated by combining Equations 2-6 and 2-7 as
Ay = ce . (2-8)

Here, Ay can be interpreted as a mean initial amplitude for the unstable frequencies over the range of fitted am-
plitudes. This is an approximation as the initial amplitudes are expected to vary as a function of frequency. How-
ever, as seen by the quality of the fits in Figure 2-5 and the results to be presented in Section 2.4.2, Equation 2-6
provides a good model for the second-mode growth. Finally, Equations 2-7 and 2-8 estimate the experimentally
measured N factors as

N(s) = In(A(s)eb/c). (2-9)

The N factors determined experimentally with Equation 2-9 and computed with PSE are compared in Sec-
tion 2.4.4.

2.4.2 Effect of Unit Reynolds Number, Mach Number, and Tunnel Geometry

The measured amplitudes as a function of the stability Reynolds number are plotted in Figure 2-6. The arrows
indicate the start of transition in Tunnel 9 based on heat transfer measurements. The solid lines are exponential
fits of the amplitude using the growth rate from the PSE solutions as described in Section 2.4.1. Figure 2-6a
presents the Tunnel 9 Mach 14 data for 5 conditions corresponding to Re/m equal to 11.9, 7.1, 3.5, 2.1, and
1.7x10%/m. The HWT-14 amplitudes at 3.3 x 105/m are also included for comparison. The Tunnel 9 data consist
of circumferentially averaged amplitudes from 3 rays [10] (shown in Figure 2-5). Several important observations
can be made from Figure 2-6a.

1) The second-mode saturation (maximum) amplitudes A,,,q, do not vary significantly with Re/m.
2) The R location of A, occurs slightly downstream of Ry.
3)  The measured growth rate % does not significantly change with Re/m.

4)  The measured % agrees with the computed growth rate o as shown by the overall quality of the
curve-fits.

5) At a fixed R value, the amplitudes decrease with Re/m which combined with observations 1, 2 and
3 implies that the Ry increase with Re/m.

6)  Atcomparable Re/m (3.3 and 3.5x 10%) the smaller HWT-14 produces amplitudes 3 to 5 times greater
than the larger Tunnel 9.
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Figure 2-5: A vs. R At M = 14 In T9 For Re/m = 11.9, 7.1, 3.5, 2.5, And 1.7x10°/m (C1 to C5), Where 1 RT = Rr.

Observations 3 and 4 indicate that the growth rate computed with PSE can predict the measured growth rate.
Observation 5 implies that the initial amplitudes of the waves decrease with the unit Reynolds number. This is
investigated further in Section 2.5. Figure 2-6b presents similar results for the Tunnel 9 data at Mach 10. VKI
measurements at 6.2, 4.7 and 3.8 x 10%/m are also included for comparison. As for Mach 14, the predicted growth
rate matches the measurements quite well. The amplitudes measured in VKI are approximately 5 times larger
than that in Tunnel 9 at similar Re/m. In addition, the saturation amplitudes measured in Tunnel 9 and VKI are
similar. The maximum amplitudes A,,,, decrease with increasing Re/m. The reason for this behavior is not
clear, but could be sensor related since the wavelength of the second-mode decreases with unit Re/m due to the
thinner boundary-layer. This makes the measurements more susceptible to spatial averaging over the sensing
element area. In addition, the frequencies increase with Re/m which makes the measurements more uncertain
as the upper limit of the PCB-132 bandwidth is not precisely known and could vary among the sensors. As for
Mach 14, the second-mode saturation occurs slightly downstream of the start of transition S7. The saturation
amplitudes at Mach 10 and 14 are comparable.

2-10 STO-TR-AVT-240
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Figure 2-6¢ present amplitude measurements for the NASA 31inM10. The quality of the fit is difficult to assess
due to the low number of sensors and large sensor spacing. The saturation amplitudes are comparable to that of
Tunnel 9 at the same nominal Mach number. The amplitudes measured in HWT-8 are shown in Figure 2-6d. The
measurements are consistent with the Mach 10 and Mach 14 measurement regarding the effect of Re/m on the
amplitude of the waves and the saturation location. The saturation amplitudes, varying from 20% to 30%, are
similar to the measurements at Mach 10 and 14. Therefore, it appears that the Mach number has a weak effect
on the saturation amplitudes at Mach numbers between 8 and 14.

The plots in Figure 2-6e and 2-6f present Mach 6 measurements from the 20inM6 and HLB. In the HLB, the
test article is positioned above the nozzle centerline to avoid the turbulence and the velocity deficit downstream
of the center-body valve. The saturation amplitudes in both Mach 6 tunnels are similar at approximately 10%
which is significantly lower than at the higher Mach numbers. The data at the two lowest Re/m in the 20inM6
shows good agreement with the fit. The agreement is harder to evaluate at the higher Re/m because of the
low number of sensors in the region of exponential growth. For most Re/m, the amplitudes measured by the
most upstream sensor are significantly lower than the fit. This might be due to the lower noise content at higher
frequency, as the fit essentially assumes a constant initial amplitude. The large number of sensors and the wide
range of Re/m in the HLB experiments make it possible to assess the quality of the curve-fits and the effect of
Re/m on the saturation location. In general, the growth rate is well predicted by PSE. In addition, the effect of
Re/m is consistent with the data at higher Mach numbers as the amplitudes decrease with Re/m at a fixed R.

The second-mode amplitudes for Re/m near 6.5x10%/m in four Mach 6 wind tunnels are shown in Figure 2-7.
Data from the 20inM6, 15inM6, HLB and BAM6QT (Noisy and Quiet) are included. The dashed lines are
exponential fits from Equation 2-7 using the growth rate from PSE. The measured growth rates are similar in the
20inM6, 15inM6, and HLB. Since BAM6QT has only one measurement location, it is not possible to evaluate
the quality of the fit for that tunnel. The amplitudes in the HLB, 15inM6, and BAM6QT (noisy) are within ~
25%, but 2 to 3 times larger than in the 20inM6. The differences could be due to the lower freestream noise
content in the 20inM6 as indicated by pitot noise measurements compiled by Duan et al. [33]. This should be
explored further by systematically comparing the freestream noise PSD in the different facilities. The amplitudes
in BAM6QT under quiet flow are approximately 450 times smaller than under noisy flow [1].

The second-mode amplitudes in the HEG and HIEST shock tunnels are presented in Figure 2-8 for 7-deg cones
with a 2.5 mm nosetip radius. The freestream Mach number and stagnation enthalpy are approximately constant
at 8 and 3 MJ/kg respectively. The unit Reynolds number varying from 2.5x 10° to 4.8 x105/m are specified
in the legend. The maximum second-mode amplitudes are between 20% and 30%, which is comparable to the
values achieved for cold flow in the HWT-8. At each condition, the growth rate dA/dR appears fairly constant
prior to saturation. However, the growth rates vary among the conditions. For instance, the HIEST run at Re/m
=3.3x10° has a much steeper slope compared to the other conditions. These variations in growth rate could be
due to the effect of the nosetip bluntness. Future comparisons with PSE solutions could help better understand
these variations.
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Figure 2-6: Avs. R At M =6, 8, 10, and 14 For Cold Flow Tunnels.
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2.4.3 Maximum Second-Mode Amplitudes

Marineau [15] presented a correlation for the maximum amplitudes for blunt and sharp cones at a nominal
freestream Mach number of 10. The correlation included sharp cones data at nonzero AOA as well as blunt cone
data with small nosetip radii at 0 deg AOA where transition still appeared to be second-mode dominated, but
where the edge Mach number and breakdown amplitudes were much lower. The results from Marineau [15] were
consistent with sharp cone measurements in several hypersonic wind tunnels that revealed increasing maximum
amplitudes with increasing edge Mach numbers [9]. Fedorov and Kozlov [34] compiled these measurements to
show a linear relationship between the edge Mach number and the maximum pressure amplitudes. The pressure
amplitudes normalized by the boundary-layer edge pressure are approximately 6% at M, ~ 4.6 and 24% at
M, = 6.8 which are similar to the values measured in Tunnel 9.

The maximum second-mode amplitudes compiled in this study for sharp cones at 0 deg AOA are plotted as a
function of the edge Mach number in Figure 2-9. The data all are for 7-deg cones with the exception of the
BAMO6QT-Q (quiet) data on a flared cone (M, ~ 5), and a 3-deg cone (M, ~ 5.8) and the BAM6QT-N (noisy)
data on a 2.5-deg cone (M, = 5.8). For the sharp cones, M. is obtained from the Taylor-Maccoll conical-flow
solution. For the flared cone, M, is from the mean flow CFD solution (return from enthalpy overshoot to 100.3%
of the freestream total enthalpy). The data from Figure 2-9 shows a weak variation of A,,,, with M, at M, >~
5.8. At M, = 10, the mean value of A, (1 one standard deviation) are 27.8% =+ 1.8%, compared to 26.3% +
4.1% at M, ~ 8 and 23.6% + 4.5% for M, between 6 and 7. The sharp decrease of A,,,, for M, less than 5.8
is consistent with the results presented by Marineau [15] on blunt cones at a nominal freestream Mach number
of 10. The values of A4, from HLB and 20inM6 are consistent. The mean value of A,,,,, at M, ~ 5.3 1is 11%
+ 1.8%. The values obtained in the BAM6QT under quiet flow are higher than the values under noisy flow at a
similar edge Mach number. This seems to indicate that the tunnel noise decreases the maximum second-mode
amplitudes. The effect of tunnel noise on A,,,; warrants further investigation.

2.4.4 Scaling of the Second-Mode Amplitudes and Comparison with Linear Stability

The measured amplitudes are normalized using the methodology presented in Section 2.4.1. Using Equation 2-9,
the measured amplitude can be expressed as N factors. The measured and computed N factors are compared
in Figure 2-10. The arrows indicate the start of transition in Tunnel 9 based on heat transfer measurements.
Figure 2-10a presents the Tunnel 9 Mach 14 data for 5 conditions with Re/m equal to 11.9, 7.1, 3.5, 2.1, and
1.7x10%/m. The HWT-14 data at 3.3 x 10%/m are also included. Good agreement with PSE and low experimental
scatter are found. Over all the conditions, the computed and measured N factors are within £0.5 with the
exception of the 7.1x105/m condition near the start of transition (within £=1). An inspection of the PSD for
this condition revealed an anomaly near 300 kHz where the amplitudes appear to be artificially amplified [10].
The experimental N factors at Mach 10 for Tunnel 9, VKI and 31inM 10 shown in Figure 2-10b and 2-10c also
agree with PSE. The wide range of Re/m between 2.0 and 15x10%/m makes apparent the increase of Ny
(experimental and computed) with Re/m. This behavior is consistent with Marineau [15]. The smaller VKI
tunnel produces lower N compared to Tunnel 9. The increase of N with Re/m is also visible at Mach 8 in
Figure 2-10d and Mach 6 in Figure 2-10e and 2-10f. In addition, the decreased growth rates with increasing
freestream Mach numbers are correctly predicted with PSE as supported by the slope dN/dR for each Mach
number.
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2.5 SCALING OF INITIAL AMPLITUDES AND AMPLITUDE CORRELATION

2.5.1 Scaling of Initial Amplitudes with Unit Reynolds Number

This section explores the effect of Re/m on Ag. The objective is to provide a simple scaling for the variation of
Ag with Re/m for a fixed tunnel geometry and fixed Mach number. The analysis takes into account the variation
of the freestream noise content with Re/m and the effect of Re/m on the unstable second-mode frequencies.
We assume that the PSD of the freestream noise ¢ has a constant negative spectral slope equal to —m (where m is
positive) over the frequency range of interest. This assumption is reasonable based on fluctuating pitot-pressure
measurements from multiple facilities [33]. Using the outer scaling [35] to account for the effect of Re/m on
the PSD, we get

¢os =1 (;m7 (2-10)
where p
Uoo
0s — 5 2-11
¢ P3.0n 1D
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Figure 2-10: Nvs. R At M =6, 8, 10, and 14 For Cold-Flow Tunnels.
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and

Jos = &. (2-12)

o0

Next, we define the freestream noise amplitude integrated over the second-mode bandwidth as

Lo =vVAf, (2-13)

7 = /%‘). (2-14)
P3

The second-mode bandwidth is assumed proportional to the frequency as in [15] such that

where spectral amplitudes are

Af =wfo, (2-15)

where w is a constant. The initial amplitude can be related to the freestream noise content using the receptivity
coefficient as
Ao = CRrl. (2-16)

Substituting Equations 2-10 to 2-15 into Equation 2-16 yields

Ag = CR\/E<f05”> T, (2-17)

Uoo

where fj is the unstable second-mode frequency corresponding initial amplitude. Because the spectral am-
plitudes of freestream noise decrease with frequency, Ag decreases when fj increases. In Section 2.4.1, Ay
obtained in the curve-fit was interpreted as a mean initial amplitude over a range of unstable frequencies up-
stream of the transition location. These unstable frequencies will increase with unit Reynolds number due to the
thinner boundary-layer. This effect can be accounted for by substituting the dimensionless frequency Fj (see
Equation 2-1) into Equation 2-17. This substitution yields

1-m

Ao :CR\/E<F‘)5"2RB/m> o (2-18)
v

The frequency Fp can be evaluated at the neutral point Ry by substituting Equation 2-4 into 2-5. Substituting
the result into Equation 2-18 yields

1—m

h§,R ?
Ao = CR\/E<W> . (2-19)

For a fixed Mach number and tunnel geometry, all the parameters in Equation 2-19 are constant with the ex-
ception of J,, and Re/m. This also assumes that the receptivity coefficient is not a function of Re/m. This
assumption is reasonable based on recent DNS studies by Balakumar and Chou [28]. Since the boundary-layer
on the nozzle wall is turbulent, we can use the usual scaling for turbulent boundary layers [36] to account for the
effect of Re/m on ¢,,. This scaling takes the form

%” ~ (Re/mLy)~ /5, (2-20)

n
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where L,, is the nozzle length. Substitution of Equation 2-20 into Equation 2-19 gives

ﬂ)

Ag ~ (Re/mLy)s2 2-21)
Pitot noise measurements in multiple facilities [33] have shown that m =3.5 is a reasonable approximation for
the spectral slope. Substituting this value into Equation 2-21 yields

Ag ~ (Re/mLy,)"". (2-22)

Equation 2-22 provides a simple relationship between Ay and Re/m for fixed tunnel dimensions and Mach
number. The validity of this expression will be evaluated in the next section.

2.5.2 Compilation of Initial Amplitudes

The initial amplitudes can be estimated from the measured amplitudes and PSE using Equation 2-8. Figure 2-11
presents Ag as a function of Re/m for Tunnel 9 at Mach 10 and 14, 31inM 10, 20inM6, and HLB. Curve-fits
based on Equation 2-22 are also shown. Larger initial amplitudes are found in Tunnel 9 at Mach 14 compared
to Mach 10. The larger initial amplitudes at Mach 14 are most likely due to the stronger tunnel noise at the
higher Mach number. The initial amplitudes in the smaller 31inM10 tunnel are slightly larger than in Tunnel 9.
This is consistent with the analysis of Marineau [15] based on linear stability theory and Pate’s correlation [37].
Both Mach 6 tunnels have much lower amplitudes than the higher Mach number tunnels despite their smaller
dimensions. This is consistent with a decrease in tunnel noise with decreasing Mach number. A decrease of the
receptivity coefficient Cr with Mach number could also contribute. For unit Reynolds numbers smaller than
approximately 10x 105/m, the initial amplitude in HLB are approximately twice as large as in 20inM6. These
results are consistent with the Pitot noise measurements compiled in Duan et al. [33] which showed lower tunnel
noise levels in 20inM6. The curve-fits agree well with the Mach 6 data with the exception of the two HLB
data points at Re/m > 10x 105/m. It would be useful to investigate if this behavior is related to an unexpected
decrease in tunnel noise in HLB at Re/m > 10x 105/m.

2.5.3 Correlation of Second-Mode Amplitudes

In this section, the second-mode amplitudes are estimated using the N factors computed with PSE and the
curve-fits for the initial amplitudes obtained in Section 2.5.2. This allows the computation of the second-mode
amplitudes using Equation 2-8. Figure 2-12 compares the measured amplitudes with the amplitude computed
using Equation 2-8. Reasonable agreement is obtained between the measured and estimated amplitudes. This
implies that PSE can predict the growth of the waves and that the initial amplitudes can be estimate using curve-
fits based on Equation 2-22. For amplitudes greater than 4% and below the saturation, the standard error between
the measurements and correlation is approximately 25%. This is reasonably good considering the simple rela-
tionship (A9 ~ Re/m™!) between the initial amplitudes and the unit Reynolds number. Considering that the
amplitudes grow exponentially, much smaller errors ~10% are to be expected when using this methodology to
estimate N or St. In addition, it is likely that improvements could be made by relating the initial amplitude to
the measured freestream noise content in each facility as in [15].
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2.6 CONCLUSIONS AND FUTURE WORK

The main objectives of this international research effort coordinated by the NATO STO AVT-240 specialists’
group were to compile and analyze second-mode amplitudes measured on sharp slender cones. The data were
from 11 hypersonic wind tunnels from 9 organizations located in 3 NATO countries (Belgium, Germany, and
USA) and Japan. These tunnels provided second-mode amplitude measurements at Mach numbers between 5
and 14, unit Reynolds numbers Re/m between 1.5 and 16x 10%/m, and wall-to-total temperature ratios T}, /Ty
between 0.1 and 0.8. The study showed that the measured second-mode growth rates can be predicted with
PSE over a wide range of hypersonic conditions. PSE and measurements both showed decreasing growth rates
with increasing Mach numbers greater than 6. The maximum second-mode amplitudes were found to vary
weakly (from ~20 to 30%) for M, greater than approximately 5.8, but to significantly decrease at lower M.
The maximum N factor envelope from PSE and the measured amplitudes were used to estimate the initial
amplitudes Ag. At each Mach number, Ag approximately scales as Re/m~!. This leads to an increase in the
transition N factors with Re/m which is consistent with the findings from Marineau [15]. As Re/m increases,
the unstable second-mode frequencies also increase such that the tunnel noise spectral amplitudes are lower over
that range of unstable frequencies. This explains the decrease of Ay with Re/m.

The effect of tunnel size was explored by plotting the second-mode amplitudes from multiple facilities producing
the same nominal freestream Mach number. Data from multiple cold flow wind tunnels were available at Mach
14 (HWT-14 and T9), Mach 10 (VKI, 31inM10, and T9), and Mach 6 (BAM6QT, 15inM6, HLB and 20inM®6).
The analysis showed that the second-mode amplitudes at similar Re/m and R decrease with increasing tunnel
dimensions. This is likely because the smaller tunnels have a thinner boundary layer that produces more acous-
tic noise over the range of unstable second-mode frequencies. Overall, the results indicate that amplitude-based
methods for hypersonic BLT predictions [15, 28] should be applicable across a wide range of hypersonic con-
ditions, as clear and potentially universal trends were found for the effect of Re/m and tunnel sizes across the
wide range of conditions. Such physics based methods are preferable to purely empirical methods such as Pate’s
correlation [37], as they are applicable to arbitrary geometries and are likely to provide a viable path in using
ground-test data for flight prediction.

Future research will include a comparison of Mach 10 data from T9, 31inM10, and VKI with new data from
LENS I at the same nominal Mach number. The LENS I study will involve similar instrumentation density and
test conditions as the Tunnel 9 experiments. The effect of tunnel size and nozzle geometry (2D vs. axisymmetric)
on the second-mode amplitudes also needs to be investigated in more detail.
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3.1 INTRODUCTION

The design of hypersonic vehicles is constrained by the considerable heat transfer and shear stress loads imparted
on the vehicles surface by the boundary layer. While being already critical in the laminar regime, such loads
are significantly enhanced by the transition to turbulence. Reed et al. [1] highlighted the differences in fully
turbulent and fully laminar trajectories for a hypersonic flight vehicle, reporting that the vehicle would experience
a heat flux approximately 5 times higher under turbulent conditions and, therefore, would require at least twice
the weight in thermal protection systems (TPS). Recent studies in the framework of the national Aerospace
Plane Project led by the Defense Science Board committee [2] quantify the drop in performance of high-speed
vehicles due to transition, reporting that the payload-to-weight ratio for fully laminar conditions is three times
larger than for fully turbulent. These studies emphasize the importance of laminar-to-turbulent transition delay
for sustainability of high-speed flight, and the need for any realizable technology for boundary layer control to
be symbiotic with TPS.

Hypersonic vehicles that fly at small angles of attack and with high lift-to-drag ratios tend to have predominantly
symmetric geometries and slender shapes. Under these conditions, second-mode waves become the main mecha-
nism driving transition to turbulence [3]. The second mode was discovered by Mack [4] and consists of traveling
ultrasonic acoustic waves trapped within the boundary layer; they are found to be amplified by wall-cooling
conditions, that is when the wall temperature is below adiabatic temperatures, T;, < T4, Which is commonly
the case. Mack’s studies on the evolution of these and higher modes [5] stressed the importance of second-mode
attenuation in any attempt to increase the transitional Reynolds number in high speed flows.

Malmuth et al. [6] proved through Linear Stability Theory (LST) the capability of ultrasonically absorbing
coatings (UACs) to mitigate the second mode, confirmed by experiments that followed. The first experimental
validation of this principle is due to Fedorov et al.[ 7], who constructed a cone with a half angle of 5 degrees with
two different surfaces: one smooth and impermeable, and the other perforated with regularly space micro holes.
They reported that the porous surface was capable of doubling the transitional Reynolds number in comparison
with the smooth surface in experiments at Mach 5 at the T-5 hypersonic wind tunnel located at Caltech.

The development of UACs continued, with the goal of combining the acoustic absorption and TPS characteristics
into one solution. Knowing that an irregular porous structure is naturally found in TPS materials used for
hypersonic vehicles, Fedorov et al. [8, 9] conducted experiments in the Mach 6 wind tunnel T-326 at the
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Institute of Theoretical and Applied Mechanics (ITAM) in Novosibirsk, Russia over a felt-metal surface with
an irregular porous structure (as well as another surface with regular microstructure). These experiments were
the first to produce data capable of quantitatively demonstrating the attenuation of the second-mode waves via
UAC:s, confirmed by stability analysis, but also showed a small destabilization of the first mode.

Chokani et al. [10] performed a bispectral analysis on this same data with the goal of identifying nonlinear
mechanisms that could be triggered by the use of porous coatings; this was motivated by the observation of a
weak enhancement of first-mode waves. The experiments revealed the occurrence of nonlinear phase locking,
which is the most efficient method for a mode to feed itself or to transfer energy between modes, involving only
the first mode, in the presence of porous walls and not over an impermeable surface. This effect was also shown
to be small, not impacting the overall stabilizing role of the porous coating. More recently, Lukashevich et al.
[11], performed new experiments in ITAM’s tunnel, where it was shown that placing the porous insert in the
region where the second mode is stable leads to an increase in the disturbance signal amplitude; the opposite is
observed when the insert is placed in regions of second-mode growth.

Inspired by some of these results, Wagner et al. [12—-14] pioneered the use of carbon-carbon (C/C), an inter-
mediate state of C/C Silicon Carbide (C/C-SiC) already employed on hypersonic vehicles [15, 16], to control
second-mode waves. Experiments at Mach 7.5 have been conducted in the DLR High Enthalpy Shock Tunnel
Gottingen (HEG), and the stabilization of the second mode as well as an increase in the laminar portion of the
boundary layer over the porous surface have been observed. For these flow conditions, Wartemann et al. [17]
has performed an analysis based on the parabolized stability equations, confirming the effectiveness of porous
surfaces based on C/C in achieving transition delay. The present paper is the first step towards performing a
full direct numerical simulation of a spatially developing boundary layer over a conical surface with assigned
complex broadband wall-impedance representative of the distributed random porosity of C/C surfaces.

Most of previous high-fidelity numerical studies of attenuating, canceling, or reinforcing second-mode insta-
bilities in high-speed flow over porous walls have focused on uniformly spaced and/or geometrically regular
porosity in temporally developing boundary layers [18-22]. More recently, Wang & Zhong [23] have performed
direct numerical simulations of a hypersonic boundary layer over a flat plate modeling the effects of the irregular
felt-metal surface used in the experiments conducted by Fedorov [9]. Their studies concluded that the modeled
felt-metal porous surface destabilized the first mode and attenuated the second, consistent with the experiments.

The current manuscript will focus on axi-symmetric flow over a sharp 7°-half-angle cone, analyzing the three
lowest Reynolds numbers investigated in the experiments by Wagner [12, 13] (see Table 3-1). The novelty of the
adopted computational approach lies in the time-domain impedance boundary conditions (TDIBC) technique,
as implemented by Scalo et al. [24] in the context of subsonic compressible near-wall turbulence, allowing the
exact application of any complex impedance boundary conditions in direct numerical simulations.

3.2 PHYSICAL MODEL AND COMPUTATIONAL APPROACH

The numerical study performed in this work is based on tests conducted by Wagner ef al. [13] in the DLR
High Enthalpy Shock Tunnel Géttingen (HEG). In the present study, test conditions of Re,, = 1.46 - 10°m 1,
Re,, =2.43-10°m ! and Re,, = 4.06 - 10° m ! are chosen; all free stream conditions and the parameters of
these runs are reported in Table 3-1. Simulations of spatially developing boundary layer are carried out over a

3-2 STO-TR-AVT-240



Numerical Investigation of Second Mode
Attenuation over Carbon/Carbon Porous Surfaces

Table 3-1: Selected Flow Parameters from Wagner’s Experiments [13]

Rep [1/m] Moo [-]  poo [Pa]  Too [K]  poo [kg/m®]  uoo [m/s] pe [Pa] T.[K] pe [kg/m’] ue [m/s]
1.46 - 10° 7.3 789 267 0.0102 2409 1944 345 0.0187 2376
2.43 - 10 7.4 1453 285 0.0177 2480 3443 368 0.0324 2446
4.06 - 10 7.4 2129 268 0.0276 2422 5076 347 0.0508 2388

0.95 m length cone, starting at 0.05m from the tip. A sharp cone with a half angle of 7 degrees is the geometry
of choice, being an idealization of Wagner’s 2.5mm-round-tip cone model actually employed for the transition
delay experiments over C/C.

High-order structured compact-finite-difference simulations are carried out with the CFDSU solver (more details
are given in Section III.A) with the objective of capturing the perturbation evolution with minimum numerical
dissipation and high resolving power for a given amount of points per wavelength. Simulations are performed
with inlet flow conditions to the high-order simulations starting at z = 0.05m from the tip (Figure 3-1), and
informed by combining the Taylor-Maccoll [25] inviscid solution with a viscous solution for the boundary layer.
The latter is derived by applying the Mangler [26] transformation for bodies of rotation to the compressible
boundary layer similarity solution for a perfect gas over a flat plate [27], as done by Lees [28] for the flow over
a cone.

Using this transformation one can describe the spatial evolution of a boundary layer through the use of the
following similarity variables

¢ = / peUepier? dz (1)
0
UerJ_ Y

n= pdy 2
V2¢ Jo

where x is the streamwise direction (tangential to the wall), y the one normal to the wall, and | (z) is the cone
radius as measured perpendicularly to its axis of rotational symmetry.

Noting that for a cone of half angle 1. the radius of cross section of a body of revolution can be written as
r1 = xsin . and also that the flow properties after a conical shock are constant along straight lines originating
from the tip of the cone, it is assumed that the properties at the boundary layer edge are independent of z, and
hence the similarity variables 1 and 2 can be simplified to

 peUepea® sin® ¢
- 3

3U, Y
m=4/3 / pdy “4)
IPelte Jo

This allows to numerically solve the boundary layer equations as a nonlinear ordinary differential equation
(ODE) with n as the only dimensionless coordinate over which to perform the integration. In practice, the
solution is generated on a very fine grid in the n-space and then mapped back to the (z, y)-space and interpolated

£

3)
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bilinearly on the grid used to perform the Navier-Stokes calculations. As shown later in Figure 3-3 excellent
matching is observed between the thus-obtained semi-analytical flow and steady Navier-Stokes calculations.

Simulations are first carried out under quiet conditions (no perturbations), allowing the mean flow to be fully
established and all residual perturbations (artifacts of the flow initialization, retained by the low-dissipation nu-
merics) to be convected out of the domain. The solution was allowed to relax on the Navier-Stokes grid for
approximately 4 flow-through cycles, based on the free-stream velocity and the domain extent, before perturba-
tions were applied.

The grid used to discretize the conical domain is a structured spherical grid with the origin at the tip of the
cone. The version of CFDSU under development at purdue is able to perform a trivariate coordinate system
transformation, mapping a general curvilinear coordinate system onto a uniform and orthogonal spatial domain.
The choice of spherical coordinates guarantees perfect orthogonality (reduced numerical errors in the grid trans-
formation step) between gridlines and is advantageous since it can be described very trivially analytically. The
disadvantage of this grid is that the resolution in the wall normal direction (y) decreases as we move away from
the origin; this issue is mitigated by the streamwise boundary layer growth. The spherical grid is stretched in the
wall-normal (angular) direction with a half-tangent hyperbolic law to resolve not only the boundary layer of the
mean flow, but also the acoustic-wave-induced Stokes boundary layer thickness.

High-Order /fE = 0.95m
Simulation -1
i/ = 0.182m ?p T
N7, - + X
A o A \ . \

Klmpedance Boundary
Condition

Figure 3-1: Computational Setup of DNS of Second-mode Waves Over Complex Impedance Boundary Conditions.

The inflow plane of the high-order Navier-Stokes simulations is located under the shock, at a streamwise distance
of x = 0.05 m from the tip (Figure 3-1). Here, hardly imposed Dirichlet boundary conditions are used, informed
from the pre-calculated semi-analytical steady laminar viscous solution described above. Outlet conditions are
homogeneous Neumann for all flow quantities. At the wall, no-slip, no penetration and, when and where active,
suction and blowing conditions are imposed. At the top boundary (above the shock) steady freestream conditions
are imposed.

Inlet and outlet sponge layers of approximately 0.045 m in thickness are used to control spurious oscillations
due to the introduction of the shock in the domain at the inlet and to prevent the formation of upstream traveling
disturbances near the outlet, in both cases arising in the subsonic portion of the boundary layer. These layers
relax the instantaneous flow to the aforementioned semi-analytical steady laminar solution.

A shock capturing scheme based on implementations by Cook [29] and Kawai [30] was used to thicken the shock
and make it resolvable on the computational grid. This is done by applying artificial viscosity and conductivity in
the regions where the shock is detected. To ensure that no artificial dissipation is introduced inside the boundary
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layer, the shock capturing scheme is deactivated in the region ¢ — 9, < 1°.

Due to the short duration of the test run, the surface of the model does not have time to heat up and thus can be
assumed to be isothermal with a temperature of 300 K. For runs modeling the porous carbon/carbon surfaces,
impedance boundary conditions (see Eqn. 8) were applied, controlling the transpiration velocity as a function
of the wall pressure fluctuations. The value of the impedance is extracted from a pore-scale acoustic analysis
called the inverse Helmholtz solver, (Section §3.3.2) and compared to low-order algebraic models (Section
§3.5.2). This approach allows to model the acoustic response of the porous surface without the need to resolve
its complex geometrical structure. This strategy allows to retain high resolution on the flow side by removing
the grid resolution requirements that would be needed to capture the acoustic wave propagation in the pores.

3.3 COMPUTATIONAL TOOLS

3.3.1 High-Order Structured Compact-Finite-Difference Solver in Curvilinear Coordinates:
CFDSU

CFDSU solves the fully-compressible Navier-Stokes equations on a structured curvilinear grid using a sixth-
order compact and staggered finite difference scheme [31]. Compact methods outperform conventional finite
difference schemes based on spatially local discretization at high wavenumbers without restricting the geometry
and boundary conditions of the problem demanded by a spectral method [32, 33].

The governing flow equations are solved in a curvilinear coordinate system for the contravariant components of
velocity. The full set of transformed equations can be found in Nagarajan et al. [34]. Recent developments of the
code at Purdue University have enabled the use of fully three-dimensional, non-orthogonal grid transformations
in the code.

CFDSU has also been equipped with Time-Domain Impedance Boundary Conditions (TDIBC) based on the
formalism of Fung and Yu [35] and the implementation in fully compressible Navier-Stokes codes by Scalo
et al. [24]. The TDIBC formulation belongs to the class of characteristic boundary conditions [36] and is
implemented based on the complex wall softness coefficient, S (w), which is related to the reflection coefficient,
R(w), via

S(w) = R(w) +1, 5)
and is evaluated using the complex poles and residues that describe the IBC (see Equation (12)) being ultimately
imposed in the time-domain in the Navier-Stokes calculations. Following, R(w) relates the incident, A~ and
reflected, AT, waves (Figure 3-1) in the frequency domain via

. AT
R=— (6)
A_
where the time-domain definition of the incident and reflected waves is,
/ t R N
A™(t) =0/ (t) + P(t) A™(w) = d(w) + Bw)
902()) and B(()ag (7
A+(1) = () — 28 At (w) = d(w) — 2
Poao Poao
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where v’ and p’ are the fluctuating values of wall normal velocity and pressure respectively, and py and ag are
the base density and speed of sound of the fluid.

Adopting a harmonic convention to transform the variables to frequency domain, the specific acoustic impedance
Z,(w) (made dimensionless via the base impedance pg ap) is defined as a function of the perturbed pressure p'(¢)
and its induced normal velocity component v/ (t) into a porous surface, satisfying the relation:

P(w) = poagZys(w)v(w). €))

Fung and Yu [35] demonstrated that it is possible to evaluate the outgoing wave by a causal convolution of the
incident wave. The wall normal velocity can then be recovered and imposed as a Dirichlet Boundary condition
at each time step,

V=24 +47]. )

The staggered variable arrangement does not place pressure nodes at the boundary and, as such, only requires
condition 9 to be imposed to continue the calculations.

3.3.2 Pore-Cavity Inverse Ultrasonic Solver: IHS

The inverse Helmholtz solver (iHS) is a novel computational methodology that allows the evaluation of the
spatial distribution of acoustic impedance at the open surface of an arbitrarily shaped cavity for a given frequency.
This technique spatially integrates the linearized Navier-Stokes equations transformed into the frequency domain

jwz—zp jw%f + pogz: —0, (10a)
jwpot + % uai (ai,ﬁ) =0, (10b)
Jwpod + (‘8)]; uaik <8ik®> =0, (10c)
jwpoceT + po gzz =K aik ( aik T) , (10d)

on an unstructured grid for a broad range of frequency values (where w is a real-valued input to the solver),
from the cavity walls (with assigned no-slip, isothermal conditions) up to the open surface, where the local value
of impedance for each frequency is retrieved as a result of the calculation (see Patel et al. [37-39] for more
details).

Multiple instances of the iHS can be concurrently executed to reconstruct the full, broadband acoustic impedance
at the open surface of any given geometry. Such an impedance can then be implemented as a time-domain
impedance boundary condition (IBC) in flow-side-only simulations as discussed in the previous Section (§3.3.1).

In order to apply this technique to a material composed of arbitrarily distributed geometrically complex cavities,
such as a C/C block, high resolution images are needed. The descriptive images, such as the ones shown in figure
3-9, are read as two dimensional arrays containing greyscale values of each pixel using an image processing code
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written in Python. A filter is then applied wherein each pixel with a greyscale value under a given threshold is
considered to be part of a pore. The images are then scanned for connected regions that represent each pore, and
an automatic approximation to a rectangular slot or a cylindrical hole is made based on the pore’s extent in each
direction. Finally, pixels are converted to micrometers and used to recover the significant dimensions of each
pore, which can be used to determine the porosity and eventually the impedance of the C/C surface.

Once the surface porosity and significant dimensions of each surface pore are known, the inverse Helmholtz
solver (iHS) [40] is used to evaluate the broadband surface averaged specific acoustic impedance of each pore.
These impedances are then combined, assuming that the hard walled portion of the surface has zero admittance,
such that the total surface averaged impedance of the sample is given by,

-1

anres 1 A
Z(w) = L , 11
(W) Z Zz’,* (W) Atotal ( )

=1

where Z; is the specific acoustic impedance of the ith pore, and A; its surface area.

Time domain impedance boundary condition (TDIBC) application requires that the acoustic impedance be speci-
fied as a set of complex poles and residues representing a superposition of causal second-order oscillators. These
poles and residues are obtained by fitting the wall softness coefficient corresponding to the evaluated broadband
acoustic impedance from the iHS,

S8 2 R ok
SW) =1 7o~ ; [ + ] , (12)

S—pr  S— Dk

where, S is the wall softness coefficient, n, the number of oscillators, yiy, the residues, pj. the poles, and s = jw.
In Equation (12), the superscript (7) denotes complex conjugate.

The fit is performed following the procedure described in Lin et al. (2016) [41], where the values and quantity
of poles and residues are varied iteratively while minimizing the difference between the wall softness evaluated
using the impedance obtained from the iHS for a discrete set of frequencies, and the one evaluated using the
poles and residues obtained in the previous iteration.

3.4 ANALYTICAL IMPEDANCE MODELS FOR POROUS MATERIALS

3.4.1 Homogeneous Absorber Theory

The Homogeneous Absorber Theory (HAT)[42] models the normal impedance of a porous absorber as,

1 + e 92kl
Zyar = Zool—em (13)

which corresponds to the effective impedance of the absorber when the wave propagates normal to its surface
(see discussion in Subsection C). The other parameters in 13 are

bo = VR 2= 21—
w ¢ w
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and wy, the breaking frequency, is given by

¢
Pok
where, « is the structure factor, = the flow specific resistivity, ¢ the volume porosity, k£ and w = 27 f are the
wave number and angular frequency of incident wave, H the total depth of the absorber, and Zy = pgag the
base impedance. The breaking frequency of the absorber can be interpreted as the (approximate) demarcation
between two distinct behaviors of wave propagation inside the porous media: for w < wy, the propagation is
dispersive; for w > wy, there is no frequency dependency on the propagation speed of the waves.

Wi =

(14)

3.4.2 Fedorov’s Model for Porous Absorber Impedance

Fedorov and Malmuth [43] used the following expression to estimate the impedance due to wave propagation
through a regular porous media composed of cylindrical holes with axes oriented normal to the surface (and
aligned with the wave propagation direction)

1
tanh(AH)) , (15)

Zfedorov = ZO <Z¢

o0, *

where A is the propagation constant, whose dimensions are the inverse of a length. Fedorov et al. [8] extended
the model to porous media with random porous structure through the use of the non-dimensional dynamic density
(pé‘lyn) and the non-dimensional dynamic compressibility (C';yn) based on previous theoretical work performed
by Johnson et al. [44] and Allard & Champoux [45]. In his 2003 publication [8], Fedorov non-dimensionalized
the resulting expression for the impedance of the metal felts in a manner consistent with his LST framework.
Since we are interested in comparing his model with the current iHS and HAT predictions, we recast some of
equations and parameters of his model in the following form,

- - . ) 9" (M)
Zoos(w) = \/pdyn(w)/cdyn(w)a Alw) = ]w\/pd}’n(w)/Kdyn(w)7 pdyn(w) =K |:1 + )‘Tl :| )
Cdyn(w) =7 1+ g*(AS)/)\ga Pdyn = pdyn(w)/pwa Cdyn(w) - ’YPw/Kdyn(w)v
* 4'%”)‘* * jﬁpww * * 8:“’%
AN =,/1+—= , A= — AN=4Pr)j, and r,=s —.
9" (\) HZ”‘% 1 o= 2 1 P h Eo

where the superscript (*) or subscript (4 ) refers to non-dimensional quantities (and not to the complex conjugate).
All of the parameters present in these equations variables have been previously defined except for: Kgyn(w),
which is the dynamic bulk modulus relating the divergence of the average molecular displacement of the gas to
the average pressure variation; r,, the characteristic size of the pores; sy, a shape factor that accounts for the
anisotropy of the pores. As a way of estimating the shape factor for the current C/C samples, and consistently
with Fedorov [8], we treat r, as a hydraulic radius, i.e. the ratio of the doubled pore area to the pore perimeter at
the surface. With this assumption, we use Figure 3-9 to visually estimate the shape factor for the classical C/C
sample obtaining s, ~ 1.26. The Prandtl number, Pr is taken to be 0.704.

In Fedorov [8] the propagation constant multiplied by the depth, AH, (made dimensional here) was expressed
as proportional to jwH \/pdyn(w)Kayn(w), while in Allard & Champoux [45] it was expressed as AH =
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JwH \/payn(w)/Kayn(w). The latter is the expression adopted herein as we believe that what reported in Fe-
dorov [8] is a mere typographical error. For porous absorbers with high flow resistivity, =, coincidentally both
expressions yield similar overall impedances due to the asymptotic nature of the hyperbolic tangent function.

3.4.3 Wave Angle Effects on Acoustic Absorption

The wave angle is an important factor significantly affecting the overall acoustic performance of the absorber.
This is typically taken into account, with the assumption of a locally reacting surface, as a correction to the value
of the normal impedance, yielding the effective impedance

Zef(w) = Z(w) cos(b;) (16)

ultimately used in linear acoustic relations to predict the absorption coefficient (3, given by

~ 2
A ' 1= Zepfr(w) ‘2
=1 [ =1 |2 17
B(w) <’ _|> 1t Zogpal@)| (17)

which is evaluated by comparing the amplitude of the incident wave \fl_ | to the reflected wave |121Jr |, representing
a figure of merit of the absorber.

The cosine term in (16) accounts for the wave incidence angle 6;, intended as zero when the direction of wave
propagation is normal to the surface of the absorber; Z(w) is hence intended as the normal impedance and
is the only one that should be imposed in Navier-Stokes calculations with time-domain impedance boundary
conditions (TDIBC). To verify this, we have performed two-dimensional Navier-Stokes calculations, mimicking
Wagner’s benchtest experiments [39], where a quasi-planar acoustic wave was introduced through a source term
controlling the main propagation direction angle. Although the experimental setup was constructed to measure
waves with angle of incidence of 6; = 30°, we also performed a simulation of a wave normal reflection.

Figure 3-2 shows a comparison between the absorption coefficient predicted via the cosine correction (see Eqn
(17)), that is using the effective value of impedance (16) and the Navier-Stokes calculations, showing very good
agreement. It is important to stress that the IBCs imposed in the Navier-Stokes calculations: (1) only affect the
inviscid wall-normal flux; (2) only impose the normal impedance, i.e. values of impedance as predicted by Eqs
(13) or (15) and not the effective value, that is Eq (16).

3.5 RESULTS

The goal of this section is to reproduce and analyze the disturbance amplification mechanism in a hypersonic flow
over a sharp cone with impermeable smooth walls through the excitation of the boundary layer with a broadband
frequency pulse. Then, we model the acoustic response of real C/C materials through the iHS technique (section
§3.3.2), compare it against impedance estimates from low-order acoustic models as well as benchtest ultrasonic
acoustic characterization experimental results by Wagner et al.[39] and, ultimately, test its attenuation capability
by assigning the predicted impedance as a boundary condition to Navier-Stokes calculations, which allows a
comparison with the tests conducted in HEG with a C/C porous insert.
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Figure 3-2: Absorption Coefficient (/5) Versus Incidence Angle (6;) for f = 300kHz, pg = 10kPa and T, = 300K.

Table 3-2: Grid Resolution Metrics for the Three Reynolds Numbers Chosen in this Paper.

Ren, 1.46 - 10° [1/m] 2.43-10° [1/m] 4.06 - 10° [1/m]
Ny 4608 6912 9216 4608 6912 9216 4608 6912 9216
ny, 128 256 384 128 256 384 128 256 384

(Az/6)0.14m 0.1560 0.1080 0.0809 0.2354 0.1637 0.1225 0.2746 0.1814 0.1383
(Ax/6)0.95m 0.0591 0.0403 0.0304 0.0922 0.0605 0.0451 0.1006 0.0689 0.0506
(AYmin/0)0.14m 0.0137 0.0070 0.0046 0.0207 0.0106 0.0070 0.0242 0.0117 0.0079
(AYmin/0)0.95m 0.0363 0.0182 0.0121 0.0566 0.0273 0.0180 0.0618 0.0311 0.0202

An approximate steady laminar solution obtained by blending of the compressible Blasius boundary layer solu-
tion applied to a supersonic sharp cone [26, 28] with the inviscid Taylor-Maccoll [25] flow is introduced in the
Navier-Stokes calculation both as an inlet and initial condition. After initialization, the inputted solution needs to
adapt to the discretized full Navier-Stokes equations. The boundary layer profiles at various locations after this
(merely numerical) transient adjustment are shown in Figure 3-3 for Re,, = 4.06 - 10° m !; excellent matching
between the approximate solution and the steady Navier-Stokes calculations are observed. The same degree of
agreement was also achieved for the lower Reynolds numbers cases (not shown). As shown in Table 3-2, the
highest Reynolds number is the most stringent case in terms of grid requirements. Given the long streamwise
extent of the computational domain, the accuracy of the boundary layer profiles towards the end of the cone is
very sensitive to the degree of numerical dissipation. In fact, preliminary runs with more dissipative settings of
numerical filtering have shown to overpredict the boundary layer thickness for large values of x.

3.5.1 Broadband Pulse Disturbance Amplification Over Smooth/Impermeable Wall

After the establishment of an unperturbed steady base state, controlled velocity disturbances with an amplitude of
1 m/s are imposed via suction and blowing at the wall for a finite amount of time (1.67 us) and in a finite-length
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Figure 3-3: Temperature and Streamwise Velocity Profiles from the Unperturbed DNS (symbols); Analytical
Approximation Combining Mangler-Transformed Blasius and Taylor-Maccoll Solutions (lines).
interval (z = 0.14 4+ 0.0036 m) following the expression (in m/s):
v(z,y = 0,t) = cos(n&)>sin(2rft), for0<t<1/f (18)

where £ is a variable with values ranging in [ 1, 1] which is mapped to the actual spatial interval of application of
the pulse, and f = 600kHz is the frequency around the which the pulse spectrum is centered. This perturbation
aims at mimicking a natural transition scenario, as well as helping identifying the most amplified frequency
inside the boundary layer as a function of the streamwise position on the surface of the cone. It was first used
by Gaster and Grant [46] in incompressible boundary layer transition simulations and by Sivasubramanian et
al. [47] in hypersonics.
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Figure 3-4: Time Series of the Pressure Perturbation at Different Streamwise Locations for
Re,, = 4.06 x 10° [1/m] with n, = 9216 And n, = 384.

Figure 3-4 shows the pressure time series at the wall for different streamwise locations. A rapid amplification of
the overall pressure signal is observed initially, from z=0.15 m up to approximately x=0.25 m, followed by a later
gentler growth. However, the total disturbance amplitude contains energy at various frequencies, and, although
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Figure 3-5: Amplitude of Pressure Disturbance at the Wall for Different Frequency Components with n, = 6912,
ny = 256 and Re,, = 4.0 x 10°m 1.

the pulse excitation inputs a similar amount of energy in all the frequencies range relevant to the boundary layer
instability, some of the components experience a long region of decay before reaching their unstable region
(Figure 3-5). In the end, the overall amplitude of the signal depends on the balance between the attenuation in
the stable region and the overall integrated growth in the unstable region of each frequency component. In fact,
consistently with amplification dynamics of instability waves in (canonical) hypersonic boundary layers, higher
frequency modes experience growth earlier, i.e. where the boundary layer is thinner and, simultaneously, the
remaining frequency components are attenuated.

The early rapid overall pressure signal amplitude increase is hence due to the high-frequency component, in
the range of 800 kHz for Re,, = 4.0 x 105, of the inputted broadband disturbance pulse. After this initial
phase, a rapid decay is also observed due to the fast evolution of the boundary layer thickness in its early stages,
what changes the quickly unstable frequency band. At last, the later gentler growth shown in Figure 3-4 happens
because, as the signal moves downstream, the boundary layer thickness evolution becomes slower and the overall
integrated growth becomes steadily bigger than the initial attenuation.

A Fourier analysis of such times series is shown in Figure 3-6, demonstrating that, for all Reynolds numbers
considered, the initial broadband characteristic of the signal is very rapidly lost and the power spectrum con-
centrates in a narrow band of ultrasonic frequencies, consistent with second-mode amplification mechanisms for
each flow conditions considered. Experimental studies conducted by Stetson [48] confirmed the validity of the
following estimation for the second-mode frequency

Ue

f:%7

(19)
where U, is the boundary layer edge velocity and ¢ is the boundary layer thickness, defined as the wall normal
distance where u ~ 0.999U.. Predictions based on (19) are plotted in Figure 3-6 showing good agreement
with the DNS results. A detailed phase speed analysis reveals that both slow and fast modes [49] are observed
in the current DNS; however, most of the disturbance energy and growth are carried by the slow mode (not
shown), corresponding to Mack’s second mode after the phase speed synchronization point (see discussion on
terminology of instability modes in Egorov [21]).
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Numbers Considered and n, = 6912 and n,, = 256.
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Figure 3-7: Pressure Oscillation Isosurfaces in the Boundary Layer Region for n, = 4608, n, = 128 And
Re,, =4.0 x 105m 1.
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The broadband pulse excitation is able to capture the correlation between the most amplified frequencies in the
boundary layer and its thickness revealing information similar to stability analysis. It is observed that the second-
mode frequency follows closely the boundary layer thickness: the higher the Reynolds number, the thinner the
boundary layer and the higher the excited frequencies. Figure 3-7 shows pressure isosurfaces near the surface of
the cone, reminiscent of acoustically channeled waves with some power transmitted (or lost) outwards through
the sonic line, characteristic of the second mode (Egorov [21]).
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Figure 3-8: Grid Convergence Analysis for the Perturbation Spectrum at z; = 0.3 m, 22 = 0.6 mand 3 = 0.9 m
in an Axisymmetric Simulation of Broadband Pulse Propagation at Re,, = 4.06 x 10°m 1.

Another phenomenon that occurs as the imposed pulse advects downstream, is that its magnitude becomes large
enough to excite higher harmonics. For the high Re,, case, specifically, the appearance of the first first harmonic
of the second mode is visible after x = 0.7m, shown in Figure 3-13. At the very end of the computational
domain, a sponge layer, starting around z = 0.94 m, damps the imposed disturbances before they reach the
outflow boundary condition. No sign of spurious upstream disturbances has been identified in the subsonic part
of the boundary layer near the outflow.

The spatial resolution and the numerical discretization strategy play a crucial role in the quality of the prediction
of the evolution dynamics of high frequency perturbations, such as second-mode waves. The grid convergence
study in Figure 3-8 demonstrates adequate spectral resolution on the intermediate grid adopted (n, = 6912,n,, =
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256); results on the coarser grid (n, = 4608,n, = 128) are also adequate, with the exception of spurious
energy accumulation at f = 800kHz. The latter is actually due to a numerical disturbance originating from the
interaction of the inflow sponge layer and the coarse grid, and insufficient resolution of the propagating waves.
This spurious wave source propagates into the domain and it not damped due to the low artificial diffusion of the
scheme. While the dynamics of the disturbance evolution inside the conical hypersonic boundary layer are not
altered by this spurious perturbation, only intermediate or high resolutions (n, > 6912,n, > 256) of such full
cone axisymmetric computations, will be considered.

The finest grid resolution available (n, = 9216,n, = 384) is capable of adequately resolving wave lengths of
0.8 mm, assuming a minimum requirement of 8 points per wavelength for compact finite difference schemes.
Being the boundary layer thickness towards the end of the cone of the order of 2 mm, this resolution is not
adequate to capture the nonlinear breakdown to turbulence. The effects of porous walls on the latter will be
investigated in future computations focused on (inevitably) shorter sections of the cone.

3.5.2 Impedance Characterization of Carbon-Fiber-Reinforced Carbon Ceramics (C/C)

Figure 3-9: Reflected-Light Microscopy Generated Images of Classic (Untreated) C/C (left), Optimized C/C
(middle), and Optimized C/C-SiC (right) [50].

Carbon/carbon Silicon Carbide (C/C-SiC) is a material that has already been used as a Thermal Protection
System (TPS) in hypersonic flight [15, 16]. C/C represents an intermediate state of its manufacturing process.
The porosity of C/C materials is a result of thermal stresses that appear in the cool down process of the material
after pyrolyzation of the matrix. This material offers excellent thermal resistance, low expansion and specific
weight as well as high temperature stability in non oxidizing atmospheres. However, C/C cannot be used when
the oxidizing effects are important in the flow without a protective treatment. Resistance against oxidation is
acquired by the infiltration of a liquid phase of silicon into the porous carbon, followed by a reaction to SiC. If
this infiltration is done in the untreated C/C, its microstructural gaps will be filled and the acoustic absorption
properties of the material lost.

To solve this problem, DLR Stuttgart developed a technique that is able to selectively insert cavities into the C/C
structure by replacing carbon fibers with a non-stable material that will degrade after the pyrolyzation step in the
desired locations, that allowed to nearly double the porosity [51]. The existence of larger gaps in this optimized
C/C (Figure 3-9) allows it to retain a certain porosity degree after the SiC reaction. This results in the optimized
C/C-SiC, which combines the properties of oxidation resistance with acoustic absorption and, therefore, it could
be a suitable material for in flight transition delay.
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The complex acoustic impedance of the classic C/C sample shown in Figure 3-9 was estimated via various
methodologies with results shown in Figure 3-10. The acoustic analysis of the optimized C/C and C/C-SiC are
deferred to future work.
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Figure 3-10: Comparison of Real R(Z. . ;) and Imaginary 3(Z.. . ) Parts of the Specific Impedance Z, .;(w),
and Absorption Coefficient 5, Obtained from Various Models at §; = 30° and Wall Conditions Corresponding to
Re,, = 4.06 x 105m 1.

Experimentally determined and theoretically predicted values of 3 Eq (17) are plotted in Figure 3-11. The
experimentally determined absorption coefficient by Wagner [39] was obtained by comparing the amplitude
of a wave reflected off an acoustically absorptive surface to the same wave reflecting off a purely reflective
(impermeable) boundary. This absorption process is not only a function of the porous absorber, but also of
the flow properties themselves, for example, it will depend on the angle of incidence, which will change the
effective impedance, Z.¢ «(w), which should be used to evaluate 5. In order to enable comparison between
the experiments performed by Wagner [39] all the results presented in Figure 3-10 and Figure 3-11 consider an
angle of incidence of §; = 30°.
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The predictions of acoustic impedance evaluated using the inverse Helmholtz solver (iHS) are compared with
experimental results of benchtest acoustic characterization of ultrasonically absorptive porous samples [39] and
two different theoretical models: (1) the homogeneous absorber theory (HAT) detailed in Moser [42] and utilized
by Wagner [13], and (2) the model for acoustic impedance of a porous surface with random porosity used by
Fedorov [8] in his LST calculations of second-mode attenuation over a felt metal coatings. Both these models
have been briefly summarized above in section 3.4.

The use of these models relies on the determination of physical parameters that describe some characteristics
of the flow through the porous medium such as: the porosity (¢), which is the ratio of the pore volume to
the total volume; the flow resistivity (=), that represents the resistance (pressure difference) to the flow of air
through the medium; and the structure factor (), that accounts for the presence of some “blind” and tortuous
paths in the absorber. Wagner [13] in 2014 reports for the first time the values that characterize the classical
C/C material, which are summarized in Table 3-3. Although ¢ and = can be experimentally obtained [52], x
cannot be measured or calculated directly for randomly structured porous materials and it was inferred from
the experimentally measured reflection coefficient. In 2018 DLR has remeasured the flow resistivity = of the
classical C/C sample, reporting an almost doubled value than what was previously published. The reason for the
difference in the measured = was attributed to the better sealing of the samples — the edge of the samples was
galvanized with copper to avoid leakage — in the more recent experiments. Results from these new measurements
are also reported in Table 3-3 and will be the one used in the present analysis to inform the choice of parameters
in the HAT and Fedorov’s model.

The acoustic characterization experiments by Wagner [39] provide wave absorption data for a discrete set of
frequencies since a different transducer receiver pair is needed for testing different frequencies. However, in
order to execute the implementation of TDIBC a continuous reconstruction of the complex impedance in the
frequency domain is required. Wagner’s data is hereby compared against various acoustic absorption models
to assess their predictive capability both in the form of complex impedance versus frequency at one pressure
corresponding to flow conditions of Re,, = 4.06x 10°m~!(Figure 3-10) and in the form of absorption coefficient
[ at various frequencies versus pressure (Figure 3-11).

For the predictions carried out numerically by the iHS methodology, a blind-hole porosity assumption was used.
A surface (and hence also volume) porosity of 0.078 is used, as obtained from the processing of the high-
resolution C/C surface images. A nominal depth of I = 1 mm, common to all pores, has been assumed based
on visual inspection of depth-wise slices of a C/C sample provided by DLR Stuttgart [40].

For the chosen value of flow resistivity, = = 25.7 MPa s m~2, both the HAT and Fedorov’s model underestimate
the absorption coefficient at low base pressures and relative to the iHS predictions. As the pressure increases,
the absorption coefficient prediction based on the iHS starts to deviate from the experimental data, and both low-
order models provide better (but still not satisfying) predictions. An overall under-prediction of the magnitude
of the absorption coefficient is observed by all models.

The discrepancy of iHS results is attributed to the underestimated volume porosity given that only a limited
selection of the largest visible pores in Figure 3-9 (left) were used for the direct impedance estimate. This leads
us to conclude that the smaller pores, which were ignored in the selection surface porosity estimate step (section
§3.3.2), play an important role in the absorption. The latter contribution is, on the other hand, captured by low-
order models for porous acoustic absorbers, especially at higher pressures. In the end, since the experiments
performed in the HEG at DLR go up to a maximum pressure of 0.1 x 105 Pa, the iHS is a better predictive
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Figure 3-11: Comparison of Measured and Predicted Absorption Coefficient 3 for the Classical C/C Versus Base
Pressure.

tool than the theoretical models limited to the range of pressures reproduced by the DNS results in the present
manuscript.

It is also worth noting that although the acoustic impedance estimate by the use of the theoretical models pre-
sented by Fedorov and the HAT explicitly accounts for the influence of the thickness of the absorber, the high
magnitude of flow resistivity (Z) of this material, in the order of 10 [MPa s m 2], results in unchanged absorp-
tion characteristics for H > 1 mm, i.e. the absolute thickness of the absorber for such high values of = becomes
irrelevant for thicknesses larger than 1 mm. This also implies that the absorbed wave is evanescent with respect
to the depth of the absorber (infinitely thick absorber model), and wave-reflection from the impermeable backing
of the absorber is not important. Another observation is that the use of a lower flow resistivity (=) value, such
as the (now obsolete) value measured by Wagner [13] in 2014, would lead to a higher absorption coefficient and
hence an unexpected better agreement with the measured absorption coefficient than the more recently obtained
value.

Figure 3-10 compares complex impedance prediction of various models versus frequency at one given base
pressure pg = 5076 Pa. Because of the difficulty of measuring the propagation and reflection of an ultrasonic
wave at low pressures and because of the need for a separate transducer/receiver pair for each frequency, only a
few experimental data points could be included in these plots. These points are not sufficient to make a statement
on which is the best way of predicting the complex impedance trend versus frequency but they reiterate the
previous observations that the iHS is more accurate in this low pressure regime than the other low-order models,
and that a lower flow resistivity (=) value would lead to a better agreement of the low-order acoustic models
with the experimental data.
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Table 3-3: Properties of the Porous Absorber Investigated

Experiment #1-1 k[-] Z[MPasm 2] Depth, H [m]
Wagner (2014) [13] 0.15 8.0 13.3 5.0 x1073
DLR (2018) 015 8.0 25.7 50 x107?

A word of caution regarding the adoption of the various models analyzed herein is that none of them take
into account impedance changes due to grazing flow effects; the latter, however, are expected to be negligible
due to the small size of the pores. Minimal-unit pore-resolved simulations are currently ongoing to assess this
effect. It is also important to note that the evaluated specific impedance Z,., despite being dimensionless, is
a function of the thermodynamic base state. The impedance estimates presented here were obtained for the
pressure conditions at the surface of the cone model, i.e. the conditions after the conical shock, at the wall as
predicted by the inviscid Taylor-Maccoll solution, and depend on the Reynolds numbers as seen in Table 3-1
(see pe value, which corresponds to the pressure at the wall, and hence within the C/C pores). In conclusion, the
effective impedance of the C/C surface is a function of the thermodynamic state of the gas that fills the C/C pore
space and hence directly relatable to the external flow conditions.

3.5.3 Porous Walls and Second-Mode Attenuation

Once we have modeled the acoustic energy absorption at the wall for the different C/C samples, we are able to
input this information in the DNS as a complex impedance boundary condition. Only the impedance estimates
from the iHS methodology are taken into considerations for the current sets of runs. Simulations with IBCs are
run quiescent first and then, after spurious transient waves due to initialization errors are convected out of the
domain, a broadband pulse is applied via suction and blowing at the wall (Eqn. 18), with results shown in Figure
3-12.

The effects of frequency and Reynolds numbers on the evolution of the Fourier mode of pressure are analyzed.
It is noted that, for all cases considered, the disturbance energy for the impermeable wall case and for the porous
case start at the same level and keep the same amplitude relative to each other before the impedance strip starts
(denoted by the vertical dotted line). Once the pulse is advecting over the impedance boundary, acoustic energy
is being extracted from the signal and its amplitude falls below the impermeable-wall baseline until the end
of the domain. It is observed that the second mode experiences higher attenuation rates due to the C/C in the
regions where the mode is already stable and lower growth rates in the regions of instability for the advection
over the porous walls in comparison with the run over solid walls. The combination of these phenomena lead to
the decrease in the maximum power content for each frequency throughout the domain and depicts the capability
of ultrasonic absorbing coating to dampen the second-mode instability in a hypersonic boundary layer. Another
noticeable behavior is that the location of the maximum pressure amplitude moves upstream due to the porous
walls.

Low-amplitude short-wavelength oscillations are observable at high Reynolds numbers at the later stages of
the second-mode evolution (in Figure 3-12). Such spatial variations in the amplitude of the Fourier modes of
pressure at the wall, ||p||, may indicate the presence of a short-wave-length standing wave or spatial modulation
of that particular temporal frequency, or nonlinear spectral broadening. These oscillations cannot be attributed
to lack of grid resolution (see Figure 3-8) and their origin will be scrutinized in more detail in future work.
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Figure 3-12: Spatial Distribution of the Fourier Transform of Pressure Fluctuations at the Wall for Different
Frequencies in the Broadband-Pulsed Simulations over Porous and Impermeable Walls.
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Figure 3-13 shows the power spectrum at a given streamwise location on the surface of the cone to see how it
is distributed over the frequency domain, for all the Reynolds numbers considered in this study. In this plot we
observe that the effectiveness of the porous walls in absorbing energy starts to become relevant for frequencies
above 200 kHz and that the maximum amplitude of the power spectrum attenuated at the three different probed
locations for all Reynolds numbers occurs beyond this frequency. The effectiveness of the attenuation of the
spectrum induced by the porous surfaces increases with Reynolds numbers. The reason for this interesting
behavior is believed to be because of the shift of the spectrum to higher frequencies and, since all acoustic
models presented predicts that the absorption coefficient of the C/C based materials increase with frequency, the
UAC becomes more effective.

Wagner [13] reported a similar behavior in his transition delay experiments in the HEG tunnel at DLR Géttingen
but for a different range of Re,,. He observed that, as the Reynolds numbers increased from 4.0 - 10°m !to
9.8 - 10° m ! the relative transition delay on the porous surface increased from 0.15 to 0.29. With the same
reasoning, we speculate that the reason why the experiments conducted by Willems et al. [53] weren’t able to
measure any attenuation of the second-mode waves with the same C/C sample from DLR is that the frequency
of the second-mode waves were approximately 100 kHz at the flow conditions chosen for that study. Another
factor that could have influenced the results are the very low pressures (from 0.003 x 10° to 0.008 x 10° Pa) at
which the tests by Willems et al. were carried. These pressure levels lead to low absorption coefficients (shown
in Figure 3-11).

Another evidence of the hypersonic boundary layer transition delay capability of acoustic energy absorption
can be found the furthest downstream probed location of the highest Reynolds number. At this position, the
advection of the broadband pulse over impermeable walls was amplified to the point that started to excite the
first overtone (or harmonic) of the second-mode waves. However, the presence of porous walls dampens such
high frequency modes more effectively than the second mode itself (which cascades energy onto the higher
modes due to nonlinear effects, when present). This means that the disturbance with the same initial amplitude
would need to propagate further downstream to reach the necessary strength to trigger transition into turbulence
effectively delaying transition.

3.6 CONCLUSION

The effect of realistic acoustically absorptive surfaces on the second mode in a hypersonic boundary layer over a
sharp slender cone was numerically studied in the present work. High order simulations informed by the analyti-
cal relations of that describing the supersonic viscous flow of a perfect gas over a sharp cone were performed and
the high order simulations were capable of holding the solution and matching accurately the shape and growth
of the boundary layer profiles as they moved downstream of the cone. In addition, a novel technique (iHS) was
used to solve the acoustic response at the mouth of the cavities present in porous materials and to model their
collective influence through a surface averaging. The complex impedance obtained as a result was used to model
the impact of the ultrasonically absorptive surface in a spatially developing boundary layer simulation without
having to resolve the intricate porous structure. The result of this simulation was then compared with previ-
ously published theoretical models and a better agreement with experimental data for the low pressure domain
is achieved.

Artificial disturbances were introduced in the boundary layer and their evolution with downstream advection
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was observed. With the introduction of a broadband pulse and its advection over a solid surface we were able to
identify the second-mode dynamics over an impermeable wall, used as a baseline, and over materials currently
being developed to be used in hypersonic transition control such as the ‘classical’ C/C. In conclusion, for the
frequencies and flow condition tested the C/C was found capable of attenuating the second-mode and delaying
boundary layer transition into turbulence.

All results shown in the present contribution are for a sharp-tip cone. The presence of a non-negligible tip blunt-
ness increases the boundary layer thickness (for the same free-stream conditions) and hence lowers growth rates
and the frequency of second-mode waves. Although this will lower the effectiveness of the acoustic absorption
properties of the porous walls, resulting in a less effective attenuation of second-mode waves, we would be still
in a suitable region for the tested C/C porous material.
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4.1 INITIAL DEVELOPMENT AND TESTING OF THE FLARED CONE
GEOMETRY

It is important to develop accurate boundary-layer transition prediction methods to aid in the design of hypersonic
vehicles since transition can have significant impacts on surface heating, skin friction, drag, moments, and
other properties. In low-disturbance environments, such as flight, boundary-layer transition generally occurs
through the linear and non-linear growth of instabilities [1]. One such disturbance that can cause transition on
axisymmetric geometries near 0° angle-of-attack for hypersonic vehicles is the second-mode instability. This
instability is similar to an acoustic wave trapped between a surface and the sonic line within the boundary layer;
the range of frequencies amplified depends strongly on the local boundary-layer thickness [2]. As an instability
packet convects in the downstream direction, linear and non-linear growth occurs until the pressure fluctuations
reach a sufficient magnitude to cause breakdown and transition begins. The integrated growth of the instability
can be expressed via the eV method, where the N -factor is the ratio of the instability amplitude at a given
location to the initial disturbance amplitude.

Improved understanding of the physics underlying the second-mode transition process can be obtained by com-
plementary experimental and computational investigations. The nonlinear growth and breakdown of the second-
mode instability can be measured under low-noise conditions in a “quiet” wind tunnel, with freestream noise
levels similar to those in flight [3]. Computational analysis of the flow identifies the modes responsible for
boundary-layer instability and their interactions. Continuing experimental and computational efforts will lead to
the development of mechanism-based methods for better estimation of hypersonic boundary-layer transition [4].
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Mack [5] demonstrated that the second-mode instability is more amplified than the first mode in adiabatic,
flat plate boundary layers for edge Mach numbers greater than about 4. For this reason, second-mode-induced
boundary-layer transition is frequently studied in the Boeing/ AFOSR Mach-6 Quiet Tunnel (BAM6QT), a hyper-
sonic quiet tunnel [6]. The first such investigation in the BAM6QT, with hot-wire anemometry on a 7°-half-angle
cone at 0° angle of attack by Rufer [7, 8], only observed transition under noisy flow conditions. Surface-pressure
measurements of the second-mode instability under both quiet and noisy flow in the BAM6QT were later ob-
tained by Casper et al. [9] using a 0.517-m-long, 7°-half-angle cone with a sharp nosetip. Under noisy flow
conditions, the second-mode waves grew in the laminar boundary layer, saturated, and broke down resulting in a
turbulent boundary layer. When the same model was tested under quiet conditions, the second-mode instability
was only measured at the farthest downstream sensor on the model. Casper’s measurements were made at the
maximum unit Reynolds number (Re,) at which the BAM6QT was capable of maintaining a laminar
boundary layer on the nozzle wall, and thus quiet flow. At the time of the measurements, the BAM6QT
maximum quiet Re,, was 10.3 x 10%m; for this model, the Reynolds number based on model length (Re;)
was 4.3 x 10° Because the BAM6QT could not achieve a higher Reynolds number under quiet flow, the
growth and breakdown of the second-mode instability under quiet conditions could not be observed and
studied. In order to study transition due to the second-mode instability under quiet flow, a different geometry
was needed that wouldperhaps be more unstable to the second-mode instability.

Large wave amplitudes, presumably transitioning to turbulence, could be observed experimentally at smaller
Re; if a constant band of frequencies is amplified for a large spatial extent by maintaining a nearly constant
boundary-layer thickness. Johnson et al. [ 10] demonstrated an optimization process capable of designing geome-
tries with high second-mode N -factors. The N -factor is They combined full Navier-Stokes CFD calculations,
stability analysis, and design optimization to create geometries exploiting this tuning of the second-mode fre-
quency to the boundary-layer thickness. Their stability analyses employed the Stability and Transition Analysis
for hypersonic Boundary Layers (STABL) software suite [11]. Axisymmetric and three-dimensional geometries
were optimized for a given set of freestream conditions to find the most stable (smallest N -factor) and the least
stable (highest N -factor) configurations. Among the axisymmetric geometries, it was found that a flared cone
created an adverse pressure gradient that resulted in a nearly constant boundary-layer thickness, and thus the
highest N-factor by the end of the vehicle.

The work of Johnson et al. suggested a way to obtain natural transition at low Re;, but their designs were
optimized for flow conditions typical for CUBRC LENS I. It was not clear if the same results would be achieved
on scaled-down models at low enthalpy in the BAM6QT. Therefore, Juliano [12] and Wheaton [13] performed
a small computational study using the same STABL suite to attempt to find an axisymmetric geometry with
high second-mode N-factors at BAM6QT flow conditions. The geometries simulated by Juliano were based
on a family of parabolic arcs and those investigated by Wheaton were based on a family of circular arcs. Both
authors used fixed nosetip radii of 1 mm and base diameters of 10 cm. The base diameter was selected because
it is near the maximum size of a slender model that can be started reliably in the BAMO6QT. The relatively
blunt 1 mm nosetip radius was initially selected for ease of grid generation. Computations were performed at
conditions representative of the maximum quiet pressure in the BAMO6QT at the time: the stagnation pressure
and temperature were 965 kPa and 433 K, respectively, and the wall boundary condition was isothermal with a
300 K temperature.

Figure 4-1 compares the boundary-layer thickness of the circular arc and the parabolic arc geometries that
resulted in the largest N-factors in the limited study. For both geometries, the boundary layer thickness is nearly
constant for distances greater than 10 cm from the nosetip. In both cases, the maximum calculated N-factors
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for both geometries were much larger than the =~ 8—11 often observed at transition in low-noise flows [14].
The largest N -factor of any disturbance frequency for BAM6QT flow conditions was 16.4 for the circular arc
geometry with a 3-meter radius of curvature and a 1-mm radius nosetip. This N -factor was initially thought to
be more than sufficient to induce natural transition under quiet flow, and the 3-meter circular arc geometry was
selected for experimental testing. Note that N -factor results published prior Wheaton et al. [ 15] were artificially
high due to a numerical error in the Parabolized Stability Equation (PSE) marching procedure.

0.8
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—=4A—— Circular Arc Geometry
——8—— Parabolic Arc Geometry

BL Edge Normal Distance [mm]

[ NN NS N NS RS N W e |
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Figure 4-1: Boundary-layer Thickness for the Circular Arc and Parabolic Arc Geometries with the Largest Com-
puted N -Factors.

Berridge and Chou [15] performed the first experiments with the flared cone model in the BAM6QT using only
PCB132A31 pressure sensors capable of measuring instabilities up to 1 MHz as the primary instrumentation.
With a blunt 1-mm nose radius, large second-mode waves and their harmonics were measured indicating that
the instability was experiencing non-linear growth. Experimental frequencies were within 5% of the frequency
computed using STABL. At the farthest downstream location, computations indicated an N -factor of 13 but
transition had not yet occurred.

A direct numerical simulation (DNS) was performed by Balakumar [16] to compare with the experimental
results. Good agreement was found between the computations and the flared cone experiments with a 1-mm
nose radius. In addition, Balakumar [17, 18] performed DNS on the straight-flare cone tested in the NASA
Langley Mach 6 Quiet Tunnel. He found that decreasing the nosetip radius resulted in increased receptivity,
larger initial disturbance amplitudes, and larger N -factors. It was decided to fabricate a much sharper nosetip
for the circular-arc model at Purdue University to generate second-mode instabilities with higher amplitudes that
might lead to transition.

A “sharp” nosetip with a radius of 0.16 mm and initial opening half-angle of 1.5° was fabricated and tested
under quiet tunnel conditions by Chou [19, 20]. Temperature-sensitive paint (TSP) results showed an unexpected
heating pattern under quiet flow conditions. At a Re,, of approximately 12 x 10%/m streaks of heating formed
around the circumference of the model at a distance of 37.5 cm from the nosetip. A PCB sensor near these streaks
measured a large second-mode wave as well as harmonics that suggested non-linear growth was occurring.
Moving in the downstream direction, the streaks disappeared and heating returned to near baseline laminar
levels at an axial position of approximately 40 cm. Near the aft end of the model, streaks of heating occurred
again and pressure fluctuation measurements indicated a transitional boundary layer.
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4.2 EXPERIMENTS WITH A SHARP NOSETIP

4.2.1 Results with a Smooth Wall

After the unique hot-cold-hot 