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Hyperschalltechnologien, Kéln

Charakterisierung einer turbulenten Hyperschallgrenzschicht entlang eines glatten und
rauen Kegels
RWTH Aachen University

In dieser Arbeit werden experimentelle Untersuchungen zu turbulenten Hyperschall-
Grenzschichten entlang glatter und rauer Wande vorgestellt, die im Hyperschall-Windkanal H2K
des Deutschen Zentrums fir Luft- und Raumfahrt in Kéln durchgefiihrt wurden. Das generische
Modell fUr die Experimente ist ein scharfer Kegel, der aus drei Segmenten mit austauschbaren
Teilen besteht, um glatte und raue Oberflachen zu bericksichtigen. Ein Segment besteht aus
einer technischen Rauheitstopologie mit quadratischen Elementen mit einer nominalen
Wellenlange von viermal der Hohe der Elemente. Ein weiteres Segment besteht aus einer
sandkornartigen Rauheit unter Verwendung von Carborundum-Kérnern. Die Grenzschicht wird
mit einem Pitot-Druckrechen und Particle Image Velocimetry (PIV) untersucht. Der konvektive
Warmestrom wird Uber Infrarot-Thermografie und lokale Sensoren abgeleitet. Zusatzlich werden
Schlierenbilder und Oberflachendruckdaten verwendet, um allgemeine Informationen Uber das
Stromungsfeld entlang des Kegelmodells zu erhalten. Die Interpretation der experimentellen
Daten wird durch analytische Korrelationen sowie numerischen Simulationen unterstitzt, die mit
einem Grenzschichtcode und dem Stromungsléser TAU durchgefiihrt wurden. Im Falle des
Grenzschichtcodes wurde ein modifiziertes Rauheitsmodell verwendet, um einen Vergleich mit
den Experimenten an rauen Wanden zu ermdglichen.

Turbulence, Boundary Layer, Hypersonic, Roughness, H2K

(Published in English)
Dominik NEEB
German Aerospace Center (DLR), Institute of Aerodynamics and Flow Technology, Supersonic
and Hypersonic Technologies Department, Cologne

Characterization of a Hypersonic Turbulent Boundary Layer along a Sharp Cone with
Smooth and Rough Walls
RWTH Aachen University

This work presents experimental studies on hypersonic turbulent boundary layers along smooth
and rough walls, performed in the Hypersonic Test Section H2K of the German Aerospace Center
in Cologne. The generic model for the experiments is a sharp cone consisting of three segments
with exchangeable parts to consider smooth and rough surfaces. One segment consists of a
technical roughness topology with square bar elements with a nominal wavelength of four times
the height of the elements. Another segment consists of sand grain type roughness utilizing
Carborundum grains. The boundary layer is probed with a Pitot pressure rake and Particle Image
Velocimetry (PIV). The analysis encompasses the mean and turbulent features of the velocity
distribution and large-scale coherent structures of the turbulent boundary layer. Further, the
convective heat flux is deduced via infrared thermography and local sensors. Additionally,
Schlieren images and surface pressure data is used to gain general information about the flow
field along the cone model. The interpretation of the experimental data is supported by analytical
correlations and simulations conducted with a boundary layer code and computation fluid
dynamics code TAU. In case of the boundary layer code, a modified roughness model was used
to compare to rough wall experiments.
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Abstract

This work presents experimental studies on hypersonic turbulent boundary layers along smooth
and rough walls, performed in the Hypersonic Test Section H2K of the German Aerospace Center
in Cologne. The generic model for the experiments is a sharp cone consisting of three segments
with exchangeable parts to consider smooth and rough surfaces. One segment consists of a
technical roughness topology with square bar elements with a nominal wavelength of four times
the height of the elements. Another segment consists of sand grain type roughness utilizing
Carborundum grains. The boundary layer is probed with a Pitot pressure rake and Particle
Image Velocimetry (PIV). The analysis encompasses the mean and turbulent features of the
velocity distribution and large scale coherent structures of the turbulent boundary layer. Further,
the convective heat flux is deduced via infrared thermography and local sensors. Additionally,
Schlieren images and surface pressure data is used to gain general information about the flow field
along the cone model. The interpretation of the experimental data is supported by analytical
correlations and simulations conducted with a boundary layer code and computation fluid
dynamics code TAU. In case of the boundary layer code, a modified roughness model was used
to compare to rough wall experiments.

Ubersicht

In dieser Arbeit werden experimentelle Untersuchungen zu turbulenten Hyperschall-Grenzschichten
entlang glatter und rauer Wande vorgestellt, die im Hyperschall-Windkanal H2K des Deutschen
Zentrums fiir Luft- und Raumfahrt in Koln durchgefithrt wurden. Das generische Modell fir die
Experimente ist ein scharfer Kegel, der aus drei Segmenten mit austauschbaren Teilen besteht,
um glatte und raue Oberflichen zu beriicksichtigen. Ein Segment besteht aus einer technischen
Rauheitstopologie mit quadratischen Elementen mit einer nominalen Wellenlénge von viermal
der Hoéhe der Elemente. Ein weiteres Segment besteht aus einer sandkornartigen Rauheit unter
Verwendung von Carborundum-Koérnern. Die Grenzschicht wird mit einem Pitot-Druckrechen
und Particle Image Velocimetry (PIV) untersucht. Der konvektive Wéarmestrom wird tiber
Infrarot-Thermografie und lokale Sensoren abgeleitet. Zusétzlich werden Schlierenbilder und
Oberflachendruckdaten verwendet, um allgemeine Informationen {iber das Stromungsfeld entlang
des Kegelmodells zu erhalten. Die Interpretation der experimentellen Daten wird durch analytis-
che Korrelationen sowie numerischen Simulationen unterstiitzt, die mit einem Grenzschichtcode
und dem Stromungsloser TAU durchgefithrt wurden. Im Falle des Grenzschichtcodes wurde ein
modifiziertes Rauheitsmodell verwendet, um einen Vergleich mit den Experimenten an rauen
Wiénden zu ermoglichen.
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1 Introduction

Boundary layers are responsible for skin friction drag and convective heat transfer for different
types of vehicles, like ships, aircraft, missiles, re-entry vehicles and propulsion systems. Surface
roughness influences boundary layers by altering laminar-to-turbulent transition locations and
enhancing turbulence, which can further increase skin friction and heat transfer rates significantly
[216]. Since all manufactured components of these systems have some level of inherent surface
roughness, it is important to quantify how roughness can affect boundary layers to leverage
understanding, improve prediction methods and inform design recommendations.

In general, surface roughness may stem from different processes. It can be generated by the
manufacturing process or through typical operation. Additionally, it may result from specific
mechanisms like corrosion or erosion. Roughness can also be a result of specific depositions like
ice accretion on aircraft wings, deposits in gas turbines or combustion chambers and biofouling
on ship hulls.

Since Schlichting introduced the concept of EQSR in the 1930s, most of today’s predictive
roughness models still rely heavily on this concept. Despite over 9 decades of research, still
large uncertainties exist for the prediction of the impact of roughness. In 2021, Chung et al.
[45] estimated the economical impact of these uncertainties on different branches relevant for
trade with approx. US$67 billion per year globally for the shipping industry and approx. 33 % of
global profits in 2018 for the aviation industry.

These cases were made for the incompressible to transonic flow regime, for which the existing
database is much larger compared to supersonic flow. When operating at high Mach numbers,
the boundary layer region is characterized by intense shear stress and heat flux and this causes it
to directly influence performance and safety of the vehicle. The understanding of compressible
TBL at high Mach numbers is limited due to the lack of available data. This is the case for
smooth walls but especially if additional aspects like surface roughness influence the flow. The
impact of roughness can become relevant for example for hypersonic gliders [224], airbreathing
engines [231], [78], nozzle flows e.g. [265], and reentry vehicles [62], [161], [120], [281], [280] .
The predictive limitations pose significant challenges for the design of high-speed vehicles, which
often result in large safety margins and in this way ultimately increase weight of the vehicle and
cost of the mission. Therefore, collecting and analyzing further experimental data is essential to
enhance the physical understanding and enable validation of computational models.

Surface roughness can be categorized into two types, namely isolated and distributed roughness.
In case of isolated roughness there are only single, hence isolated, entities of disturbances along
a surface whereas for distributed roughness, disturbances form a continuous entity covering a
surface. According to Peltier [183], any aircraft typically contains isolated roughness due to
rivets, seams or machining imperfections. Distributed roughness can generally be found on
vehicles flying at high Mach numbers, due to the necessity of Thermal Protection System (TPS),
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Figure 1.1: Spacecraft surface roughness types with a) discrete and b) distributed roughness
according to [109].

protecting the interior from high gas temperatures exposed to in flight. TPS are most often
in the form of either tiles or ablatives. The first configuration uses insulating tiles, which are
commonly composed of metallic, ceramic, or carbon/carbon components. These tiles are typically
arranged most often in a square, diamond, or hexagonal grid along the windward surface of the
vehicle. Therefore, seams between the tiles can represent periodic roughness to the turbulent
boundary layer. If metallic tiles are used, temperature gradients inside the TPS material can lead
to buckling which can even amplify the impact of the TPS. The second TPS configuration uses
ablative materials, which are designed to lower the conducted energy content into the vehicle by
physio-chemical transformations of outer layers of the material. During flight, surface roughness
of ablators can largely be altered. Depending on the type of materials, specific shapes like
periodic roughness pattern can develop (see e.g. [245], [183]), which in turn can lead to sizable
distortions of the boundary layer structure. Furthermore, random “sand-grain” features can result
from the ablation process of a monolithic TPS. Hollis [109] gave an overview of different discrete
and distributed surface roughness types, relevant for different spacecraft surfaces, visualized in
figure 1.1.



The European Space Agency (ESA) was concerned about the impact of roughness induced
heating augmentations on their Schiaparelli entry capsule during its flight through the Martian
atmosphere within the ExoMars (Exo-biology on Mars) 2016 mission. In the early phase of
the project, potential heat flux augmentations of approx. 1.7 to 3 times the turbulent smooth
wall values were speculated [21], [161]. Efforts were made to leverage prediction capabilities
via EQSR modeling in Computational Fluid Dynamics (CFD) based on comparisons to heritage
and dedicated new experiments. Rebuildings showed partly substantial discrepancies with large
over-predictions of heating augmentations but were deemed acceptable for the project due to a
conservative approach. One uncertainty at that time was a large scatter in the EQSR value for
the tested models, which were taken initially from literature data and later, during the course of
the project, from dedicated incompressible tests. This scatter in EQSR resulted in a scatter of
predicted heating augmentations between approx. 50 % to 100 %. On system level, roughness
induced heating augmentations represented the biggest contributor to the maximum heat flux
margins for the design of the Schiaparelli TPS with approx. 80 — 90 % along the front shield
and shoulders [120]. The integral heat loads were the second largest contributor to the overall
margins with approx. 20 — 30 %, which had a substantial impact on mass margins and therefore
loss of scientific payload.

Also during the course of the MSL (Mars Science Laboratory) project by National Aeronautics and
Space Administration (NASA), early predictions showed roughness shear stress augmentations
up to approx. 40 % and heating augmentations up to approx. 25 % for their entry capsule. This
also made the roughness augmentation the largest contributor to the heat flux margins along
the leeside shoulder region [62] and was reported to approx. 20 — 30 % of margins overall [30].
Post-flight analysis within the NASA MSL project showed that although signs for significant
augmentations due to distributed surface roughness were not observed, local discrepancies were
attributed to either shock-layer radiation or roughness augmentation effects as most prominent
sources. At this specific location just downstream of the heat shield nose, approx. 50 % heating
augmentations were observed. This behavior could be rebuild by EQSR values within a plausible
range for protruding gap filler material in the vicinity of the sensor plugs and between PICA
tiles [63].

The above examples show the discrepancies between predictions (modeling) and observations
(measurements) for different cases. As mentioned before, the majority of predicting models use
the concept of EQSR, which is based on specific assumptions about the general structure of
the boundary layer and is prone to several different challenges. Therefore, further experimental
data is important for the physical understanding and validation of state-of-the-art computations.
However, accurate measurements of the compressible turbulent boundary layer in ground-based
facilities are very challenging on its own rights due to a multitude of reasons, e.g. limited model
dimensions, thin boundary layers, limited useable test times and inflow effects, like turbulence
intensity. The choice of measurement technique is also a crucial parameter for the analysis with
high impact on spatial and temporal resolution.

This resulted in the following objective and scope of this thesis.

Due to the sparse database on compressible TBL in general but in particular on roughness induced
turbulent boundary layer augmentations, a suitable experimental setup was planned with the
overarching goal in mind to improve physical understanding of the boundary layer behavior and
its imprints.
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Based on the experiences made during the ExoMars project, one particular goal was to enable
measurements of EQSR and heating augmentation in one experimental setup. Therefore, an
experimental setup was designed to enable simultaneous velocity and heat flux measurements.
For both quantities, two complementary measurement techniques were chosen to be able to make
cross-comparisons additionally to comparisons to predictions and literature data. Velocities were
deduced via PIV and Pitot pressure data and heat flux via infrared thermography and local
sensors. Due to the observed large scatter in EQSR values from literature, an additional question
was posed regarding the accuracy with which this quantity can be extracted from compressible
TBL experiments. With this information one could try to narrow down the question if the heating
augmentation rebuilding problems were driven by uncertainties in EQSR or the modeling method.
If the first would be the case, it could give additional hints toward the question if EQSR might
be influenced by compressibility effects. For the second uncertainty source, an additional goal
was to make efforts to inspect the evolving compressible TBL and to determine whether so-called
outer layer similarity still holds, since most roughness models rely on it. To enable this and to
gain insights into the large scale structure of the TBL, PIV data was analyzed. In general, all of
the above information can contribute to the validation of state-of-the-art computations.

As a visual wrap up of this section, figure 1.2 shows a simple sketch of the “inner workings” in a
TBL in form of a representative pseudo mechanical machine according to Peltier [183]. In the
majority of previous investigations, one of the input levers on the far left were switched (e.g.
experiments were performed along a smooth wall and then on a rough wall) and corresponding
outputs, like Reynolds stress were measured, e.g. via Hot-Wire Anemomentry (HWA). Due to
limitations of measurement techniques, the part concerning the physical mechanisms were kept
mostly hidden. Measurement technique developments in recent years, like PIV, enabled analysis
of e.g. coherent structures of the TBL and therefore the inner machinery of underlying mechanics
for the outputs like Reynolds and wall shear stress. This thesis aims to contribute to this inner
view for the compressible TBL along a specific roughness topology of interest.
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Figure 1.2: Sketch of “inner workings” in a TBL in form of a representative pseudo mechanical
machine according to [183].
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This chapter will give an overview over past investigations on the topic of compressible TBL along
rough walls. The study of the dynamics of TBL has been subject of a large number of studies
over the past century and therefore this summary is not intended to be an exhaustive overview.
Instead, the following sections will briefly review aspects deemed relevant for the current thesis.
The reader is referred to the classical literature for further insights (e.g. [255], [214], [277], [190],
[202], [118]).

The flow of a fluid along a solid surface creates a thin layer along the surface, where effects of
viscosity are important. This boundary layer is formed due to the adhesion of molecules directly
at the wall of the solid surfaces. If continuum mechanics apply, within this thin boundary layer
the velocity increases from zero at the wall to the value of the outer flow, creating a region of
strong gradients. This first definition was given by Ludwig Prandtl in 1904 [194]. The following
discussion is focused on boundary layers, evolving freely along a solid wall (e.g. flat plate or
cone). Occasionally, examples from pipe or channel flows are used due to similarities in specific
aspects, although it should be mentioned that there is ongoing debate about the fundamental
similarities and differences between pipe, channel and boundary layer flows which are out of the
scope of this thesis (see e.g. [163], [89]).

When inertial forces cause flow instabilities to grow larger than viscous forces which tend to
dampen them, instabilities can grow until the flow becomes unstable and evolves to a fully
turbulent flow. The ratio between inertial and viscous forces can be given in form of the Reynolds
number, defined by

B pUzx
1

where p is the fluid density, U the mean velocity, x is some reference scale like the running
length L and p the dynamic viscosity of the fluid. It can also be interpreted as convective to
diffusive momentum transport. For small Reynolds numbers, the boundary layer is typically
laminar. Above a certain Reynolds number, the boundary layer transitions to a turbulent state.
In addition to the Reynolds number, this transition is influenced by many parameters like inflow
disturbances, inflow turbulence intensity, Mach number, surface quality, etc. (see e.g. [214], [277],
[8], [216]). Neither laminar boundary layers nor the transition process are focus of this thesis,
therefore this chapter just outlines aspects of fully TBL.

Re, (2.1)

The result of turbulence in general is an increase in energy dissipation and mixing which in
boundary layers lead to an increase of skin friction (and therefore drag) and heat transfer. The
turbulent state is characterized by “apparently random and chaotic three-dimensional vorticity”
[89]. It consists of large scale motions that contain the bulk of the turbulent kinetic energy.
These large coherent structures then diffuse and transport energy into smaller-scale structures.
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This process is often labeled as energy cascade. This process continues until the kinetic energy is
converted into thermal energy by the action of viscous forces at the smallest scales of turbulence.
Therefore, a large range of velocity and length scales are relevant for turbulent flows, which make
it challenging to resolve these flows properly by e.g. experimental measurement techniques or
computational grids for CFD codes (see also [190], [89]).

For compressible flows, the Mach number and temperature ratios between the wall and the
edge of the boundary layer become additional relevant scaling parameters. Due to the no-slip
condition, a subsonic region persists near the wall. With increasing Mach number the sonic line is
getting closer and closer to the wall. Furthermore, due to influences of the wall temperature but
especially due to high levels of viscous dissipation near the wall, a significant temperature gradient
develops across the boundary layer at supersonic speeds. The static-temperature variation can be
very large even in an adiabatic flow, resulting in a low-density, high-viscosity region near the wall.
This leads to a thicker boundary layer and a region in which viscous effects are somewhat more
important than at an equivalent Reynolds number in subsonic flow. This also complicates e.g. the
definition of driving parameters for the flow, like the Reynolds number. Besides equation (2.1),
for incompressible boundary layer flow, a driving Reynolds number is based on the momentum
loss thickness 6 as characteristic boundary layer length scale, together with quantities of the free-
stream or boundary layer edge conditions like density p., velocity U, and viscosity p. resulting in
Reg = p.U.0/ 1. Due to the changing density in the compressible boundary layer, this definition
might not be sufficient to capture e.g. wall effects. The influence of density is already visible in
the compressible momentum loss thickness, defined by 6 = [;*(pU)/(peUe)[1 — (pU)/(peUe)]dy.
This led to the definition of additional Reynolds numbers, like Reso = peU.0/ 1y, where the
viscosity is defined at the wall, instead of the boundary layer edge. This Reynolds number can
also be interpreted as the maximum value for the ratio of momentum flux and shear stress (see
[73]). Since the wall shear stress is known to dominate the inner regions of the turbulent boundary
layer, combined with the fact that it grows in importance with increasing Mach number, this
latter definition of Reynolds number is preferred by several authors, e.g. [73], [58], [57].

Walls with roughness can influence the surrounding turbulent flow in several different aspects.
It can increase skin friction drag and convective heat transfer above turbulent levels along a
surface. Additionally, it modifies the velocity profile and turbulent intensities when compared
to the smooth wall case. These effects are the main properties to be detected with appropriate
measurement techniques within this thesis. To characterize roughness, relevant parameters need
to be defined. Given the large number of parameters thought relevant for a rough-wall TBL
(roughness height, roughness Reynolds number, solidity and other geometrical properties, flow
compressibility, etc.), a generic model which would describe relevant boundary layer motions over
arbitrary rough surfaces is difficult to define. Instead, in the following key findings of past studies
are collected, with the goal to emphasize general trends relevant for this thesis. Where possible,
the discussion will include effects of surface roughness within compressible TBL. But, since most
of the past studies were performed on incompressible TBL, selected studies will be discussed
as well. Also, since the smooth wall TBL is the reference, the discussion will include some
aspects of incompressible and compressible TBL along undisturbed walls. In hypersonic flow high
enthalpy effects can become relevant [8]. In this work, experiments have been performed in a blow
down hypersonic facility with a moderate total temperature and therefore focus on the strong
compressibility effects without the additional complexity of high temperature phenomena.
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The discussion of previous investigations is divided into four different aspects of the TBL along
rough walls. First, the mean velocity field along rough walls with corresponding scalings will
be discussed. After that, impacts on turbulent stresses will be summarized. Then, studies on
the underlying coherent structures of a TBL will be discussed. Afterwards, skin friction and
heat flux augmentations as characteristic effects of rough walls will be addressed. Finally, an
additional subsection gives an overview about general roughness topologies and some relevant
length scales.

If not stated otherwise, the axial, wall-parallel (streamwise) and wall-normal directions are
denoted in the following by x, x, and y, respectively. Velocities denoted by U correspond to the
x- and V to the y-direction. Furthermore, mean velocities are denoted by a capital letter (U,
V'), while instantaneous velocities are the corresponding lowercase letters (u, v). The fluctuating
velocities are denoted by an additional bar (u/, v'). An overbar indicates ensemble averaging
(e.g., u'u').

2.1 Mean Velocity Scalings

First, a general theoretical framework is given, based on collected work of different authors.
Afterwards, selected past investigations and their results are summarized, deemed relevant for
this thesis.

In the simplest conceptual view, a TBL along a rough surface consists of an inner and an outer
layer, comparable to flow along smooth walls (see also figure 2.1 and 2.2). One important
assumption typically made is, that the rough wall TBL has essentially the same turbulence
structure in the outer layer than a smooth one (see e.g. [202]). In contrast, the inner layer can be
directly influenced by the roughness topology. This outer layer independence, sometimes called
“outer-layer similarity” or “wall similarity”, was already formulated by Townsend [255] and is the
basic assumption on which most roughness modeling rely. As a result, the inner scaled mean
velocities and turbulent quantities in the outer layer collapse, independent of the wall topology.
Chung et al. [45] stated some prerequisites for the outer similarity to hold.

Firstly, the outer layer of a rough wall TBL is limited at the upper bound by the boundary layer
thickness § but at the same time should be much larger than the viscous length scale or any
other relevant roughness length scale, so that § > y > §,,k, with the roughness height k as
representative roughness scale and the viscous length scale defined by

Vy Haw

5y =22 = (2.2)
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with the kinematic viscosity at the wall v, = 1y, /py. Wall values are used, which is the typical
formulation in compressible flow to consider varying mean density. Additionally, the friction

velocity u., is defined as follows:
Tw
UT = —_— 23
e 23)
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The friction velocity is not a physical velocity but a convenient combination of the relevant
driving quantities of wall shear stress 7, = (10U /0y),, and density p,,, again formulated at the
wall to include compressible flow.

Secondly, Chung et al. [45] stated a need for sufficient viscous scale separation which can be
formulated by sufficiently large Reynolds numbers 67 > 1, where

5 = Rep = O = 0 (2.4)

61} Vy

This Reynolds number §1 (also termed friction Reynolds number or Kdrmén number) represents
the separation of length scales of the inner and outer layer for smooth wall flow (see also
explanations below).

Thirdly, [45] stated a need for sufficient roughness scale separation with 6/k > 1, where the
latter is the inverse of the sometimes called roughness blockage with & /0.

Before giving more details to the inner and outer layer, it should be noted, that this two-layer
view, together with the possible interplay between both layers, is still a matter of ongoing debate
(see e.g. [202], [77], [45]).

Inner layer:

Similar to smooth wall TBL, the relevant velocity and length scales in the roughness inner layer
include the friction velocity u, and the viscous length scale §,. But additionally, all roughness
length scales to fully characterize the corresponding topology may become relevant, represented
here by S. This set of length scales S strongly depends on the type and topology of roughness of
interest (more information will be given in section 2.5). Along a smooth wall, the inner layer of a
TBL is thought to consist of a viscous sublayer, where viscous stress dominates, followed by a
buffer layer, where turbulent stresses have their maximum but viscous effects still play a role
and finally a logarithmic layer, where turbulent stress is dominant and viscosity is negligible (see
also figure 2.1 and 2.2). There are discussions for additional layers, like a “mesolayer” (see e.g.
[239]).

Along a rough wall TBL, a roughness sublayer exists, which is the counterpart to the viscous
sublayer in a smooth wall TBL. Its extent y, is believed to reach wall distances of 2k to 5k, if k
is the only or dominant length scale [202] (examples for specific scale ratios will be given below).
Some authors state this extent in terms of the EQSR ks (will be defined in the following), e.g.
3ks according to Flack et al. [76]. Although this definition has the benefit of representing an
hydraulic scale (e.g. it includes roughness mechanisms like induced drag), ks cannot be thought
of as a direct geometrical value [45]. The exact extent of the roughness sublayer is still a matter
of debate (see e.g. [202],[45]). Roughness is believed to disturb the near-wall cycle in the buffer
layer, which is responsible for generating most of the turbulent energy at moderate Reynolds
numbers (see [118]). If the scale separation is sufficient, a logarithmic layer, comparable to a
smooth wall TBL exists also above the roughness sublayer (see e.g. [202]).

Another peculiarity is that care must be taken by defining the origin of the distance y above
a rough wall. Since the roughness displaces the entire flow upwards, a correction needs to be
included (see e.g. [202]). This correction is termed in various ways depending on the author,

10
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Figure 2.1: a) Schematic of the different layers, its assumed boundaries and applicable mean
velocity laws of a smooth wall TBL (LotW: Law-of-the-Wall; rough LotW with wake function
corresponds to equation (2.7) with AUT = 0) and b) mean velocity profile according to Zhang et
al. [296] (VS: Viscous Sublayer, BL: Buffer Layer, LL: Logarithmic Layer, WR: Wake Region).
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Figure 2.2: Schematic of the different layers, its assumed boundaries and applicable mean
velocity laws of a rough wall TBL (LotW: Law-of-the-Wall; rough LotW with wake function
corresponds to equation (2.7)).
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e.g. “shift of origin”, “zero-plane displacement”, “datum offset”, etc. One of the first to use a
so-called “shift of origin” was [164] for a TBL along Transverse Square Bar (TSB) roughness.

In general, the shift of origin € depends on the roughness topology and is a parameter determined
by the flow (see [240]). The physical origin and modeling of this displacement is still a matter of
on-going discussion (e.g. [202], [45]). Different approaches to extract e are discussed in chapter

3.12.
Outer layer:

In the outer rough turbulent boundary layer u, and § are believed to be the only relevant velocity
and length scales, identical with the smooth TBL. Also here, it should be noted that there is
on-going debate whether the proper velocity scale in the outer layer is u, or U, (see e.g. [190],
[89]).

In between the inner and outer layer, with sufficient scale separation 6 > 1 a logarithmic
layer can exist where the mean velocity profile is only dependent on the distance to the rough
wall (including the shift of origin) based on the same argumentation as for TBL along smooth
surfaces (e.g. asymptotic matching of the velocity gradient, see [190], [277] or mixing length
argumentation, see [260] or “attached eddy hypothesis” after Townsend [255]). As additional
condition for rough walls, this region should be located above the roughness sublayer (y > k)

12
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(see also figure 2.1 and 2.2). Within this overlap layer up to the edge of the boundary layer, the
mean velocity profile follows the following function (e.g. after [118]):

1 Yy 11 y)
= Zlog (L) + B, (k.57 +—w (£ 2.
U Kog(k>+ (k.57) + (5 (2.5)

where £ is the von-Karman constant, B, a constant offset and W is a function proposed by Coles
[50] to include the wake influences in the outer region of a boundary layer, together with a wake
parameter II. The constant B, is dependent on relevant roughness scales where k™ represents
the roughness Reynolds number according to

urk _ Puwtrk
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(2.6)

where the choice for the wall values of density and viscosity accounts for compressible flow. ST
in eq. 2.5 represents the additional equivalently inner scaled roughness length scales which are
potentially relevant.

Equation 2.5 can be re-formulated to (corresponding to “rough LotW with wake function” in
figure 2.2)

1 II
U+:;log (y+)+B+;W (g) - AU* (2.7)

which reduces to the smooth wall law-of-the-wall (sometimes labeled log-law) with Coles wake
extension if the last term AU™ is set to zero (corresponding to “LotW with wake function” in
figure 2.1).

AU™ is the so called roughness function, introduced by Clauser [46] and Hama [96], which
represents the momentum deficit due to the surface roughness and therefore is responsible for a
reduction of mean velocities at comparable y* positions. It can be formulated to

1
AUT = ~log (k") + B — B, (k7,5T) (2.8)

Figure 2.1 shows exemplary the inner scaled mean velocity profiles along smooth (filled circles) and
rough wall (triangles: rods, squares: mesh roughness) according to [134] where the aforementioned
reduction of mean velocity leads to a characteristic parallel shift in the log-layer.

There is a potential third option to re-formulate eq. (2.5), usually used in geophysics or
atmospheric flow studies [118]:

1 II
Ut = =log (y) + =W <y> (2.9)
K Yo K )

where 1o is also called roughness function. It can be shown that the alternative forms to quantify
the roughness strength with AU and yg are connected (see e.g. [39]) via:

13
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1
AUT = ~log (yg)+ B (2.10)

Coles [50] proposed for the wake function W an equation of the following form, based on an
extensive survey of experimental data with:

W <?§> ~ 2sin? (gg) (2.11)

where W is normalized to zero at the wall and to W = 2.0 at y = §. This term can be used in all
of the above formulations (eq. (2.5), (2.7), (2.9)). The law-of-the-wall with Coles’ extension, also
labeled law-of-the-wake (eq. (2.7)), is an effective composite function to cover both the overlap
and the outer layers of a TBL.

An equation for an outer layer formulation of a TBL, sometimes denoted velocity-defect-law,
depending on the outer scale y/d can be given by (here after [68])

(Uegr = Uepre) 1 (y> QH[ - (ﬂyﬂ
0 = log 5 - 1 — sin (2.12)

in which the wake function according to equation (2.11) was used.

The point to highlight here is that for the above framework, it is assumed that the slope, given
by the reciprocal value of the Karméan constant (1/k), is the same as for smooth wall flows,
independent of the used version of rough wall equation. This corresponds to the statement
above, that the general structure of the TBL above the directly influenced roughness sublayer
should be the same (outer layer similarity). There is evidence for and against this assumption
and it is still a matter of discussion. Several investigations confirm a logarithmic layer with a
slope 1/k, like DNS computations along rough walls (e.g. in turbulent channel flow [251] or TBL
[143]) as well as experimental data (e.g. [240]). In contrast, other DNS data (e.g. [149], [295])
and experimental data (e.g. [125], [110]) contradict a constant smooth wall slope of 1/k. The
identification of the slope is strongly coupled with the determination of the shift of origin e, since
it has a direct influence on the slope. Since the determination of the shift of origin is also quite
challenging (see section 7.2.2) it adds another layer of complexity. Most DNS studies (e.g. [143],
[149], [295]) exploit the method of Jackson to derive € but this method is also not free of criticism
[45]. See also further discussions in section 7.2.2. For the remainder of this thesis, a universal
mean velocity slope 1/k is accepted.

AUT (as well as eq. 2.5) depends on the offset B, (k*,S*) which in turn depends on the relevant
inner scaled roughness length scales k™ and S*. In the simplest case, it only depends on k™.
Even in this case, the previously mentioned sufficient roughness scale separation §/k > 1 is
believed to be also a relevant roughness parameter (see e.g. [45],[118]). It can also be given by
its reciprocal formulation with k/d < 1 and represents a blockage due to the roughness elements
(see e.g. [32]). Jiménez [118] stated a necessary value of k/6 < 1/40 = 0.025 to ensure that
roughness effects are constraint to the inner parts of the boundary layer. This limit was based
on the assumptions that the roughness sublayer extends up to y, = 3k, the log layer extends
up to 0.150 and that the roughness sublayer ends at half the extent of the log-layer, so that

14
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Figure 2.3: Inner scaled mean velocity profiles along smooth (filled circles) and rough wall
(triangles: rods, squares: mesh roughness) according to [134].

3k < 0.5-0.150 « k/6 < 1/40. Jiménez argued that if this limit is not kept, the flow is more
in the so-called obstacle regime (or cavity flow in case of square bars) with the result of loss
of flow universality [118], [45] (e.g. outer layer similarity). In this obstacle regime, the log-law
parameters k, B, B, are believed to deviate from their “universal” values [45].

Despite the above limit by Jiménez [118], several different studies have shown that outer similarity
holds for larger roughness and moderate Reynolds numbers [45]. Distinctions have been made
if this applies to only mean flow data or also turbulence data [76],[77]. Furthermore, there is
evidence for an influence of roughness shapes [77]. A few examples are given in the following for
which different roughness topologies together with its characteristic length scales will be briefly
mentioned. An overview of topological parameters will be given in section 2.5).

E.g. Castro [38] observed mean velocity collapse and flow universality of all data from different
roughness types (mesh, staggered cube arrays, block, gravel chip roughness) in a TBL up to
k/o < 0.2 at Reg = 1165 — 47787. Attempts to correlate an impact on Coles wake strength
parameter Il was inhibited by measurement uncertainties and therefore scatter. Flack and
Schultz [77] showed mean velocity and turbulence data collapse up to k/6 < 0.1 (§/k > 10)
along 3D irregular roughness (sandpaper, packed spheres with grit, honed, and grit blasted
surfaces) at Rep < 13000. 2D transverse bar roughness with a normalized roughness wavelength
Ak = 8 (this type of roughness will be examined more in the next paragraphs) showed also
mean flow collapse but only up to k/0 = 0.03 at Rep < 5000 for which the turbulence data was
even more sensitive. Therefore, [77] postulated larger scale separations to be necessary for 2D
roughness. Lee and Sung [145] also showed mean velocity collapse in the outer layer for DNS data
of TBL over transverse square bar roughness with A/k = 8 within a range k/6 = 0.045 — 0.125
(0/k =8 — 22) at Rey = 300 — 1400. Williams et al. [288] confirmed outer layer similarity for
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mean and turbulence data (streamwise component) along transverse square bar roughness up to
k/6 = 0.165 in a hypersonic TBL flow at edge Mach number Ma, ~ 7.2 and Re, = 180 — 679.

The general challenge for experimental setups is to fulfill both of the above criteria with &7 > 1
and k/§ < 1. Bowersox [32] estimated for a fully rough limit of £ = 70 (with the assumption that
for most roughness topologies ks/k ~ O(1)) together with Jiménez blockage limit of k/§ = 1/40
that the necessary Reynolds numbers for a fully rough TBL is in the order §* = & /(k/d) = 3000,
which is especially challenging for ground-based high-speed flow investigations (see also table 2.1
for an overview of achieved values for past compressible experiments).

In the following selected past investigations will be highlighted, deemed relevant for this thesis. A
summary of selected values will be given in the form of a table (table 2.1) and graph (figure 2.8)
at the end of the section.

One of the earliest work on roughness influence was performed by Nikuradse [173] on rough pipe
flow. He used densely packed sand grains glued along the pipe surface. He was able to scale the
effects of roughness based on a roughness Reynolds number k7, defined by the sand grain diameter
as single roughness scale S = k = k. Nikuradse was able to collapse all his mean velocity profile
data from pressure measurements via eq. (2.5) and he found three characteristic regimes of
roughness impact. For k" < 3.55, termed hydraulically smooth regime, no roughness influence
was detectable since roughness elements are of the same order than the viscous sublayer and any
potential additional turbulence is damped by the dominant viscous effects. For kF > 67.6, termed
fully rough regime, he found a constant roughness offset B,.s (k] — o0) = 8.48, independent of k"
since roughness elements reach into regions of the boundary layer, where no viscous effects play a
role anymore and the additional momentum loss is mainly driven by pressure drag . In-between
these two regimes, the roughness offset B, (k*,57) is a function of roughness length scales and
viscosity, termed transitionally rough regime. In this regime, the additional momentum loss due
to roughness is driven by both viscous and pressure drag (see [45]).

The three regimes with its boundaries are nowadays most often given with (e.g. [19], [32]):

o For k} < 5: hydraulically smooth regime
o For 5 < kF < 60 — 70: transitionally rough regime

o For k} > 60 — 70: fully rough regime

Based on the extensive dataset of Nikuradse, Schlichting [212] performed measurements along a
variety of technical rough walls within a turbulent channel flow and linked his data to results
of Nikuradse via an EQSR k. It is an hydraulic scale which represents a hypothetical surface
consisting of densely packed sand grain with kg, which when tested under the same flow condition
in the fully rough regime would cause the same drag as the surface roughness of interest. Most
often, the EQSR is given normalized based on some relevant physical scale, like the roughness
height, with ks/k. Schlichting invented with the EQSR a single scaling parameter which aims
to represent the potential different other scales of technical roughness, and it is still the most
widespread used scaling approach, especially in CFD. The procedure will be further detailed in
section 3.12.

Multiple different works on technical roughness topologies followed, of which to mention are
by Moore [164] (A\/k ~ 3.9, ks/k = 2.7), Perry and Joubert [185] (\/k ~ 4, ks/k = 2.5),
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Betterman [25] (A\/k ~ 2.6 — 4.2, ks/k(A\/k = 4.2) = 2.7), Liu et al. [152] (\/k ~ 2 — 96,
ks/k(Nk = 4) = 2.6), Perry et al. [187] (A\/k =~ 3.6, ks/k ~ 6) and Krogstad and Antonia
[134] (A\/k = 4, ks/k = 6) who investigated incompressible flow along transverse square bar
roughness. This kind of technical roughness exhibits a topology with consecutive bars with
square cross-sections in the streamwise direction (width equals height) spanning the full model
dimension in the direction transverse to the main flow. This shape was widely investigated since it
is well defined, typically easy to manufacture and can show high roughness impact. Additionally,
the previously mentioned potential roughness scales .S are believed to be reduced to only the
wave-length between consecutive bars A\, which are given in brackets above stated normalized by
the bar height k. Additionally stated in brackets are the corresponding EQSR values for \/k ~ 4,
which is of interest to the current thesis. Despite the fact that all mentioned investigations were
performed in incompressible flow and on similar roughness topologies, it should be emphasized
how much the corresponding EQSR differ (also visualized in figure 2.8).

Perry and Joubert [185] were one of the first who introduced the categories of “d-type” and
“k-type” roughness. Geometries which show a “skimming” of the flow along the roughness
topology, characterized by quasi-stable vortices within the cavities and only small disturbances
of the layered structure, were categorized as “d-type” (see figure 2.4). His observation was, that
in several boundary layer flows along plates with narrow transverse square bar roughness the
roughness function was not proportional to the roughness height k& but instead to the boundary-
layer thickness d, here labeled by “d” (although Perry et al. [187] actually used the Cole’s integral
parameter A, = §*U, /u, instead of §). In contrast, for large spacings each element produces a
wake that interacts with the following element, which was labeled “k-type” roughness, where
the height of the elements k is the relevant length scale. An extreme case of this type is that
of an isolated roughness element. Perry found a proportionality of ks from the shift of origin €
based on TBL flow along both d- and k-type data. For k-type roughness € is proportional to k
whereas it is not in case of d-type roughness. Some concerns were mentioned by Jiménez since
the measurements were performed in an adverse pressure gradient flow and some data points
exhibit shift of origins € larger than twice the extent of either the groove width or depth. In
case of the d-type roughness Jiménez [118] later reported an approximation for the effective
roughness according to ks =~ 0.024, but formulated concern since this approximation was based
on limited data. Jiménez [118] also discussed potential arguments for why EQSR values should
scale with boundary layer thickness § instead of k. If one assumes that there are stable vortices
in the cavities, the flow in the outer layer experiences a boundary condition that alternates
between no slip at the crests and partial slip over the cavities. In contrast to ¢, this would
suggest the roughness crest width or pitch to be the relevant length scales, which in turn would
be proportional to k in case of TSB roughness. In contrast, to bring in § as relevant scale, it has
been proposed by other investigators that groups of cavities occasionally eject vorticity into the
outer layer and that these events are triggered by large-scale sweeps originating in the outer flow
[255]. The argument for or against a direct coupling between outer flow structures with near-wall
events is discussed already for smooth wall flow [118].

Different authors state different parameter ranges to define the transition between d- and k-type
roughness. For TSB roughness, e.g. Jiménez [118] formulated a transition based on the bar
interval i and defined topologies with i/k > 3 — 4 as k-type, much like Bandyopadhyay [19]
with i/k > 3. Antonia and Luxton [10] formulated it based on the wavelength A\ and defined
topologies with A\/k > 3 — 4 as k-type, much like Berg [24] with A/k > 4. Although firstly only
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(@)

Figure 2.4: Sketches of a) “d-type” and b) “k-type” roughness flow originally proposed by [185].
Figure according to [118].

defined for two-dimensional roughness, debates exist about whether a comparable significant
change in flow structure occurs along three-dimensional roughness as well [104].

With results from the variety of technical roughnesses, data showed that the boundaries for the
three different roughness regimes stated above are only strictly valid for densely packed sand
grain roughness. The boundaries can differ for other roughness topologies, e.g. real surface
(distributed) roughness or technical roughness, when scaled by relevant physical roughness scales
k. To visualize this together with the concept of EQSR, figure 2.5 shows the roughness function
AU against k™ for transverse bars, wire-mesh and sand grain roughness according to [19]. The
fully rough flow regime is thought to be universal and is visible with the asymptotic behavior
to a slope of 1/k for k™ > 1, independent of topology (see eq. (2.8)). The visible parallel shift
for the different topologies in the fully rough flow regime visualizes the effect of differing EQSR.
Here, e.g. transverse bars exhibit for the same k™ a larger momentum loss AU compared to
sand grain roughness, which is equivalent to an EQSR k;/k greater than one. Another way to see
this shift is a difference in B, (k7,5T — oo) previously mentioned in eq. (2.5) and (2.8), where
the term B — B, (k*,ST — 00) acts like an offset in eq. 2.8, since it is the value of the fully
rough asymptote at k™ = 1. Additionally, it is visible that the lower limit for fully rough flow,
represented by the k™ where data converges to the asymptotic behavior, changes depending on
the topology. For sand grain roughness, the aforementioned limit of £ = k" & 60 — 70 is visible
in the plot, whereas for transverse bars this limit is much lower with k™ ~ 8 for the topology
with A\/k = 3.8 according to [19]. Therefore, different roughness topologies can result in different
limits for the fully rough regime (see also review by Kadivar et al. [121]). Besides the shift in the
fully rough regime, also the behavior in the transitionally rough regime is visibly different for
the various types of roughness, since here the momentum loss dependents on skin friction and
pressure drag and this can be different for every roughness topology.

As it is the case for smooth wall TBL studys, also rough walls in high-speed flows have received
considerably less attention. E.g. Bowersox [32] gave an excellent review and discussion about
technical challenges which are encountered when studying highly compressible flow fields. As
in case of compressible smooth wall flows, also the study of rough wall flows rely on so-called
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Figure 2.5: Roughness function AU' = AU/u, against kT = ku, /v for transverse bars, wire-
mesh and sand grain roughness according to [19].

Morkovin’s hypothesis [165]. Morkovin was one of the first to observe along smooth wall zero
pressure gradient flat plate flow, that differences in the turbulent statistical properties between
supersonic and subsonic cases can be correlated with the thermodynamic property variations
across the TBL (e.g. density, viscosity).

Goddard was one of the first authors to show that the incompressible laws for rough wall
flows (e.g. (2.5), (2.7)) can be used if compressible data is properly transformed to an effective
incompressible mean velocity profile (see [90]). He was able to scale his compressible profiles
from Pitot pressure measurements in a range of Ma = 0.7 — 4.5 along an adiabatic wall to an
effective velocity Ugsy via the van Driest scaling. This scaling originates from integration of a
compressible Prandtl-Mixing-length formulation (see e.g. [259] and [260]) and incorporates the
mean wall-normal density profile p(y) according to

U
Ueps = /U1 \/pp(z)dU (2.13)

Here, the suffix 1 indicates the location of the lower end of the validity range of the log law (see also
eq. (3.48) in section chapter 3). Goddard found that for a fully rough flow the constant remained
B, (00) & 8.5 just like the incompressible result by Nikuradse [173]. He concluded that within
the limits of his setup, no wave drag or other compressibility effect played a role. Additionally,
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Goddard could show that the velocity defect law was still applicable if the transformed effective
velocity Ueypy was used.

Fenter [71] extended the experimental analysis of Goddard partly to non-zero pressure gradient
flow and to non-adiabatic walls along sand grain and technical roughness, including heat flux
measurements. He measured within a range of Ma = 1.6 — 3.7 along a flat plate and a
cone-cylinder model and used hemispheres, dimples and v-grooves as technical roughness. He
confirmed the applicability of the law-of-the-wall and defect law after transformation of the
velocity via the van Driest formulation. Apart from the experimental work, he was able to derive
analytically and iteratively solvable correlations for compressible boundary layer parameters along
rough non-adiabatic surfaces. Based on a mixing-length approach (the author used Kérman’s
instead of Prandtl’s formulation due to better results for the compressible smooth adiabatic
wall Zero Pressure Gradient (ZPG) TBL data) and stepwise approximations of complex integrals
(comparable to the work of van Driest to derive his widely used transformation [259],[260]), the
author derived analytical solutions for the evolution of shape parameter, local and mean skin
friction along adiabatic or non-adiabatic, isobaric surfaces with uniform grain-type roughness in
compressible flow (see section 3.10.1). For flow along circular cones with zero angle of attack
including sand grain roughness, Fenter was able to confirm van Driest results along smooth walls
that flat plate approximations for skin friction can be used by using half the running length
based Reynolds number along the cone (see eq. 3.39).

Young [294] studied a Ma = 4.9 flow along a non-adiabatic flat plate with transverse v-groove
roughness (T,,/T. = 2.8 — 5.2 where the latter temperature ratio corresponds to adiabatic
wall conditions). With measurements of velocities, skin friction and heat flux augmentation
within transitionally and fully rough regime, he supported Goddard’s results after van Driest
transformation for non-adiabatic conditions.

Berg [24] investigated transverse square bar roughness in a Ma = 6 flow along the adiabatic flat
wind tunnel test section wall. Berg performed studies of step changes from smooth-to-rough
and vice-versa and its impact on the evolving turbulent boundary layer. The roughness was
tested at three different heights (0.32,0.64 and 1.27 mm) corresponding to k* = 7.1,14.7 and
33.8, respectively, all with a wavelength A/k = 4. A floating element was used to measure the
wall shear at two different positions. Additionally, the friction velocity was extracted via fitting
velocity profiles to the log-law, with a general good agreement for positions where both was
available (except one) [74]. To calculate velocities from Pitot pressures, Berg made use of a
Crocco-Busemann-like velocity-temperature-relation but with parameters fit to local temperature
profile measurements (see also section 3.12). The Pitot data was corrected for low Reynolds
effects via a method described by Ramaswamy [201] (described in section 7.4). The data sets
were thoroughly checked and were integrated into a tabulated set of standard cases by Fernholz
et al., although some influences from reflecting expansion-compression waves from the nozzle
were reported [74]. Berg found a new equilibrium profile for both mean and fluctuating profiles
(mass flux and total temperature fluctuations) after 10 — 250 downstream of the step change from
smooth to rough. Berg concluded the largest roughness elements (k™ = 33.8, k/d = 0.046) to be
in the fully rough regime, in agreement with the limits reported in [19]. Based on a resulting
inner scaled velocity shift of AU = 6.5, utilizing a shift of origin ¢/k = 0.5, he derived an EQSR
of ks/k = 1.3. This value is much lower than results from other authors, mainly derived from
incompressible measurements (see also list above) and reasoned with potential compressibility
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effect. Different aspects within the current thesis build upon the work and results of Berg,
although a critical analysis with respect to his inflow conditions hint at a potential impact of
condensation (see section 7.1.2).

Keel [128] and Hill et al. [101] extended the study of compressible roughness effects to cone
models. Keel investigated sand grain roughness along an internally cooled sharp 5° cone in a
Mas = 2.5 (Ma. =2.4) and Mas =5 (Ma, = 4.7) flow at non- (T,,/Ty = 0.3) and adiabatic
wall conditions (T3, /Ty = 1) [128]. Two different sand grain sizes were tested, both reported to
be within the fully rough regime based on an asymptotic heat flux augmentation. The largest
roughness at the highest Mach number had a blockage of £/ ~ 0.09. Keel performed skin friction
measurements via a floating element balance, velocity profiles via Pitot pressure measurements
and heat flux measurements via slug calorimeter. The slender cone velocity profiles for the
smooth, adiabatic wall agreed with flat plate incompressible law-of-the-wall. Hill et al. studied
sand grain roughness along a sharp and blunt 7° cone in a Ma = 10 flow at a non-adiabatic wall
condition with T,,/Ty = 0.26 [101]. Three different sand grain sizes were tested with the two
largest within the fully rough regime k" = 170 — 323, where the largest roughness had a blockage
of k/6 ~ 0.06. Hill et al. performed total skin friction measurements via a force balance, velocity
profiles via Pitot pressure measurements and heat flux measurements via thermocouples.

Studies at Ma, = 2.9 from Latin [138] and Ekoto et al. [66] were among the first compressible
investigations to show that outer layer similarity can break down, if the extent of the subsonic
region of the compressible boundary layer gets very small and potentially reaches the roughness
elements. At that point, the roughness elements can produce shocks and expansion waves which
can traverse through the TBL and even into the external flow field. This is visible in figure 2.6
along sand grain and diamond shaped roughness via Schlieren imaging.

\

a)

Figure 2.6: Schlieren images of shock waves along a) sand grain roughness [138] and b) diamond
roughness [67] in compressible TBL according (both plots from summary in [32]).

Also, Ekoto [69] showed the impact of local disturbances emanating from diamond roughness on
mean velocities measured by PIV, whereas along 3D square bar roughness (w/k ~ 2, \,/k =
A:/k = 4) only negligible effects were visible (see figure 2.7).

These data were discussed together with other heritage data in the summarizing review by
Bowersox [32]. The author summarized that for his reported studies confirmed that the defect law
held if the transformed effective velocity U.rs was used. An exception was reported for data by
Latin [138], for which some signs of roughness topology effects on the relationship between mean
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density- and velocity-profiles were reported. These compressibility effects affected the local velocity
profiles and wall shear stress, inferred by the near wall turbulence shear stress measurements. In
this case, distinct compressibility effects may arise and not only the argumentation for a locally
confined effect of roughness may be in question but also the conventional transformations (like
van Driest scaling) are in question due to the lack of incompressible counterpart.

Sahoo et al. [209], [208] performed PIV measurements on TBL along smooth and rough flat
plate models at Ma, =~ 7.3 with square bar roughness of A\/k = 5 at Reyp ~ 3900 and 5500,
respectively. In both publications, values are reported with k* = 102,134 , k/§ = 0.14,0.12 and
ks/k =5.9,4.5, respectively. Van Driest mean velocity scaling was confirmed as well.

Peltier [183] investigated the effects of periodic crosshatch roughness (k™ = 160) on a Ma = 4.9
turbulent boundary layer (Rey = 63000) using PIV. The roughness elements generated a series
of alternating shock and expansion waves which protruded the entire boundary layer, consistent
with results by Ekoto et al. [67]. Van Driest scaled velocity profiles showed the shift below the
inner scaled smooth wall values but on a larger level compared to Ekoto et al. [67] for which
Reynolds number or compressibility effects were speculated. Due to the locality of the flow field,
mean velocity profiles showed also small variations depending on the position above the diamond
roughness.

Williams et al. [287], [288] performed PIV measurements on a TBL at Ma,. between 7.2 and 7.6
and Re, = 180 to 679 along smooth and rough flat plate models. This included the investigation
of transverse square bar roughness with A/k = 8.33, 10.63, 5 which resulted in k™ = 30, 70, 112
, k/6 = 0.068, 0.098, 0.165 and ks/k = 0.7, 2.3, 3.3, respectively. Along the smooth wall, the
mean and fluctuating streamwise velocity profiles showed strong similarity in the outer layer to
incompressible flows at comparable Reynolds numbers when scaled according to van Driest and
Morkovin. In case of the rough wall data [288], mean van Driest transformed velocity profiles
supported the outer layer similarity hypothesis, although the Reynolds numbers were comparably
moderate compared to the usually demanded large Reynolds numbers according to e.g. Chung et
al. [45]. Additionally, Williams experiments were conducted on roughness large in terms of k/d
compared to the limit according to Jiménez [118].

Additionally, several CFD computations have been performed with the focus on TBL flow in
which the rough wall topology is fully resolved by the grid, from which only a few ones exist for
compressible flow.

Ikeda and Durbin [115] performed incompressible DNS and Reynolds Averaged Navier Stokes
equations (RANS) computations (2D, eddy-viscosity model) on transverse square bars with the
interval-to-height ratio of i/k = 9 in channel flow. Results confirmed a log-layer above roughness
at y > 2k but RANS solution lacked in predicting the correct slope of mean velocity in the
log-layer.

Bons et al. [29] performed incompressible RANS computations on direct resolved sand grain rough-
ness type in comparison to discrete element method (DEM) and experimental data. Computed
skin frictions and Stanton numbers were in acceptable agreement with experiments.

Vijiapurapu and Cui [267] performed incompressible RANS computations (one, two, 7-equation
models) and Large Eddy Simulations (LES) compared to experiments along transverse square
bars in pipe flow and showed that all RANS turbulence models are at least capable of predicting
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mean velocity profiles but do have problems in accurately predicting flow in the cavities due to
problems with separation.

Beekman and Martin [22] reported about compressible turbulent DNS boundary layer flow
with square bars with wavelength ratio A/k = 8.3. The author tried to rebuild the Ma =
7.3 case reported in [209], [208]. Unfortunately, the paper gave only preliminary qualitative
information, due to problems with numerical stability. Nevertheless, it reported about general
similarities to smooth wall flows with appearance of downstream-leaning coherent structures
showing resemblance to incompressible hairpin-packet models and characteristic spanwise length
scales which are of the same order of magnitude as smooth, incompressible TBL.

Tyson and Sandham [258] performed DNS computations along direct resolved wavy wall rough-
ness in compressible turbulent channel flow (Ma = 0.3,1.5,3.0). The study reported strong
compressibility effects for the transonic and supersonic cases on moderate amplitude wavy walls
due to the occurrence and dynamics of shocks along the flow field, visible in the mean flow
and turbulence properties. An unusual result of the study was that the van Driest transformed
velocity profiles did not collapse even for the smooth wall in contrast to numerous comparable
DNS studies like e.g. [56], [58], [57] and [7].

Alvarez [7] performed compressible turbulent DNS computations along 3D bars with wavelength
ratio Ay /k = \,/k =12.5in a Ma = 2.5 and 5 TBL flow. Unfortunately no experimental data
could be used for a direct comparison, since a unique roughness topology was chosen, not yet
tested at that time. In general, the work supported Morkovin’s hypothesis although the Reynolds
shear stresses exhibited increased magnitude in regions with local compression. Conversely, the
shear stresses decreased in regions with increased expansion.

Modesti et al. [162] performed a DNS study in turbulent channel flow within Ma = 0.3 — 4
at two different Reynolds numbers Re, = 500 and Re, = 1000 along cubical bar roughness
(3D) with A/k = 3 (kT = 41 — 86) along the upper and lower wall of the channel. He showed
that transformations according to van Trettel-Larsson (TL) [256] and Volpiani et al. [269]
were capable of collapsing smooth mean velocity profiles onto the incompressible theory. In
contrast, the transformations failed to capture AU ;;c f differences with varying Ma properly. The
authors claimed that most previous studies erroneously incorporate compressible effects into
the derivations of ks/k (like in e.g. [24], [101]) and they suggested that a proper compressible
transformation of the roughness height & and therefore also for the Reynolds number k7T is
necessary. Suggested transformations are again e.g. via van Trettel-Larsson (TL) and Volpiani
or an alternative formulation via

Uy
o k*,Modestiu'r o kl/k Ur - ku’r

kT = -
*, M odesti Vi Vi n

(2.14)

The motivation behind all these transformations is to account for density variations between
the crest and the trough. The rationale of the latter formulation was to ease the use for
experimentalists, since transformations according to Trettel-Larsson (TL) can be challenging to
use due to near-wall integrations. Nevertheless, estimating the mean kinematic viscosities at the
wall and roughness crest k can already be very challenging in experiments. Interestingly, this is
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the same transformation which was suggested by Merrifield et al. [161] but based on different
reasoning.

A selection of past compressible investigations can be found in table 2.1 (partly based on tables
in [32] and [184]). Several observations can be made by data included in this table:

o Typically, high Reynolds number flows (67) combined with low blockage (k/d) were
achieved when one Test Section Wall (TSW) of a closed wind tunnel test section was
used as model, due to much larger running length of the approaching boundary layer and
therefore achieved large thickness §. The disadvantage of this set-up are so-called history
effects, i.e. potential influences that can emanate from the entire passage upstream of the
test section (e.g. in the nozzle with corresponding pressure gradients) which influence the
state of the boundary layer (see e.g. critical discussion in [73]).

o Wind tunnel tests along e.g. flat plates (FP) have typically lower Reynolds numbers and
higher blockage ratios violating corresponding limits suggested by Jiménez [118].

o To the knowledge of the author, there is no investigation yet, in which measured quantities
of mean flow, turbulent intensities and heat flux rates are available in a single experimental
setup. This thesis aims to close this gap.

Additional parameters for selected compressible roughness investigations along transverse square
bars (TSB) close to A/k = 4 can be found in table 7.13 and 7.14.
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Figure 2.7: PIV mean velocities in streamwise (left column) and wall-normal direction (right
column) along smooth wall a), 3D square bar b) and diamond roughness ¢) in a compressible

TBL according to [69].
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2.2 Turbulent Stresses

Typically, TBL are characterized by (apparent) Reynolds stresses that transport mean momentum
and produce and dissipate turbulent kinetic energy. These stresses are an additional component
to the molecular stresses in a boundary layer flow and stem mathematically from non-linear
terms of velocity fluctuations if the flow is decomposed into a mean and fluctuating velocity field.
The turbulent stresses are inhomogeneous and corresponding characteristic length scales can vary
from a multiple of the viscous length scale d, near the wall to a multiple of outer length scales §
(see e.g. [213], [190], [235], [2]).

As is the case for mean flows, also for compressible turbulent stresses typically Morkovin’s
hypothesis is used who argued that the general structure of turbulent motions are comparable to
incompressible flow [165]. He proposed scaling for the turbulence intensities via a density-weighted
velocity scale uy, = \/p/pw tr and showed that the streamwise turbulence intensity collapse in the
outer layer for Mach numbers up to his maximum tested value of Ma = 4.76. There are different
other options to scale compressible Reynolds stresses due to different varying thermodynamic
properties in TBL. Williams et al. [287] collected compressible data of multiple sources and
investigated different options to scale turbulent stresses properly. They found that in comparison
to DNS and incompressible TBL data, near wall effects were best scaled by semi-local inner
scaling, which allows the local stress and kinematic viscosity to vary with wall distance. Overall,
Williams et al. showed outer Morkovin scaling of the streamwise turbulent stress to be valid for
Mach number up to 7.5.

Studies by Latin [138], Pritchett and Bowersox [195] and Ekoto [69] were among the firsts to
include roughness impact on compressible turbulence data via HWA, Laser Doppler Velocimetry
(LDV) and PIV. Ekoto [69] showed the impact of local disturbances emanating from diamond
roughness. He used near wall turbulence shear stress measurements to infer that the wall shear
stress differed by nearly a factor of two, depending on the position above the roughness elements
(see also [32]).

Sahoo et al. [209], [208] reported that the streamwise and wall-normal inner-scaled fluctuations
measured via PIV were damped in presence of the square bar rough wall.

The periodic crosshatch roughness (k* = 160) in the Mach 4.9 TBL of Peltier [183] created a
series of alternating shock and expansion waves that penetrated the entire boundary layer, which
caused significant variations, up to +50% and —30%, in the Reynolds shear stress field. Effects
in the outer layer were attributed to a potential favorable pressure gradient impact.

Williams et al. [288] reported about Reynolds stresses along roughness including TSB roughness
ina Mae ~ 7.2 to 7.6 TBL with A\/k = 8.33,10.63,5. When scaled by the friction velocity, the
streamwise Reynolds stress profiles show strong near wall influence of the roughness, but for
y/6 > 0.3 all profiles show a high level of agreement to each other and also to smooth wall data.
Additionally, Williams et al. remarked that in Morkovin scaling the profiles show much more
scatter. This was used as argument that this scaling is not appropriate for their own data which
showed substantial rough wall effects.

Due to the challenges in experiments to derive quantities like skin friction velocities, Alfredsson
and Orlii introduced the so-called diagnostic plot for incompressible flow, which utilizes the
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streamwise turbulence profile w5 /U (Or Upms/Ue) against the mean velocity profile U/U, [5],
[6]. Castro et al. [39] extended this analysis to rough wall data to additionally avoid the delicate
determination of a shift of origin e. As an empirical finding , previous investigations showed a
linear region in the diagnostic plots which starts in the logarithmic region and spans through
most part of the outer wake flow region. With a formulation in the form w,s/U = a+b U/U.
the fitting parameters were found to a = 0.286, b = —0.255 for smooth walls [39]. Castro et al.
[39] also extended this approach to rough wall data, utilizing the loss of momentum according
to U' = U + AU,y along both axes with /U’ against U’/U., with which he successfully
collapsed different incompressible experimental smooth and rough wall data.

2.3 Coherent Structures

So called coherent structures are nowadays thought of as main underlying contributor to the
general structure of TBL, measurable by mean velocities and Reynolds stresses as was discussed in
the previous subsections. TBL coherent structures have been the subject of extensive research in
the past and summarizing work can be found in e.g. [2]. Here, only some aspects relevant for the
current work as well as terminology are presented. Due to technical challenges to experimentally
probe compressible boundary layers, this overview will mostly address, although is not entirely
limited to, incompressible boundary layers.

In the early days of TBL research, turbulent processes were thought of being purely stochastic
in nature. Early work by Theodorsen [252] suggested that Reynolds shear stress resulted from
the passage of an inclined vortex loop, described as “horseshoe vortex”. The origin of this
vortex structure was speculated to lie in a spanwise vortex filament perturbed in the wall-normal
direction. Subsequently, segments of the vortex are momentarily lifted away from the wall [182].
Based on kinematic argumentation, it was suggested that the vortex “head” would experience
higher mean velocities in the TBL that would cause the structure to stretch in the streamwise
direction. The vortex heads are typically found to be inclined at approx. 45° to the wall. On the
other hand, the “legs” as the lower parts of the vortex filament would be drawn together in the
lower parts of the TBL and the distance between the legs is typically found to approx. 1004,,.
By continually stretching, a vortex structure evolves which resembles a horseshoe or hairpin in
shape , giving the structure its name (see figure 2.9).

Due to its shape, the vortex is believed to induce a local flow field of streamwise «' and wall-normal
v" fluctuations, whose signs are anti-correlated, hence producing Reynolds shear stress which is
negative overall. Due to the sense of rotation, a hairpin vortex would move low-momentum fluid
away from the wall, whereas high-momentum fluid is drawn in from higher in the boundary layer.
These events were labeled “ejection” and “sweep”, respectively and are visualized in figure 2.9
as Q2 and Q4, respectively (explanation for these labels follows in the next paragraphs). The
figure shows the characteristic flow elements that would be seen in a streamwise-wall-normal
plane cutting through the hairpin vortex and arrows show local flow velocities when the mean
convection velocity is subtracted. Due to the ejection of low momentum fluid, a local region of low
momentum appears between the vortex legs (see shaded region close to the wall in figure 2.9).

It was found that these coherent structures can evolve into larger structures, where individual
hairpins with approx. the same convection velocities grow into “packets”. A sketch of hairpin
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STAGNATION POINT /

(b) HAIRPIN VORTEX SIGNATURE

Figure 2.9: a) Schematic of a hairpin eddy attached to the wall, b) signature of the hairpin
eddy in the streamwise-wall-normal plane according to [2] (in both cases the arrows indicate fluid
flow in a reference frame moving with the local convective velocity).

packets is shown in figure 2.10 according to Adrian [2]. In yellow, individual hairpins are shown
which form three packets of different age. Age in this context means that they had different
amounts of time to evolve, starting with small near wall hairpins to increasingly larger hairpins,
which travel in streamwise direction and its heads move away from the wall. As the packets are
lifted away from the wall, the heads align along a line inclined at approx. 15 — 30° to the wall.
Packets of hairpins are also attributed to the so called bursting process, which is thought of a
composition of multiple ejections of increasing amplitudes [182].

This alignment of hairpin packets induce back-flow regions framed by the hairpins of the packet
(see e.g. arrows from right to left in figure 2.9b or orange arrows from right to left in figure 2.10),
which can evolve to much longer regions than from individual hairpins, also leading to long
correlation length of streamwise momentum. The nesting of one packet within another also leads
to the creation of multiple zones of different relatively uniform momentum. The heads of the
hairpins create regions of large shear, creating boundaries which separate these so-called Uniform
Momentum Zones UMZ , which were first observed in several different incompressible studies
(see e.g. [3], [229]). In contrast to the term “layer” which is typically used to distinguish between
different TBL regions defined by the mean velocities (see paragraphs before), for the uniform
momentum the term “zone” is used to distinguish that here the instantaneous velocity is of
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Figure 2.10: Concept of hairpins evolving into packets according to [2] (the arrows indicate
fluid flow in a reference frame moving with the local convective velocity).

interest.

The hairpin packet model is also consistent with the so-called “attached eddy hypothesis” after
Townsend [255] (see also previous subsection). The hairpin packets can extend beyond the
logarithmic layer and in some cases they grow to the edge of the boundary layer. It was suggested
that these outer layer packets are responsible for the appearance of so called “bulges” or sometimes
labeled large-scale motions (LSM) with length of approx. 2-3 J (see e.g. [2]). A visualization
of these bulges as boundaries between clear and smoke-filled regions near the outer edge in a
low Reynolds number TBL is shown in figure 2.12. Apart from bulges also imprints of horseshoe
vortices and the near wall low-momentum streaks are visible.

The hairpin vortex model is very significant, since it gives an underlying framework, based on
quasi-deterministic vortices, for the seemingly random behavior of the TBL. A limited number
of studies exist, investigating coherent structures and their characteristic scales in compressible
TBL, of which selected are given in the following.

Early experimental findings based on HWA measurements showed that the streamwise length
scales of the outer coherent motions decrease significantly with increasing Mach number, while
the spanwise scales remain statistically unchanged. Also, the characteristic angle of inclination
of the two-point correlation contours of the streamwise velocity, which are typically used to
identify large scale structures, was found to increase with Mach number [234]. In contrast, later
measurements based on velocity data by PIV showed that the streamwise length scales only
slightly decrease with Mach number (see [287]) or even increase (see [85]). Also, the angle of
inclination of the streamwise contours were found relatively insensitive to Mach number (see
[287]). A difference in measurement techniques was found as potential reason for these contrasting
trends. Since HWA measures mass-flux and therefore is affected by density, it was suggested
that there are significant differences in the properties of velocity and density fields at high Mach
numbers. Williams et al. [287] also detected the appearance of UMZs in a hypersonic TBL
with Ma = 7.6, Re, = 279 along a smooth flat plate (see figure 2.11). A numerical study also
confirmed this finding in hypersonic TBL according to Cogo et al. [47].
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Figure 2.11: Uniform momentum zones along a smooth wall at Ma, = 7.6, Re, = 279 according
to [287].

The impact of roughness on coherent structure in a compressible TBL flow was investigated in
an even smaller number of prior investigations.

Studies by Latin [138], Pritchett and Bowersox [195] and Ekoto [69] were among the firsts to
include roughness impact on the general structure of TBL. Peltier [183] reported about a change
in the organized motions along their periodic crosshatch roughness in the Mach 4.9 TBL. With
the ability to apply Particle Image Velocimetry (PIV) technique on compressible rough wall TBL,
also spatial correlations for detection of coherent structures were accessible. Two-point or spatial
correlations (see also equation (3.13)) can be exploited to identify the large-scale structures of a
TBL as “correlated mass(es) of fluid” [13]. Peltier was able to compare smooth wall to rough
wall correlation shape and length scales, as visualized in figure 2.13.

Peltier was also able to visualize the imprints of the ejection and sweep events by a so-called
quadrant analysis. It decomposes the contributions of the Reynolds stress component, as measured
e.g. by PIV, based on the sign of the fluctuating velocity components «’ and v" into four different
bins Q1 to Q4. They are typically used, representing the four different regions in a corresponding
plane spanned by the fluctuating velocity components u’ and v’ as shown in figure 2.14b. This
is visualized in 2.14a from a publication of [2]. Q2 events are connected to ejection and Q4 to
sweep events. This analysis allows evaluations of the different contributions these events have to
the total mean values of various quantities such as kinetic energy, dissipation, etc.

In comparison to smooth wall data, Peltier described that hairpin vortices which contribute to
the vortex packets or large-scale motions lean farther away from the wall. Additionally, they are
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Figure 2.12: Smoke visualization showing various large scale structures of a TBL according to

12].

described to become more spatially compact and also change their populations. In the near wall
region, he showed with two-point correlations of the rough wall PIV velocity fluctuations that
characteristic length scales decreased clearly to roughly half the smooth ones. As potential reason,
an increase in the strength of the hairpins along the rough wall were speculated. Alternatively,
the mean arrangement of shock waves and expansion fans as induced by the roughness elements
could be made responsible as well.

Williams et al. [288] showed that the outer layer length scales as well as structure angles agreed
between smooth and rough wall data within the corresponding data scatter, based on two-point
correlations of his PIV data. The near wall length scales indicated a reduction above the rough
wall, similar to data from Peltier [183]. Only few differences were identified in the outer layer
between 2D and 3D roughness elements.
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Figure 2.13: Two-point correlations of the streamwise Reynolds stress at various wall-normal
distances along smooth and diamond rough wall according to [183].
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Figure 2.14: a) Sketch of the expected probability density function in the plane spanned by
the fluctuating velocity components v’ and v (in the plot u and v) according to [2]; b) Quadrant
analysis of smooth and diamond rough wall Reynolds shear stress profiles according to [183].
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2.4 Skin Friction and Heat Flux Augmentations

Due to its direct effect on the inner portions of the boundary layer, roughness also has an impact
on the skin friction and heat flux along the body.

It typically increases the momentum loss and therefore skin friction above the turbulent level.
In the transitionally rough regime, viscous and pressure drag contribute to the momentum loss,
whereas, in the fully rough regime, pressure drag dominates. In some cases, special arrangements
of regular technical roughness can even lead to a reduction in skin friction under the right
circumstances (see e.g. [45]).

Roughness can also augment heat flux above the turbulent level. This increase is typically lower
than the corresponding skin friction augmentation by roughness (see also figure 2.15). This is
typically explained by the fact that skin friction is mainly augmented by the drag along the
roughness elements, whereas the heat transfer augmentation is due to the increased surface area
and local secondary flow in the vicinity of the roughness elements, including increased mixing
[32]. An alternative explanation is that heat transfer misses an analogue to pressure compared
to drag (see [45]). Therefore, it is hard to argue for a direct analogue to scalings via k or the
frontal solidity A; = k/A, which is typically used for the form drag. Heat transfer can continue
to be sensitive to molecular fluid properties and also dependent on the roughness topology and
shape. Sometimes, heat flux augmentations are analyzed as shift of a normalized logarithmic
temperature by analogy with the roughness function for the momentum loss (e.g. [181], [45]).

Several studies investigated roughness augmentation effects in incompressible / compressible flow
and summaries can be found in e.g. [202], [118], [32], [45].

Fenter [71] performed heat flux measurements via calorimeter for the v-groove roughness at an
90°-angle along a copper cone-cylinder model in a range Ma = 1.6 — 3.7. The experimental
convective heat flux data ¢. was presented in the form of Stanton numbers St, which can be
derived by

Ge

St =
PocUscCp(Ty — Toy)

(2.15)

with the inflow density po, and velocity U,,, the heat capacity of the fluid at constant pressure
¢p, the recovery temperature T, and wall temperature T, (see also section 3.4.4 for discussion of
further formulations). For comparison, Fenter calculated Stanton numbers via Reynolds analogy
according to

St_11 (2.16)
cr 2 Spa

with s,, as the Reynolds analogy factor (ra), which depends on the state of the boundary layer
(see also section 3.11 for further discussion). Fenter assumed a smooth wall Reynolds analogy
factor to be still valid (see also section 3.11) and reported about acceptable agreement between
experiments and analytical predictions. However, the author admitted that the comparison might
be fortuitous due to large uncertainties in the EQSR and Reynolds analogy factor.
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For the transverse v-groove roughness in a Ma = 4.9 flow by Young [294] (T,,/T. = 2.8 — 5.2
where the upper value corresponds to adiabatic wall conditions), a dependence of the Reynolds
analogy factor from the roughness height was found by comparing results from skin friction and
heat flux measurements, in contrast to Fenter. For k/d, = k™ < 2 the Reynolds analogy factor
remained the smooth wall value. Above this threshold, in the transitionally rough regime a
dependence of f = (k) was reported. For the fully rough regime Young assumed a relatively
constant value for large roughness.

Keel [128] reported an asymptotic Stanton number augmentation of St/Sts = 2.0 — 2.2 along
their sand grain roughness along an internally cooled sharp 5° cone in a May, = 2.5 (Ma, = 2.4)
and Mas =5 (Ma, = 4.7) flow at non-adiabatic wall condition with 7,,/Ty = 0.3. The authors
concluded that skin friction coefficients along rough walls exhibit a decisive amount of measurment
uncertainty and that the investigated correlations exhibit a varying degree of success of which
Fenter’s equation looked promising.

Hill et al. [101] performed total skin friction measurements via a force balance, velocity profiles
via Pitot pressure measurements and heat flux measurements via thermocouples. They used
a modification of the Reynolds analogy R,s after Owen and Thomson [178] to account for
roughness, including a modification for compressibility, to result in heating rates which compared
favorably to sand grain roughness data along a sharp and blunt 7° cone in a Ma = 10 flow at a
non-adiabatic wall condition with T,,/Ty = 0.26. (see section 3.11).

Seidman [223] investigated incompressible and compressible rough wall heat transfer data of
different authors (e.g. [71], [294], [128]) and developed an equation to approximate the rough wall
Stanton number. It is also based on the Reynolds analogy R,s after Owen and Thomson [178]
modified for compressible flow and to account for roughness, assuming an exponential viscosity
law and neglecting terms only relevant for large values of T, /T, (see section 3.11). Based on a
partly consistent constant Stanton number shift between experimental data and correlations, they
discussed the role of the turbulent Prandtl number and derived a possible correction to include a
non-unity and non-constant turbulent Prandtl number throughout the boundary layer.

Holden [104], [105] reported experimental studies in the Calspan shock tunnels on a variety of
different smooth and rough wall models and inflow conditions (May, = 6 — 13, Re < 600 - 10%).
Overall, they performed local and averaged skin friction (single component strain-gage force
balance), heat transfer (silver calorimeter and thin-film platinum gauges) and surface pressure
measurements along sharp and blunt wide-angle biconic nosetip models, slender cone models and
blunt hemispheric models. They applied sand grain and technical roughness via hemispherical and
conical roughness elements to study the effect of roughness height, different shapes and spacings.
The inflow conditions and roughness were designed to cover the smooth to fully rough regime.
The studies showed that along hemispherical models roughness induced heating augmentation
can reach 2 to 4 times the reference smooth wall values, depending on the location of laminar to
turbulent transition. Along the slender models the heating augmentation reached close to 2 times
the smooth wall for the sand grain roughness. For the technical roughness, the augmentation
was largest with maximum 1.5 times the smooth wall value for the most densely packed conical
roughness.

An excellent compilation of roughness induced friction and heating augmentation studies in
compressible flow was published by Bowersox [32]. Figure 2.15 shows a summary of skin friction
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Figure 2.15: Compressible skin friction and heat flux augmentation from different authors
according to [32].

(cf0 denotes here the smooth reference value) and heat flux augmentation (St, denotes here the
smooth reference value) against EQSR Reynolds numbers k" from several authors according to
32].

It is visible that the general trend is a logarithmic increase of friction augmentation with roughness
Reynolds number. Most of the data shown in the plot is for adiabatic wall conditions, except for
data by Young [294], Hill et al. [101] and Holden [104], which encompass heat transfer as well.
The adiabatic data seems to be captured by a simple logarithmic approximation. In contrast,
cold wall cases typically fall below the prediction, attributed partly to wall-temperature effects,
effects of pressure-gradient and entropy swallowing [32], [104], [281]. Another exception are
the diamond shape roughness of Ekoto et al. [66], [68], which also fall below the skin friction
prediction due to its shape and the corresponding effect on compressible shock and expansion
wave structure [32].

Additionally, figure 2.15 contains heat flux augmentations from Young [294], Hill et al. [101] and
Holden [104], [105]. The aforementioned lower augmentation compared to the skin friction is
directly visible in the plot. Bowersox [32] used the correlation after Hill et al. [101] to rebuild
data by Holden [104] with some success.

As introduced in chapter 1, roughness induced heat flux augmentation effects were a concern for
the design of the TPS of the Schiaparelli landing capsule within the ESA ExoMars 2016 project.
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During previous Mars missions, like the NASA MSL program, typically augmentation factors,
so-called bump factors, from empirical correlations (in this case based on Reda et al. [203]) were
used on smooth wall CFD predictions [62]. Also, during the early phases of the ExoMars project,
similar strategies were used, based on the above mentioned Powars correlation (see eq. (3.70)
in section 3.11). There were concerns that this approach would utilize empirical correlations
far outside its scope of definition in case of a Martian entry. Therefore, it was aimed to move
towards CFD capable of including rough-wall effects with the goal to reduce uncertainties in the
predictions and with that also TPS margins.

To this end, Fluid Gravity Engineering implemented an EQSR based modified compressible
Krogstad model in an algebraic turbulence model [161], [136]. This model, within the TINA
CFD code of Fluid Gravity Engineering, was successfully validated within the ExoMars project
against heritage data of the PANT (Passive Nosetip Technology) program [161]. Additionally,
tests were performed at Deutsches Zentrum fiir Luft- und Raumfahrt e.V. (DLR) to study heating
augmentations along different well defined technical roughness topologies [167]. During the
high-speed flight phase, boundary layers evolving along capsule surfaces typically have transonic
to supersonic boundary layer edge conditions due to the strong bow shock in front of the vehicle
(see e.g. [215]). Nevertheless, the boundary layers and therefore also rough wall influences can be
prone to compressibility effects like more slender bodies which experience much higher, hypersonic
edge Mach numbers [161]. Therefore, with inflow conditions Ma = 5.3 at Re ~ 6 - 10°1/m
and Re ~ 16 - 10°1/m as well as Ma = 7 at Re ~ 12 - 1051/m, Mach number and Reynolds
number sensitivities have been tested. Heat flux measurements via infrared thermography were
performed and compared to computations utilizing a compressible Krogstad roughness model
[161]. The experimental measurements hinted at a compressibility effect with a reduction in
heating augmentation with increasing Mach numbers. Numerical rebuildings partly showed
substantial discrepancies with large over-predictions which is exemplary visualized in figure 2.16
by the mismatch between experimental symbols and lines from modeling which should agree for
corresponding colors representing different roughness topologies. Also the tendencies with Mach
number were not captured by the numerical model.

One uncertainty at the time which was discussed as potential reason for this discrepancies, was
the EQSR value for the tested models. Since no well-resolved boundary layer data were taken
during the hypersonic experiments, EQSR values were taken initially from literature data and
later during the course of the project from dedicated incompressible tests [70]. This resulted in a
substantial scatter for the EQSR, represented by a value range between approx. ks/k =1 to 6
for the technical roughness topology with transverse square bars at A/k = 4. Already during
this phase of the project, possible compressibility effects were discussed with the observation
that a lower EQSR, as taken from hypersonic experiments by Berg [24] with ks/k = 1.3, would
bring modeling and experiments closer together. But since more confidence was put on the
new accompanying incompressible tests which resulted in EQSR toward the upper end of the
value spectrum [70] (see also figure 2.8), over-predictions were accepted as additional layer of
conservatism, potentially resulting in additional margins for the TPS [167].

More recent work by Hollis [108] and Wilder et al. [281], [280] include roughness augmentation
investigations on blunt model shapes, enriching the compressible database on actual (re-)entry
capsule geometries in different atmospheres. Hollis [108] investigated sand-grain and technical
roughness on sphere—cone and hemisphere model geometries at Ma ~ 6 wind tunnel flow. Because
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Figure 2.16: Heat flux augmentation rebuilding by compressible Krogstad model compared to
experimental data along flat plate at Ma = 5.3 Re ~ 16 - 1051 /m according to Merrifield et al.
[161].

of facility limitations, the reference turbulent smooth wall heat fluxes were only derived by CFD
computations. The same computations were used to extract the wall viscosity and friction velocity
at isothermal wall conditions. The authors chose to define the roughness Reynolds number
in terms of the smooth wall conditions, using this extracted data. Augmentation of turbulent
levels up to 1.9 were extracted. Although it needs to be mentioned that augmentations were
calculated based on the absolute heat flux and not Stanton number levels, so that a potential
dependence on wall temperatures persisted. Wilder et al. [281] analyzed heat flux augmentation
on different sphere—cone front-shield shapes with sand-grain roughness in a free flight ballistic
range (Ma ~ 7.8 — 10, Ma, ~ 1.2 — 1.8) with air and CO3 as test gas. Like Hollis, friction
velocities were only simulated via CFD along smooth walls, which were then used in the roughness
Reynolds number formulation. Although based on absolute heat flux values and scaled by the
smooth wall friction velocities, the authors argue that augmentation factors up to 1.8 showed
good agreement with the Powars correlation, independent of the test gas (see section 3.10.1).
A follow-up study in the same facility and measurement setup extended the investigations to
roughness representative of 3D woven heat shield materials [280].

Very limited studies exist which use DNS computations to investigate roughness heat flux
augmentations. A DNS study of square bar roughness along one wall of an incompressible
turbulent channel flow indicated also a break down of the Reynolds analogy in case of the
roughness [147]. The ratio of heat flux to skin friction falls below unity along rough walls due
to the increase of form drag. The authors also showed that for the total heat flux, build by
the convective part due to the mean flow temperature gradient and the turbulent part by the
product of temperature and velocity fluctuations, is dominated by the turbulent part. This
turbulent heat flux is enhanced by high-intensity ejections occurring near the leading edge of the
roughness elements [147]. The spacing between consecutive elements, described by \/k, controls
the flow reattachment along the channel walls upstream of the next roughness element and with
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that the strength of stagnation point along the windward side of this element. This increases
the flow ejection and therefore both the turbulent and total heat flux. The maximum within
2 < Ak < 15 was detected at \/k = 7.5, where also the form drag is largest. It needs to be
mentioned, that the blockage factor is non-negligible with k/h = 0.1, with h being the channel
half-width.

2.5 Roughness Topologies

Depending on the type of roughness, the relevant length scales S (see e.g. eq. (2.5) or (2.7))
can represent multiple different parameters. There is no consensus which are the most relevant
ones. Chung et al. [45] stated three groups of parameters relevant to characterize roughness
topologies which represent 1) the roughness height, 2) frontal solidity, effective slope or roughness
density parameter and 3) plan solidity, skewness or solid volume fraction. These parameters are
introduced in the following.

For the first group 1), the roughness height £ is clearly defined for technical roughness but can
be challenging for distributed (real) roughness. Possible values are the average roughness height
k, = 1/A; [ |W|dA where h' is the variation in roughness elevation about the mean h and A;
is the total plan area on which the roughness is located (see figure 2.17a and 2.17b). Another

possible value is the root-mean-square roughness height k;.,,s = y/1/A; [ |h'| dA or the minimum
peak-to-trough roughness height k; = maxz(h’) — min(h'). Instead of deriving the previously
stated values for a complete surface, one can extract the mean value for sub-samples of the
roughness as k.. This avoids local outliers in e.g. min(h’) or max(h') from skewing the value for

ky.

For the second group 2), the frontal solidity Ay = Af/A; is defined by the ratio of frontal
projected area of roughness elements Ay to the total plan area (see also figure 2.17b). This
value characterizes the available area exposed to pressure drag [45]. Based on the frontal solidity
different regimes for roughness element densities can be defined. Ay — 0 define a sparsely packed
or isolated roughness element regime where the flow (and with that also AUY) will tend toward
smooth conditions. On the other end of the spectrum, large values of Ay define a densely packed
roughness elements regime. In this regime individual elements will experience some sheltering
due to their proximity to neighboring elements. Therefore, also for very dense roughness the
flow tends toward smooth conditions. In between both regimes for 0.1 < Ay < 0.3 there exits a
regime where the influence of roughness peaks. For 2D technical roughness the frontal solidity is
simply the ratio of element height to wavelength (or pitch) Ay = k/A. Care needs to be taken
since some authors use the symbol A for the reciprocal value of the solidity 1/A (e.g. [25], [60]).
The effective slope ES = 1/A; [ |0h'/0x|dA is giving the mean absolute streamwise gradient
of the roughness elements. It can be connected to the frontal solidity by Ay = ES/2. The
roughness density parameter is defined by A, = )\)71(14 7/ Aw)71C where A, is the total windward
wetted surface area and has been suggested by Sigal and Danberg [226]. It is visible that the
frontal solidity, effective slope or roughness density parameter are connected and describe similar
characteristics, which is the reason for grouping by Chung et al. [45].
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For the third group 3), the plan solidity is defined by A, = A,/A; where A, is the plan area of
roughness elements (see also figure 2.17b). It can give an improved measure of the roughness form.
For A, — 1 roughness topologies are densely packed whereas A, — 0 indicate sparse roughness
arrangements. For 2D technical roughness the plan solidity is simply the element width to pitch
(or wavelength) A\f = w/X. The skewness is defined by SK = (1/A; [ |h| dA) /k2,,,. It indicates
the asymmetry in surface-elevation distribution. The solid volume fraction can be interpreted as
a generalization of the the area-based A, to a parameter based on volume and is typically used
in literature referring to atmospheric boundary layer studies [45]. For 3D roughness topologies it
might be relevant to have information about clustering and sheltering of elements as well.

All of the above stated roughness topology parameters (and more) have been suggested to be
decisive for the characterization of roughness. There have been multiple attempts to find the
EQSR k; just based on topology parameters and to find a formulation like ks/k = f(.5) (e.g.
[212], [60], [232], [53], [226], [118], [153]) but albeit many suggestions in the last decades, no
conclusive options have been found yet.
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Figure 2.17: a) Sketch of distributed roughness topology embedded in a TBL with different
geometric definitions and b) sketches of roughness element to show relevant geometric definitions
for frontal and plan solidity according to [45].
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3 Methods

In this section, the different measurement techniques and post-.processing techniques are presented.
First, the experimental setup with the used wind tunnel and model are described (section 3.1).
After that, details about the different measurement techniques are given for pressure measurements
(section 3.2), Particle Image Velocimetry (section 3.3), Infrared thermography (section 3.4),
Thermal sensors (section 3.5) and Schlieren system (section 3.6). Then, supporting predictions
via numerical methods, ie. a boundary layer code (section 3.8) and CEFD code (section 3.9), and
analytical methods are described (section 3.10, section 3.11). Finally, methods and analysis are
reported about the extraction of EQSR. Information about the different measurement uncertainties
can be found in section 7.1.1.

3.1 Wind Tunnel and Model Properties

Wind tunnel:

Experiments have been performed in the DLR hypersonic wind tunnel (Hypersonic test section
Koln (H2K)) in Cologne. The facility is an intermittently working blow down tunnel with a free
jet test section (see figure 3.1a). Depending on the flow condition, test durations up to 30 seconds
can be achieved. The facility can be equipped with five exchangeable contoured nozzles with an
exit diameter of 600 mm, i.e. Ma = 5.3, 6.0, 7.0, 8.7 and 11.2. To avoid air condensation as well
as to operate the facility at high stagnation temperatures, electrical heaters with a capacity of
up to 5 MW are integrated upstream of the nozzle. Unit Reynolds numbers Re between 2.5 - 10°
and 16 - 105m ™! can be set by varying the reservoir pressure py and reservoir temperature Tp.
The range of achievable Reynolds numbers at the five discrete Mach numbers can be seen in the
performance map in figure 3.1b. The nominal Mach and Reynolds combinations used in this
work are also included in the map.
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Figure 3.1: H2K with a) photo of nozzle, test chamber and diffusor, b) performance map.
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Inflow Conditions and Model:

Previous investigations in H2K within the ExoMars project used a flat plate model (see [161],
[170], [167]). To enable transition to a turbulent boundary layer along the model, an angle of
attack as well as a tripping device were necessary. Some open questions remained on the amount
of influence of the tripping.

To avoid these challenges with the tripping device (see also reports in [285]), a sharp right circular
cone was chosen, based on previous experience with successful natural transition in the framework
of other projects (see e.g. [283]). A drawback of natural transition is that the transition location
is more sensitive to e.g. inflow conditions like Re. Two potential half opening angles of 3° and 7°
were initially discussed. To decide between the two model options, initial approximations of the
achievable roughness Reynolds numbers k" were performed with calculations via the analytical
model according to Fenter [71] (see section 3.10) with the assumptions of an equivalent sand grain
roughness of ks/k = 2 and wall temperature of T}, = 300K. The 7° cone model was chosen, since
higher roughness Reynolds numbers could be achieved (see figure 3.2a). Additionally, figure 3.2a
contains the results for different H2K inflow conditions and it is visible that an inflow Mach
number of Mas = 6 resulted in the highest achievable Reynolds number and was therefore
chosen as nominal inflow.

The same analytical model by Fenter [71] was used to guide the choice for reservoir pressure py
and temperature Ty. At a position z, = 0.5m (according to PIV Field of View FOV1, see section
3.2 and 3.3) of the 7° cone model, the achievable roughness Reynolds number &k} and blockage
ratio k/0 were extracted as relevant output parameters, according to Jiménez [118]. In figure 3.2b
a map of the achievable £} (contours) and k/¢ (lines) are shown for the complete operation
range of the H2K at May, = 6. The boundaries of the operating range are defined by minimum
reservoir pressure (left), maximum temperatures (upper), maximum heating power (upper right),
maximum mass flow (lower right) or risk of condensation of Oxygen / Nitrogen (lower). It is
visible that increasing the pressure increases the achievable roughness Reynolds number k7,
whereas increasing the temperature increases the achievable blockage ratio k/d. Values in the
order of O(100) and O(0.1) can be achieved for k} and k/d, respectively. Since the achievable
blockage ratio changes only marginally within the operating range, a nominal Flow Condition
(FC) 1 was chosen with pg = 20bar and 7 = 500K to maximize the achievable Reynolds numbers,
considering heating limitations at that time. Due to infrastructure refurbishments of the H2K
facility during the second test campaign, a second flow condition FC2 was defined, aiming at a
similar Reynolds number as FC1 with pg = 18.9bar and Ty = 475K.

Table 3.1 contains both flow conditions FC1 and FC2 used in all wind tunnel campaigns (also
included as symbols in figure 3.1b and 3.2b) with details about the Mach number Ma, unit
Reynolds number Re, reservoir pressure pg, reservoir temperature Ty and velocity U. The values
are reported for the inflow (condition at nozzle exit, upstream the bow shock in front of the
cone) and boundary layer edge condition (downstream the bow shock). All tests were performed
at an angle of attack of zero. The inflow Mach number is derived from nozzle calibrations,
including viscous effects, depending on the Reynolds number. The reservoir conditions were
directly measured whereas the static conditions of the inflow were calculated via gas dynamic
equations (e.g. [241]). The nominal edge conditions were derived by the Taylor-Maccoll equation
(see section 3.7 or e.g. [9]), assuming negligible influence of a thin boundary layer.
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Table 3.1: Nominal flow conditions FC1 and FC2
Flow state Ma Re Do To U
cond. (=] [10°1/m] [bar] [K] [m/s]
FC1 inflow 6.06 15.7 20.0 500 940

edge 5.40 20.5 19.8 500 926

FC2 inflow 6.06 16.0 18.9 475 916
edge 5.40 21.0 187 475 903

A complete test matrix of valid runs can be found with table 7.1 in section 7.1.

The model consisted of three exchangeable segments, i.e a nose-, middle- and aft-segment. The
first segment consisted of a sharp metallic nose with a radius in the order of 0.1 mm. The middle
and one smooth plus one rough wall aft segment were made of PolyEther-Ether-Ketone (PEEK),
which is a colorless organic high-temperature polymer thermoplastic. It is a standard material for
heat flux investigations in H2K due to detailed knowledge of the temperature dependent material
properties (see section 3.4.1). Additionally, the material has a low thermal conductivity, which
reduces lateral heat transfer (see chapter 3.4.2). The material thickness of PEEK was chosen to
be at least 10 mm (see corresponding analysis in section 3.4.2). To separate effects of roughness
induced transition and roughness induced turbulent augmentation effects, a turbulent boundary
layer approaching the roughness elements needed to be realized. Previous test campaigns on 7°
sharp cones showed, that at the chosen inflow conditions, the transition front established at a
running length based Reynolds number which is reached at the middle segment of the current
cone model [283]. Therefore, it was decided to apply the surface roughness only along the aft
segment.

One smooth wall aft segment and two different rough wall aft segments were manufactured, one
with a technical roughness made from PEEK and one with a sand grain type roughness made from
metal. A smooth wall aft segment was used to extract reference data. The technical roughness
pattern was based on previous measurements within the ExoMars campaign [167]. It consisted
of a transverse square bar pattern (TSB) with a wavelength A to width w or height k ratio of
nominally A\/w = (w +14)/w = (w + i) /k = 4, with the bar interval . The nominal bar height &k
and width w was 0.5 mm (see Fig. 3.3). The top of each square bar was aligned with the smooth
part of the model, comparable to studies by e.g. [90], [24], [33]. The roughness pattern begins
at x, = 0.326m (z,/L = 0.44) and ends at z, = 0.65m (z,/L = 0.89), so that approximately
the last 80 mm of the rough wall aft segment exhibits also a smooth wall (originally designed to
include local sensors). The total length of the model was L = 0.73m with an end diameter of
D =0.18 m.

An additional metallic aft segment with a smooth surface was manufactured and later equipped
with silicon carbide (Carborundum) grains to simulate a sand grain type roughness topology.
The grains were sieved first with a mesh opening of 0.7 mm and afterwards with 0.5 mm to
realize a nominal grain diameter of 0.5 mm. After sieving, a thin glue layer was applied to the
model and the grains were applied to achieve a dense roughness layer. The streamwise beginning
and end of the grain roughness layer resembled the one of the corresponding technical roughness,
whereas only one half of the cone in circumferential direction was covered (see figure 3.5b). After
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a proper waiting time, the glue was dried and the grains were fixed to the model and ready for
testing.

Surface roughness and outer mold lines of the different models were checked after manufacturing
via an optical chromatic distance measurement device MicroSpy® Mobile by the company FRT,
which has an accuracy typically below 2 pm. The roughness of the smooth PEEK parts were
taken along multiple line profiles and resulted in an inner scaled roughness of R\ .~ 1.1, which
is well below a value of 5, typically stated as upper limit of an hydraulically smooth surface
[212].

For topology measurements, several 20x20 mm? sectors were optically measured (see also section
7.1.3) and statistically evaluated (after proper post-processing to consider the conical contour).
The sectors were distributed at four circumferential positions at two streamwise locations along
the cone, corresponding to the PIV measurement Field of Views of interest FOV1 and 2 (see
section 3.2 and 3.3). Additionally, for the TSB aft model segment calibrated PIV images can be
exploited to extract the contour. Scans and PIV data suggest that the roughness changes slightly
along the axial direction. Along the upstream part (FOV1), values of typically k£ = 0.46+0.03 mm,
b= 0.51+0.02mm, i = 1.49 £ 0.02 mm, A = 2.00 £ 0.02 mm and A\/k = 4.34 £ 0.34 mm
were measured from scans. Along the downstream part (FOV2) slightly lower values for k
were measured. This tendency was also visible in the PIV images with k£ = 0.5 + 0.01 mm at
FOV1 and k£ = 0.43 + 0.01 mm at FOV2. Although it needs to be mentioned that the reported
uncertainties for & are of the same magnitude as the resolution uncertainty of the PIV setup, so
that corresponding values might be larger.

In case of the sand grain type rough aft model segment, a multitude of statistical properties of
distributed roughness is potentially relevant, as described in section 2.5. In this thesis, parameters
according to Bons [28] were chosen, which studied realistic roughness on turbine blades. Bons
used the mean height &, of the minimum peak-to-trough roughness height k; = max(h') —min(h')
for several subsets of data as estimate for the mean roughness height k. Here, k, was derived for
every suitable measurement sector and the resulting median of k, =~ k = 0.45 mm was used as
representative scale. Additional statistics can be found in section 7.1.3.
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Figure 3.2: Estimations via correlation by Fenter [71] with ks = 1 mm and T,, = 340 K showing
a) Roughness Reynolds numbers kf against axial distance z, for different inflow conditions and
cone angles § = 3° and 6 = 7°, b) H2K condition map for a 7° cone at x, = 0.5m at Ma,, =6
with the achievable kI (contours) and k/4 (lines) together with FC1 (square) and FC2 (delta).
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3.1 Wind Tunnel and Model Properties

Set-Ups:

The model was fixated by a sting configuration and placed in a short distance downstream of
the wind tunnel nozzle exit (see figures 3.4 and 3.5). This enabled the positioning of different
camera set-ups for the different wind tunnel campaigns. For the first Particle Image Velocimetry
campaign the PIV camera was installed in the horizontal plane outside of the test section (see
figure 3.4a) and section 3.3). Additionally, two infrared (IR) cameras were installed with one
view from top and and one from the side (see section 3.4). For the second PIV campaign the
PIV cameras were installed in the horizontal plane inside the test section in a sealed box (see
figure 3.5 and section 3.3). Also here, two infrared (IR) cameras were installed with one view
from top of the nozzle and one from top outside the test section (see section 3.4). The details of
the Pitot probe set-up are given in the following section 3.2.
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Figure 3.4: Test setups of different test campaigns with a) first PIV campaign, b) Pitot pressure
campaign.
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Figure 3.5: Test setups of different test campaigns with a) second PIV campaign, b) Sand grain
type roughness configuration in Pitot pressure campaign.
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Figure 3.6: Model instrumentation with view from nozzle to diffusor (P: positions of pressure
ports, HFM: positions of HFM sensors, CT: positions of coaxial thermocouples, Pitot rake: Pitot
rake position if applicable, dashed boxes: sensor plateaus in case of rough segment).

3.2 Pressure Measurements

3.2.1 Surface Pressure

The wind tunnel model was equipped at nine different positions with pressure holes perpendicular
to the surface with a diameter of 0.5mm. These pressure taps were distributed along three
different axial sections along the model, at z, = 0.25,0.495 and 0.651 m. In the first and last
section four different taps were positioned with an angular distance of 90° (see figure 3.6 and
table 3.2). This set-up enabled the analysis of model alignment and pressure gradients along the
surface. The taps were connected via steel and flexible tubing to a miniature Electronic Pressure
Scanner (ESP) outside the wind tunnel model. ESP scanners are miniature electronic differential
pressure measurement units consisting of an array of silicon piezoresistive pressure sensors. The
reference pressure was kept constant in an additional metallic vessel outside the test section. The
module had a measurement range of 5psi(34.5kPa). In case of the mid-axial location of the
rough wall section, small smooth wall plateaus (rectangular cross-section with 8x16 mm?) were
foreseen (see figure 3.4b or section 3.5 for more details).
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Table 3.2: Nomenclature for the sensors and positioning

Sensor name Abbreviation z, )
[mm] [°]
Pressure tap, middle segment PT1 250 90
Pressure tap, middle segment PT2 250 180
Pressure tap, middle segment PT3 250 270
Pressure tap, middle segment PT4 250 0
Pressure tap, end segment, within roughness PT9 495 90
Pressure tap, end segment PT5 651 90
Pressure tap, end segment PT6 651 180
Pressure tap, end segment PT7 651 270
Pressure tap, end segment PTS8 651 0
HFM sensor, non-coated, middle segment HFM1 300 270
HFM sensor, coated, end segment HFM2 488.5 270
HFM sensor, coated, end segment HFM3 654 225
Coaxial thermocouple, middle segment CT1 300 90
Coaxial thermocouple, end segment CT2 488.5 90
Coaxial thermocouple, end segment CT3 654 45

3.2.2 Pitot Pressure

The Pitot pressure was measured with a movable rake, consisting of five tubes, each with an
inner and outer diameter of 0.2 mm and 0.4 mm, respectively. The distance between subsequent
tubes was 1 mm (see figure 3.8 and 3.9). This multiple tube concept minimized the testing time
for a highly resolved boundary layer profile. The mechanics of the rake was designed to realize
positions between x = 494 — 635 mm parallel to the wall and y = 0 — 10 mm normal to the wall.
The z-position was fixed during a test run but in wall-normal direction the rake was traversed
with a linear actuator L4118L1804 — T'6X1 from Nanotec Electornic GmbH & Co. KG (see
figure 3.7). The motor was operated by a Nanotec SMCI33-1 controller which was controlled by
a PC running a LabView program. With the program, tailored movement sequences could be
programed for each run. The position of the probe was monitored with a Nanotec WEDL5546
encoder. The actuator has a minimal step resolution of 5 ym and a maximal speed of 20 mm/s.
These parameters fulfilled the requirement for a design wall normal resolution of Ay = 0.1 mm to
result in approx. 10 points within the logarithmic portion of the boundary layer at nominal inflow
conditions and test times. The rake movement during test time was stepwise with corresponding
settling times to ensure a sufficient filling of the tube volumes. Pressure and step count were
recorded via two different acquisition systems. Pressure data was recorded at 3Hz and the
step count at 40 Hz sampling frequency. In a post processing step both data streams were first
synchronized via recorded TTL trigger and afterwards harmonized to 3Hz. Afterwards, the
acceptable test time with constant flow conditions was identified based on the gradient limit of
the total pressure signal. This limit was identified based on a test at a constant rake position.
A gradient limit was chosen that the corresponding pressure value agrees to 99.9% of the end
pressure value at the constant position. Non converged pressure points were omitted. With this
procedure typically 10 positions could be realized during one run, which resulted at a step-size of
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Figure 3.7: Pitot rake set-up CAD

Ay =0.1mm in 1 mm/run. At a typical boundary layer thickness of § ~ 4 mm a total of at least
5 runs would have been necessary with a single probe device to capture a complete boundary
layer including the identification of the boundary layer edge. By applying the Pitot rake usually
two runs were sufficient. The impact of potential interaction problems between the different tubes
of the rake was tested with measurements via an additional single tube device (see figure 7.23
in section 7.4.1) and the differences were found to fall within measurement uncertainties (see
section 7.1.1).

The Pitot tubes were connected via steel and flexible tubing to an ESP scanner with a measurement
range of 15 psi (103.4kPa). Two main measurement sections at x = 494, mm and z, = 635 mm
were defined according to the PIV FOVs (see section 3.3 and 4).

Due to the intrusive nature of a Pitot probe measurement, potential corrections were investigated
and influences from viscous effects and curved shock effects were found to be negligible under
current test conditions (see Appendix 7.4).
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Figure 3.8: Pitot rake main dimensions

Figure 3.9: Pitot rake photography

3.2.3 Post Processing

Besides the aforementioned lag-time identification, several other post-processing steps were
necessary, described in the following. Two wall distance corrections were applied. Firstly, small
changes of the tube-to-tube distances in the order of below 0.1 mm due to small deformations
were monitored via photographies in front of millimeter paper in between runs and included in
the analysis. Secondly, at the first measurement section (z = 494 mm) small deviations of the
wall normal distance in the order of 0.1 mm were noticed. This was attributed to a small bending
of the rake system. Therefore reference measurements with fixated rake were used to identify
the amount of Ay and corrected accordingly. Furthermore, to account for small run-to-run
inflow differences, the pressure data of each run was first transformed to pressure coefficients via
¢p = (PPitot — Poo)/Goo, With the corresponding inflow values of pressure po, and dynamic pressure
(oo for each run. Finally, a corresponding pp;ir was re-calculated with the corresponding nominal
inflow values of ps and ¢, and then combined to a complete profile from several runs.

The measured data was transformed from Pitot pressure to velocity profiles applying several
assumptions. First, the pressure was transformed to a Mach number profile using the Rayleigh
Pitot equation (see e.g. [241]):
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This equation assumes adiabatic flow of a perfect gas upstream of the Pitot tubes with 1 and 2
indicating the condition upstream and downstream of the normal shock. In this equation pgs
corresponds to the measured Pitot pressure pp;;o: and p; to the corresponding static pressure.
The Pitot rake was positioned in such a way, that a surface pressure measurement in close
proximity of the Pitot tube was used to account for p;. It was assumed that the measured surface
pressure is not affected by the bow shock from the nearest tube, and also the pressure throughout
the boundary layer was assumed constant. With these assumptions, the Mach number in front of
the shock wave, May, could be obtained iteratively by applying eq. (3.1).

In order to obtain the velocity U from the Pitot Mach number profile, the Mach number definition
can be utilized:

U=Ma-a=Ma-+/yRT (3.2)

where a is the speed of sound in the fluid, R is the specific gas constant and ~ is the heat capacity
ratio, assumed to be v = 1.4. With known Mach number and gas properties, the velocity can
be obtained from this equation if a suitable temperature profile through the boundary layer is
found.

For this study different temperature correlations were implemented and compared. Firstly, if a
constant total temperature throughout the boundary layer is assumed, neglecting any viscous
losses, a temperature profile might be calculated from isentropic relations with the Mach number
from Pitot pressure (eq. (3.2)) as input from (see e.g. [241]):

5 1)A4a2>1 (3.3)

T_RQ+MQ

Secondly, the Crocco-Busemann-temperature distribution was applied, which assumes Pr = 1,
dp/dx = 0 and ¢, = const. for its derivation (see e.g. [277]). Although strictly valid only for
laminar boundary layers with zero pressure gradient and constant wall temperature, it proved to
transform also compressible turbulent boundary layers (see e.g. [73]) and was already used in a
number of different studies including some considering rough walls (see e.g. [24], [57], [71], [44]).
A general temperature-velocity formulation can be given with

T  pw U U\ 2
— =14+ A,— B, (= 3.4
T, » T (U) (3:4)

where the parameters A,, and B, can defined for the Crocco-Busemann correlation with

-1\ T,
ACrocco = <1 + Me27 9 > Ti -1 (35)
w

o8



3.2 Pressure Measurements

—1T,
BCrocca - MeQ/‘yTTiE
w

(3.6)
To approximate a Prandtl number other than unity, Walz [270] introduced the recovery factor
to include the effect of dissipative losses in case of adiabatic decelerations in real flows. The
recovery factor is defined by

Taw - Te

_ 3.7
TO,e - Te ( )

r

with the total temperature at the boundary layer edge Tj . and the the adiabatic wall temperature
Tow, which was estimated in this thesis by the recovery temperature 7, defined by

1
T ~ T, =T, (1 + TWQ)Ma2> (3.8)

The recovery factor in case of turbulent flows can be estimated by = Pr!/3 ~ 0.89. Incorporating

the idea of a recovery factor for the temperature-velocity correlation after Walz, the constants in
eq. (3.4) are defined by

— 1\ T,
AWalz:(1+TM62ry2>T1 (3.9)
vy—1T,
Bwa, = rM*~———-% 1
war = a2 e (3.10)

Lastly, a modified Crocco temperature distribution was implemented which includes a correction
term to account for small deviations due to cold wall conditions based on DNS data according to
Duan and Martin [58]. The corresponding constants in eq. (3.4) are defined by

Apuan = Awar - 0.8259 (3.11)

BDuan = BWalz - AWalz -0.1741 (312)

where the coefficients were found by a fit to DNS data at Ma, = 5 and within T, /T, = 0.18—0.68,
which are close to the values of this thesis.

For the three latter distributions, an edge temperature is necessary as input. Therefore, the value
from the constant total temperature distribution (eq. (3.3)) is used, since only minor viscous
effects are expected at the boundary layer edge.

To identify the best distribution for the nominal inflow conditions FC2 and T;,, = 340K, the
complete transformation from Pitot pressure to velocity, as detailed above, was applied on data
from the boundary layer code (see section 3.8), where all values are known. The largest differences
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Table 3.3: Streamwise locations of profile measurement sections (MS) for Pitot and PIV velocity
profile measurements
Pitot PIV1 PIV2
Name x, [mm] x [mm] T, [mm] x [mm] Tq [mm] x [mm]
MS1 492.3 496.0  490.3 - 499.3 493.9-503.0 474.9-514.6 478.5-518.5
MS2 630.2 635.0 623.8-632.8 628.5-637.6 604.0-643.7 608.5 - 648.5

occurred for the constant total temperature assumption close to the wall, as could have been
expected. Between the Crocco and modified Crocco distribution only minor deviations were
observed (deviations of only AU/U, < 0.2%), since, at our nominal inflow conditions, the wall to
adiabatic wall temperature ratio with Ty, /T, = 0.83 is close to unity, where the corrections due
to cold walls diminish [58]. Based on this comparison the Crocco-Busemann distribution was
used to extract a velocity profile from Pitot pressure data in this study.

Pitot profiles were taken at two Measurement Sections (MS) along the cone with corresponding
positions summarized in table 3.3. Selected comparisons will be given in the results section 4.2.

For all Pitot data, the edge velocity U, was determined by averaging the outermost velocity
vectors which showed a plateau behavior. The boundary layer edge § was determined to be the
wall-normal location where the velocity reaches 99 % of U..

3.3 Particle Image Velocimetry

Particle Image Velocimetry (PIV) is a powerful technique to measure velocity fields in a flow.
In contrast to other techniques (e.g. Hot-Wire Anemometry (HWA)) it is minimal intrusive
and able to collect data in 2D or even 3D. The general idea consists of seeding a fluid with
tracer particles, imaging them by a camera and afterwards correlating the movement between
successive exposures. If the time difference between the frames is known, flow velocities can be
derived from the pixel shifts. For post-processing, each pair of images is subdivided into smaller
Interrogation Windows (IW) for which a cross-correlation is performed to obtain an estimate for
the average particle displacement within that region. One mayor assumption of PIV is that the
particles follow the flow adequately so that the displacements of particles represent the flow field
accurately. Due to the finite size and inertia of the particles, a certain lag exists which can have
a filtering effect on local mean but especially on turbulent fluctuating velocities. The impact of
particle lag is even enhanced in low density flows, typically occurring in high-speed blow-down
wind tunnels. A compromise must be found in the size of the particles to keep the lag as small as
possible but at the same time have a sufficient size to scatter enough light. Typically, liquid or
solid particles are used. A further advantage of PIV is the ability to measure the velocity directly
without being influenced by potential temperature gradients, affecting for example HWA. This
is especially important for compressible TBL which are influenced by thermal gradients due to
dissipation and differing wall temperatures. The drawbacks of PIV are limitations in resolution
and dynamic range. The resolution is defined by the subdivision into finite IWs. The dynamic
range is set on the lower end by typical uncertainties in the range of 0.1 pix (pixels) and on the
upper end by the maximum displacements (approximately in between 15 to 36 pix in this work).
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The size of the IWs do have additional impact on e.g. filtering of fluctuating content of a velocity
field. This will be addressed in section 7.5.2. For further details on the PIV technique, the reader
is referred to e.g. [4], [198].

3.3.1 Set-Up

Two PIV campaigns with different setups have been performed. In the following both are
summarized and presented. In both cases set-ups were used to measure two dimensional, two
component (2D2C) flow velocity fields.

First PIV campaign:

An ULTRA CFR Nd:YAG Laser System from Quantel was used as light source. It consisted
of two pulse lasers which were superimposed and converted to a wavelength of £532nm. The
frequency was set to 15 Hz for a maximum energy of 191 mJ per pulse. The final laser sheet
along the model surface had a nominal dimension of 60 x (0.5 — 1.0) mm (streamwise length x
thickness). The set-up inside the test section is visible in figure 3.4a. To reduce wall reflections
the PEEK model wall was locally painted with red color in the vicinity of the laser sheet impact
region. Additionally, the sheet was positioned such that most part of its extent was located on
the camera-averted side of the model.

For the acquisition of images, a PCO 1600 camera system was used, with a CCD chip with a
maximum resolution of 1600 x 1200 pix?. The camera was positioned outside of the test section,
at a distance of approximately 2.1 m from the model. A K2 DistaMax long distance microscope
from the company Infinity Photo Optical was used as objective. The chosen set-up resulted in
a magnification of M ~ 0.99. An optical filter (wavelength 532 4+ 2nm) was mounted between
the objective and the CCD chip. With this set-up a Region of Interest (ROT) of 9.0 x 12.0 mm?
(streamwise x wall-normal distance) was obtained. The location of this ROI is summarized in
table 3.3.

For seeding, a Solid Particle Generator (SPG) was used, which was connected to the stilling
chamber of the H2K wind tunnel. T%Os particles of type 1002 from the company KRONOS
INTERNATIONAL INC. were used. The manufacturer states a median diameter of d, ~
0.2 — 0.3 um and a density of p, ~ 3800 kg/m3. Before seeding, the particles were sieved and
than dehydrated in an oven at 70°C for ¢ > 6h to 12h to prevent agglomeration (see e.g. [199]).
Investigations resulted in Stokes numbers in a range of 0.4 < S; < 1.5 with an expected reduction
in streamwise rms turbulence intensity of approximately 8 % to 15 % (see section 7.5.2.1 or
[171]). Also, potential deviations for the mean velocities of up to 2% of U, were approximated.
A dedicated sensitivity study of the particle property impact on the response behavior is given in
chapter 7.5.2.

The timing of the PIV system was controlled via a LabSmith LC880 8-channel trigger box.
The interframing time between two images was set to nominally ¢, = 120 ns. During testing,
a dependence of measured velocities on the laser power level was noticed. The time difference
between two subsequent laser pulses was identified as main contributor to this deviation. A
dedicated laser characterization with a photo-diode set-up was performed after the test campaign.
This characterization resulted in corrected pulse interval values for all pre-set pulse interval and
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power level combinations used during the test campaign (see also section 7.5.1). The standard
uncertainty of the extracted deviations was in the order of 1ns or below and were included in the
total PIV measurement uncertainty (see section 7.1.1). A comparable influence was also reported
in [285]. The described H2K set-up typically resulted in a mean free-stream displacement of
Ax =~ 14.5 pix.

Second PIV campaign:

Due to hard- and software upgrades (especially in terms of the laser system), an enhanced setup
was possible for the second PIV campaign. Also, since one lesson learned from the first campaign
was, that two-point correlation results are essential to evaluate data quality as well as to enable
the analysis of large scale structures, a corresponding larger FOV was targeted.

A SpitLight DPSS 250 PIV Laser system from InnoLas Laser GmbH was used as light source. It
has a pulse rate of 100 Hz and a maximum energy of 120 mJ per pulse. It is a diode-pumped
solid-state laser (Nd:YAG) at 532 nm and was operated at maximum power with an additional
attenuator to control the incident power in the test section. The laser pulse timing was monitored
during tests with a photo diode measurement and the uncertainty was estimated to approx.
+1.5 ns. This was a direct lessons learned from the first PIV campaign, for which laser power
influences have been encountered (see section also 7.5.1). Through a flange, equipped with a
suitable window for the corresponding laser wavelength, the beam was directed towards the wind
tunnel model via an optical set-up. It was fixed to the top of the wind tunnel test section and
consisted of three lenses, one of which was a cylindrical one. The final laser sheet along the model
surface had a nominal length (in axial direction) of larger than 20 mm and a thickness (in lateral
direction) of approx. 1 mm. The set-up inside the test section is visible in figure 3.5a and 3.10.

For the acquisition of images, two LaVison Imager sCMOS cameras with a pixel size of 6.5 pym
were used. A long-distance microscope K2 Distamax from Infinity Photo-Optical was used on
both cameras via a beam splitter. With a CF-1b lens, a magnification of approx. 113 pix/mm was
accomplished. The images were de-warped based on the calibration with a final magnification of
128 pix/mm. The images were recorded at a size of 2560 x 1060 pix? to enable acquisition rates of
50 Hz for each camera. With proper timing, i.e., both cameras recorded images in an alternating
order, the laser system could be used at 100 Hz repetition rate since both cameras shared the
FOV via the beam splitter. The complete camera setup was installed in a sealed box within
the H2K test section to be as close to the target as possible and yet isolated from the vacuum
condition in the test section. With this setup a FOV of approx. 20 mm in streamwise and 8 mm
in wall-normal direction (approx. 50 x 2J) was recorded. From these two 2D fields, averaged 1D
profiles were extracted approximately at the mid of the FOV at z,/L = 0.68 and z,/L = 0.85,
called in the following measurement section MS1 and MS2, respectively (see figure 3.3). MS1 is
located 170 mm behind the beginning of the rough segment which resulted in approx. 48 times
the smooth wall boundary layer height at MS1. This is well above the value of 10 to 25 stated
by Berg [24] to be necessary to reach a new boundary layer equilibrium condition downstream a
smooth to rough wall topology change.

For seeding, the same generator and TiOs particles were used as in the first campaign. The
timing of the PIV system was controlled via a Programmable Timing Unit PTU X of LaVision.
The triggering was coupled to the wind tunnel data acquisition. The laser pulse timing between
two images was set to nominally At, = 250 ns. A few tests were performed with nominally
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Figure 3.10: Set-up in H2K test section with opened sealed PIV camera box (second campaign).

At, = 150 ns and At, = 350 ns to enable random noise and turbulence intensity characterization
according to Scharnowski et al. [211] (see section 7.5.2). This resulted in a mean pixel shift of
Az ~ 15 pix, 26 pix, 36 pix for At, = 150 ns, 250 ns, 350 ns, respectively.

3.3.2 Post Processing

First PIV campaign:

All analyses were performed with the commercial PIVview suite version 3.6.0. Approx. 200 valid
PIV image pairs were recorded per run. Several image pre-processing steps were conducted before
analysis. Due to small model vibrations, a pattern matching algorithm was used to normalize all
recorded images first. The wall was identified based on intensity images, averaged over all images
per run. Profiles in the wall normal direction, accumulated in streamwise direction, were used.
A small rotation, typically below approx. 1°, was applied to correct for a residual difference
between the camera and wall parallel direction. A background image subtraction was omitted
since no significant improvement was noticeable.

For the processing of the images several validation criteria were defined and correlated velocity
vectors were not accepted if one of the following three criteria’s were not met. First, a normalized
median filter with a threshold of 8 was applied on each vector along with its eight neighbors.
Second, a dynamic mean test with a mean value of 2.0 and variance of 1.0 was applied. The third
criterion was a minimum signal-to-noise ratio of each correlation peak of 5.0. An interrogation
window size was accepted only if at each vector position at least 90 % of the corresponding images
met the above criteria. The remaining single image non-accepted vectors were not included
in further analysis (no interpolation was used). Based on these criteria several single-grid and
multi-grid interrogation windows were chosen for further analyses (see section 4.1 to 4.3). If

63



3 Methods

not otherwise noted, an overlap of 50% was used. In all cases an algorithm was applied with
standard FF'T correlation using Whittaker reconstruction sub-pixel peak fitting. Additionally,
the algorithm used a multiple-pass interrogation method, which applied image deformation via
cubic B-spline interpolation on all 3 selected steps, to compensate for high shear near the wall.
Ensemble correlation analysis was applied to selected data.

For the measurement of mean and turbulence quantities via PIV, different additional random
and bias errors may affect the data (see e.g. [4]). Selected impacts, deemed to be most relevant,
were investigated and reported in the Appendix (7.5.2). Based on the reported analyses, the
interrogation window 512 x 8 pix? was chosen as baseline to perform all mean velocity analyses
due to its high resolution in wall-normal direction. For the turbulence data, a size of 512 x
64 pix? was selected for the discussions in section 4.1 to 4.3.

Second PIV campaign:

Approx. 1500 valid PIV image pairs were recorded per camera for each run with LaVision DaVis
10.2.1. For post-processing, the raw images were de-warped and shift / vibration corrected.
Finally, a moving average over three subsequent images was used to reduce background influences.
Surface reflections were typically limited to near wall regions so that a wall distance below
approximately 0.1 mm was masked in the recorded images. Velocity vectors were derived using a
multi-grid approach with integer window shift to result in an initial displacement field. After that,
the velocity field is refined using an iterative predictor-corrector scheme with sub-pixel accurate
image deformation according to the procedure described by Astarita and Cardone [14]. The final
corrector step is applied with a Gaussian sub-pixel peak estimator. Typically, for the multi-grid
approach two coarsening steps were applied, i.e. a final IW size of 64x64 pix? or 512x16 pix?
started at 256x256 pix? or 2048x64 pix?, respectively. If not otherwise noted an overlap of 50 %
was chosen with some selected examples at 75 %. Rectangular and Gaussian window weighting
was tested for the iterative PIV evaluation. Between the iterations, outliers in the vector field
were detected by different means. A normalized median test (over 5x5 vectors) according to [276]
was applied. Furthermore, vectors were neglected outside of a nominal displacement range of
—1 pix < Az < 33 pix and —2 pix < Ay < 2 pix. Additionally, maximal displacement difference
of 4 pix between neighboring vectors were allowed. Outliers were replaced by interpolated values,
based on the neighboring values. A total of five steps of the iterative evaluation were performed,
resulting in a typical validation rate of over 80 % in the final dataset. Proper post-processing and
validation reduced the valid snapshot count to approx. 1000 images per camera. Additionally, a
final post-processing step was used to filter outliers by excluding vectors which lie outside a band
of three times the standard deviation around the median value at each vector position, repeating
this step for 10 iterations. If not otherwise noted, experimental data points are plotted in this
paper only if a minimum of 90 % valid vectors exist at the corresponding position. More details
of the methods can be found in [155]. Comparisons between this analysis tool and PIVview were
performed and showed only minor differences. Due to the larger flexibilities, for the data of
second PIV campaign this tool was used.

As for the first PIV campaign, also for the second campaign selected impacts were investigated
and reported in the Appendix (7.5.2). Based on the reported analyses, the interrogation window
64x64 pix? was selected as default IW. Selected studies were performed with different IWs and
are indicated in the text.
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For the discussion of velocity and turbulence profiles, data along the smooth and rough wall of
both PIV campaigns were averaged along a streamwise region, which corresponds to the extent
of one roughness shape wavelength (A = 4k ~ 2§). Along the roughness topology, this averaging
window is aligned with the beginning at the downstream end of one roughness crest to the next
(i.e. at MS1: x=496 mm to 498 mm and at MS2: x=626 mm to 628 mm). Different averaging
alignments and also extents (i.e. two or four wavelengths) were tested with only negligible
differences between the results (see figure 7.45 in Appendix 7.5.2).

For all PIV data, the edge velocity U, was determined by averaging the outermost velocity
vectors which showed a plateau behavior. The boundary layer edge 6 was determined to be the
wall-normal location where the velocity reaches 99 % of U,. Data of the second PIV campaign
was used to extract further statistics in the form of two-point correlations and UMZ for which
post-processing steps are summarized in the following.

Two-point correlations:

Two-point correlations can give valuable information about large-scale coherent structures in
a TBL. Two-point correlations of the streamwise velocity fluctuations R, have been extracted
applying the following equation according to e.g. [285], [190]:

U (@, Yrep) U (x4 Azy)
\/u, (xvyTCf)Q \/u/(x + Ax7y)2

Included are the marching step Az and wall normal coordinate of interest y,.f. By repeating
the process for different y,.y throughout the boundary layer, a 2D correlation map of large scale
structures can be deduced. Typically, the maps appear as elliptic correlation levels inclined by
a certain angle with respect to the wall plane, called inclination angle ¢ (see e.g. figure 2.13).
Overall dimensions of the correlation levels can give information about length scales and the
angles about inclination angles ¢ of large scale coherent structures.

Ry (,A2,Y,Yref) = (3.13)

To extract characterizing length scales, different approaches are being used in the literature
[183], [285], [228]. Of particular interest is the integral length scale, which is defined as the
integral below the one-dimensional autocorrelation [190]. This can be challenging to extract
from experimental PIV data due to influences like resolution or the FOV dimension. Instead,
a typically used representative length scale is the overall dimension of a contour level of the
two-point correlations which are also used for direct comparisons between studies. Efforts were
made to extract both described length scales from PIV data in this thesis. It was decided to
do the main part of the analysis based on the second approach described above, which is less
prone to errors and reported in multiple different references as comparison. Some tests have
been performed to extract the integral length scale, which are reported in section 7.5.2 (see
figure 7.53).

The inclination angle ¢ of the correlation contours can be extracted via the angle of the semi-major
axis of an ellipse fitted to the different contour level lines. This was performed via suitable
Python scripts based on the results of the corresponding two-point correlations. All of the above
post-processing was tested on synthetic datasets (see section 7.5.4).

UMZs:
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So-called uniform momentum zones (UMZ), separated by regions of high shear, have been
attributed to the general concept of hairpin vortex structures, where a uniformly retarded flow
region in each zone is the backflow induced by several hairpins aligned in a coherent pattern in
the streamwise direction (see e.g. [3]).

UMZ can generally be detected in instantaneous PIV velocity fields [230], [287]. One way to
detect them is by visual inspection of proper scaled 2D velocity fields (visible in corresponding
plots like figure 4.41 in section 4.3.3). Another way to detect UMZs is to compare instantaneous
velocity profiles to a corresponding mean profile at the same position, where UMZ boundaries
characterized by increased shear can be observed by large local instantaneous velocity differences.
Yet another way to detect UMZs is by identifying local maxima in a probability density histogram
(p.d.f.) of the velocities in the instantaneous field according to Silva et al. [229]. Before applying
the p.d.f., the velocities outside the boundary layer need to be excluded via a criterion for the
Turbulent/Non-Turbulent-Interface (TNTI). In this work a criterion according to Silva et al. [230]
was used. It leverages the iso-surfaces of the local kinetic energy K of the flow in a frame moving
with the edge velocity according to K = & (u? + v?) with the threshold of K = ¢y (1U2) where
co = 1.0e~3 was used here [230]. Cogo et al. [47] suggested the momentum (pu) instead of the
velocities as criterion for the turbulent/non-turbulent interface (TNTI) to include the effect of
density fluctuations. Since no information about the latter was available, the formulation from
Silva et al. was used. The boundaries between UMZs can be distinguished by local minima in
the p.d.f.

Although easily detectable, a rigorous quantitative analysis for example with respect to the exact
amount of UMZs is more challenging. There are open points with respect to the influence of
several parameters to be chosen for the analysis [287]. For example, the proper size of the FOV
as well as the resolution of the velocity field has a decisive impact on the detection of UMZs.
Also, some parameters concerning the resolution and detection of peaks in the velocity histogram
have a certain impact. Therefore, no in-depth but an overall statistical analysis was performed
with a certain fixed parameter set in this thesis, listed in the following.

In this work, for the p.d.f. analysis 30 bins were used for the velocity range from U/U, = 0.4
to TNTI. Additionally, a Gaussian kernel-density estimator was used to support identification
of local maxima in the p.d.f. The bandwidth was chosen to 0.015 and 0.02 divided by the
standard deviation of the streamwise velocity component in each instantaneous field, for the
investigated smooth Run3014 and rough Run3007, respectively. With these settings, for the IW
64x64 pix? data at maximum 2890 instantaneous velocity vectors were available for an analysis
of 1487 and 1649 valid images for smooth and rough wall data, respectively. Comparisons were
made with post-processing of IW 48x48 pix? data on 5290 instantaneous velocity vectors. A
maximum possible streamwise extent of FOV," & 1200 — 1400 was used, which is lower but close
to the suggested value of 2000 according to [229]. Results are reported in section 4.3.4 and some
additional data given in section 7.5.2.2.

3.4 Infrared Thermography

Infrared thermography enables the time-resolved measurement of global temperature information
along the wind tunnel model surfaces. It was chosen as main measurement technique to determine
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heat flux in the context of this thesis. The biggest advantage is to have accurate wall temperature
information along complete surfaces in contrast to measurements via local sensors. At the same
time, there are different challenges for this technique. For example model surfaces and material
properties need to be accurately known as well as influences like reflections need to be considered,
only to name a few. Further information can be found in e.g. [151]. In the following the used
camera systems, corresponding setups and influences like optical calibration or model properties
are addressed.

In total, two different cameras have been applied through the course of the test campaigns. A
FLIR ThermaCAM SC3000 with an image rate of 60 frames per second, sensitive to the long-
wavelength infrared range (8 — 9 pum), was used. It has an GaAs Quantum Well Infrared Photon
Detector (QWIP) with a resolution of 320x240 pix?. Additionally, an Infratec ImageIR8330 with
an image rate of 80 frames per second, sensitive to the mid-wavelength infrared range (2 — 5 pm),
was used. It has an InSb chip with a resolution of 640x512 pix?. The cameras were well suited
for the expected temperature increase with a high sensitivity due to a Stirling cooler system
to capture small temperature changes (typically below 30 mK at 300 K) and low uncertainties
(below £2 K). An overview of technical parameters of the cameras is included in table 3.4.

Table 3.4: Characteristics of infrared cameras

Characteristics InfraTec, Flir,
ImagelR 8300 | ThermaCam SC3000
Spectral range [pm] 2-5 8-9
Geometric resolution [Pixel] 630 x 512 320 x 240
Thermal resolution at 30° [K] 0.025 0.025
Aperture angle [°] 11 x 8.8 20x 15
Accuracy +1% or £1K +2% or £2K

In all IR campaigns, two cameras were installed (see e.g. figure 3.4). The cameras were
either installed outside the test section or inside within a sealed box, so that it operated at
ambient conditions. Therefore, a proper window, transparent in the IR regime was necessary.
Calcium fluoride (CaF2) windows were used, which required a calibration of the complete
optical path to evaluate the accurate transmittance. Contributions from absorption is typically
neglected (evacuated test section) and the window transmissivity is assumed to be dominant.
The corresponding calibration has been accomplished using a blackbody source with known
emissivity. The resulting mean transmittance factors are indicated in table 3.5.

For some tests, one camera (lower resolution FLIR camera) was used to monitor the side of the
model whereas the other one recorded the top side of the cone. With the side and top view of the
laminar-turbulent transition front, the shape information could be used to realize accurate angle
of attack and sideslip positioning of the model, supporting information from surface pressure
measurements (see section 3.2). In later tests, only the pressure measurements were used for
attitude checks.

Only data of the Infratec ImagelR 8330 camera system, which was positioned to optimize a
view of a large portion of the PEEK cone, was used in the post-processing to heat flux values.
The different setups in the campaigns are summarized in table 3.5. Besides the positions (view
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from top, outside the test section), it includes the different chosen calibrated temperature ranges
and effective frame rates. For the heat flux derivation (see section 3.4.2), it was necessary to
capture the model temperature before wind tunnel start which typically represented the lowest
temperature. At the same time, due to the heating of the model, enabling to record high
temperatures with the camera system enlarged useful testing times. Depending on the range,
a combination of different integration times were necessary to cover this temperature range,
which effectively reduced the recording frequencies. The different frame rates were checked to be
sufficient for numerical stability of the explicit formulation for the heat flux calculations (see
chapter 3.4.2).

Table 3.5: Setup of infrared cameras (o: outside test section).

Campaign/ | position lens res. range fps TCaF2

Cam [pix/mm] [°C] [Hz] ]

First PIV

Infratec top (o) | 25/100mm 0.9 20-100 (smooth) | 80 0.92
0-150 (rough) | 26.7

Second PIV

Infratec top (0) 25mm 1.1 -10 - 150 26.7 | 0.9440.02

3.4.1 PEEK Properties

PEEK was chosen as main model material for the test campaigns (“TECAPEEK natural”®
from Ensinger). It is a colorless organic high-temperature polymer thermoplastic, which can
withstand operating temperatures up to approx. 530 K. It has a high emissivity and low
thermal conductivity, which reduces lateral heat dissipation. Additionally, with the density,
heat capacity and conductivity, relevant material properties were characterized in the past and
are available as temperature dependent polynomials (see section 7.6.1). Additionally, detailed
emissivity characterizations were performed with dependencies on material temperature, the
emitted wavelength and the angle between the camera and the model (see section 7.6.1). Based
on these analyses, a mean emissivity of € = 0.95 was used in this thesis. These properties make
PEEK the standard material for heat flux investigations in H2K, where in contrast to short test
duration facilities, no isothermal conditions can be assumed.

3.4.2 Heat Flux Calculation

To evaluate the thermal impact of a hypersonic flow on a surface, typically the convective heat
flux ¢. is of interest. In a typical cold blow-down wind tunnel set-up a heat energy balance at
the model surface can be formulated to

QC = QT + Qw (314)
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with the assumption of an equilibrium between the convective heat flux ¢., the conductive heat
flux into the material ¢, and the radiative heat flux ¢,, emitted by the surface. If the surface
temperature T, is known, the radiative heat flux can be calculated via the Stefan Boltzmann
law:

Gr =0 (T — Top) (3.15)
where ¢ is the emissivity of the surface, o the Boltzmann constant with ¢ = 5.6703 - 1078
[W/(m2K*)] and T, the temperature of the surrounding. To evaluate the convective part, the
conduction into the material needs to be known. For its determination, a thermal energy balance
on a solid volume element can be set up and with the first law of thermodynamics the heat
diffusion equation can be given with (see [151]):

or

o =V ADVT (3.16)

p(T)eu(T)
with the density of the material p, the heat capacity at constant volume ¢, and the thermal
conductivity A. All parameters are kept temperature dependent. In the following the assumption
is made that for solids the difference between the heat capacity at constant volume and constant
pressure is negligible (¢, ~ ¢,). If the temperature distribution in the material is known, the
conductive part of the heat flux may be derived, which is proportional to the temperature gradient
at the wall via Fourier’s law:

Gw = —NTy) (VT),, (3.17)

Two different tools were used in this thesis to calculate the conductive heat flux, ANSYS® and
“pyHeatflow”.

To enable simulations including lateral heat flux components for selected scenarios, the commercial
finite element software ANSYS® was used [116]. A grid sensitivity study is included in chapter
7.7.2 and the model and corresponding results are presented in section 4.4 and 7.6.7.

The description of pyHeatflow is given in the following.

3.4.2.1 pyHeatflow

Blow down facilities with long test duration cause radiation effects and rising wall temperatures,
which complicate the derivation of heat flux rates on wind tunnel models. In order to reduce
lateral heat transfer, models made of low thermal conductivity materials can be used. The benefit
of the low conductivity enables the use of one-dimensional heat flux assumptions. However, the
drawback of working with these materials is the need for temperature dependent properties to
be taken into account in the analysis. This disables the use of simplifications in the derivation of
relevant equations. The difference between using constant and temperature dependent properties
of PEEK based on temperature evolution at a typical position along the cone results in approx.
6 % difference in convective heat flux after 20 seconds test time.
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Since the heat flux along a cone is of interest in this work, an axisymmetric one-dimensional
formulation was used, implemented in a Python script called “pyHeatflow”. The heat equation
is solved for each pixel information of the infrared camera. Since the pixel resolution in axial
direction is quite high (typically in the order of Az/L < 0.1 %), the conical radius change per
pixel is negligible, so that the discretized space is approximated by a cylindrical segment per pixel.
For each pixel the corresponding radius along the axis was distributed. Comparable investigation
showed negligible differences between results derived by a full conical formulation compared to a

cylindrical formulation of the heat equation along a cone for points no too close to the nose tip
(34].

The formulation of the one-dimensional version of equation 3.16 which covers Cartesian and
cylindrical formulations can be given based on e.g. [34] (applying ¢, =~ ¢,):

rd Or

pT)en(N) 5 = o (P S (3.18)

with r as the radial distance, perpendicular to the wall and j as the axisymmetry flag. For j =0
and r = y equation (3.18) reduces to the typical one-dimensional formulation.

Equation (3.18) can be transformed to

O _ 1 _NT) or 1 0NT) <8T>2 p()\(T)aZT (3.19)

ot v p(M)e,(T) or * p(T)e,(T) 0T \or T)e,(T) Or?

For the numerical iteration, equation (3.19) needs to be discretized. The discretization is
performed with central differences in space and a forward discretization of first order in time.

O  Tipy1 —Tigk

E = T + O(Atz) (3.20)
or 2 Tz'fl - Tz‘+1 2 212
(5 - (=) o

T Ty — 2T, — Tiq

o2 NS +O(Ar?) (3.22)

The ¢ variable indicates the depth index while k indicates the time index. Performing these
transformations, equation (3.19) can be expressed as:

Tig1— T .1 Ticix — Tivak
—————=Jj-a(lp) | — 50—
At r 2Ar (3.23)
Tiag =T’ Tiovg — 2Tip — T, '
4 (Ti) (TR ) g (1) T e

with the thermal diffusivity
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a(T) = ——— (3.24)

and

M) = ey ot (3:25)

In figure 3.11, a sketch of the discretization can be seen. As starting condition, each node of the
mesh is set to an initial temperature (7; 5 = Tinitiar)- This initial temperature can be set to an
ambient temperature or to the first recorded temperature at the corresponding pixel. In this
work, Tinitiar Was usually set to the initial measured wall temperature prior to the wind tunnel
start. This approach considered small run to run differences of initial model temperatures, due
to prior test runs model temperature increases during the day. This procedure was validated
during prior test campaigns. The measured infrared data is used as boundary condition at the
top surface i = 0 (Ti—ox = T1r (t) = T}, (t)) for all following time points, whereas an adiabatic
condition is used at the back surface of the volume of interest i = I (Ti=rx = Ti=r—14)-

Figure 3.11: Discretization of the model in “pyHeaflow”

Once the temperature distribution within the material is calculated for a given time point, the
gradient at the surface can be calculated using a polynomial according to [99], [95]. With this
temperature gradient together with the corresponding heat conduction, the conductive heat flux
can be calculated according to

dT
= A (Tior) = | 3.26
q ( 0,k> dr | 0,k ( )

Together with equations (3.14) and (3.15), finally the convective heat flux ¢. can be derived.
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In order to assure numerical stability of this explicit finite-difference procedures, the Courant-
Friedrichs-Lewy condition needs to be satisfied. It is postulated as

At <

(3.27)

Besides stability and since no information on the inside of the PEEK model and therefore backside
of our computational domain is known, it needs to be checked that the adiabatic condition is
not altering the resulting surface heat flux. One way to minimize a potential impact is to make
sure that the heat does not penetrate too far into the material. Therefore, the PEEK segments
were designed to ensure that the typical heat penetration depth during nominal testing times
is smaller than the material thickness. The penetration depth depends on the duration of the
experiment, the material properties, and the wall thickness. It can be approximated via the
thermal Fourier number Fo:

at

FOzﬁ

(3.28)

with the thermal diffusivity a, time ¢ and a length L through which the heat conduction occurs.
According to [140], [268] a maximum Fourier number of Fo = 1/4 should enable one-dimensional
analyses with a semi-infinite wall assumption and therefore it is assumed to be sufficient for our
adiabatic backside assumption as well. This criterion results in

L = V4at (3.29)

Since the thermal diffusivity a decreases with increasing wall temperatures, a conservative pene-
tration depth L may be derived, assuming a constant diffusivity a at assumed wall temperature
of T, = 300 K before wind tunnel start and with a typical testing time of ¢ = 20s. This results
in L = 7.7mm for our case. Therefore, the model segments were designed to have a minimum
nominal thickness of 10 mm.

The pyHeatflow script was validated with ANSYS computations [116], which are included in
section 7.6.4. A grid sensitivity study is included in section 7.7.2 and results are presented in
section 4.4.

3.4.3 Post-Processing

Since the calcium fluoride glasses have a transmittance 7, below 1, a fraction is either absorbed (
ay) or reflected ( py), since according to Kirchhoff’s law

ax+pr+m=1 (3.30)

This detail can become apparent for IR cameras in the form of the so called “Narcissus effect”
[217]. When the camera axis is at 90 ° with respect to the IR window, a cooler spot appears in
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Figure 3.12: IR image without (left) and with reflection correction (right)

the center of the IR image, as visualized in the left half of figure 3.12. To avoid this influence a
correction map was used [95]. The result after applying the correction map can be seen on the
right side of figure 3.12.

To suppress unphysical heat flux fluctuations caused by small model vibrations a time filter
was applied on the IR temperature signal of each pixel before heat flux calculation. Based on
experience from previous test campaigns a FIR filter with either a width of 5 time steps and 3
or 25 iteration steps was used. An example for one IR pixel with temperature, heat flux and
Stanton number St against time for different filter settings is shown in figure 3.13.

Another influence to address is the impact of IR camera resolution on the measured heat flux
values along the wall, since the roughness topology exhibits small scale structures which can be
resolved to a varying degree depending on the setup. In this thesis, it is assumed that a camera
with lower resolution measures approximately the ensemble average of the pixel information in
the same field of view of a corresponding camera with higher resolution. This approximation was
confirmed in private communications with the camera manufacturer (Infratec) and by data from
the ExoMars campaign for a Ma, = 4.2, Re = 8.5 - 10 TBL flow along a \/k = 4 square bar
rough wall topology [168], [167]. Stanton numbers of both resolutions agreed to within approx.
+3 % and this will also be confirmed with data in this thesis (see e.g. figure 4.53).

A further point to discuss is that it is speculated that rough wall heat flux augmentations are
caused by the increased surface area and local secondary flows around the roughness elements
[32]. Also, previous work showed that area-averaged 3D heat flux results needed correction by the
wetted-to-planform area ratio if compared to 1D cases [27]. The author argued that conservation
of energy applies to the heat transfer rate () = ¢ - A not the heat transfer rate per unit area, or
heat flux, ¢. Bons worked on an irregular roughness topology where surface-to-camera viewing
angles differed by a large range of values so that the effective increase in surface needed to be
corrected for if compared to an 1D (projected) modeling. In our case the technical roughness
topology is regular and most of the parts visible are the surfaces parallel to the smooth cone model
parts (without the sidewalls), and therefore it was assumed that no correction is necessary.
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Figure 3.13: Example of post-processing for one IR pixel with temperature, heat flux and
Stanton number against time for different filter settings

3.4.4 Normalization

The determined convective heat fluxes were generally normalized and given in form of Stanton
number distributions to reduce wall temperature effects and allow comparisons to other measure-
ment campaigns and CFD data. The Stanton number can be seen either as ratio of convective
heat flux to a total one carried by the stream [102] or as a heat flux normalized by the mass flow
rate and the driving temperature [40].

Different formulations for the Stanton number are being used (see e.g. equation (2.15) in
section 2.4). In this work, the following formulation was used, after investigating different other
options (see section 7.6.5)

de
St. = 3.31
peuecp(Tr - Tw) ( )

where the recovery temperature 7, according to equation (3.8) was used to estimate the adiabatic
wall temperature T,,,. The corresponding edge conditions were derived from the inflow based on
the Taylor-Maccoll equations (section 3.7), neglecting viscous interactions along the cone.
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3.5 Thermal Sensors

Additionally to infrared thermography, two different local heat flux sensors types were foreseen to
be inserted flush into the model surface. This enabled comparisons to values from IR. Although
it was expected that the absolute values differ between both techniques (due to e.g. different
materials, see e.g. [93]), the corresponding ratios i.e. rough wall heat flux augmentations, were
planned to be compared.

Three Heat Flux Microsensors (HFM) from Vatell Corporation were acquired. The sensor is
based on a thin-film technology which applies a thermopile construction. Different types for
different environmental conditions exist. Two coated and one non-coated low temperature variant
HFM-7/L heat flux sensors were chosen. Figure 3.14a shows a photo of a coated HFM sensor.
The exact position of the sensors can be found in figure 3.6 and table 3.2.

The HFM sensor performs two separate measurements. First, for direct surface temperature
measurements, the probe has a resistance temperature sensing element (RTS), which is used
to correct the heat flux signal for temperature dependent probe effects. Secondly, the HFM
incorporates a thermopile heat flux sensor (HFS), which occupies most of the surface area on the
sensor face, which allows direct heat flux measurements. The sensor head had a total diameter

of 6.35 mm.

The HFM sensors are typically calibrated against a radiative heat flux source. Therefore, the
typical heat flux values need to be corrected if the convective heat flux is of interest. In case
of the coated sensors, the convective heat flux can be derived considering the emissivity of the
coating [266]. In case of the uncoated sensor, the convective heat flux can be derived directly. For
further information about the HFM-7/L sensor, the reader is referred to the operator’s manual
[266]. To protect the sensors from damages due to particles from the wind tunnel and PIV
seeding, a protective Kapton strip was applied on the sensor heads for all but selected runs.

As a second type of local sensors, Coaxial Thermocouples (CT) were foreseen. Due to its design
this type of thermocouple enables measurements of local surface temperatures when inserted
flush into the model surface. The two thermocouple alloys are arranged coaxially with one alloy
as thin wire in the center surrounded by the second alloy in a hollow cylindrical form. Both
materials are separated by a thin sheet of insulator and the only connection is allowed by small
splinters at the frontal surface. This enables high temporal sensitivities but at the same time
also results in a high sensitivity to noise. Different types of sensors were acquired from the Shock
Wave Laboratory (SWL) of the University of Aachen.

Two types of CT sensors have been used. The first one is a coaxial thermocouple with 1.9 mm and
1 mm for the outer diameter of the first and second thermocouple element, respectively, together
with a length of 12 mm (type 1, see figure 3.14b). The second one is a coaxial thermocouple
installed in a housing with 5.5 mm outer diameter and 18 mm length (type 2, see figure 3.14c).
Both versions are type E thermocouples with the pairing of chromel and constantan. Typically,
these CT are used in short duration facilities but have already demonstrated their ability to
deduce long-term heat flux signals (see e.g. [253]). To this end, additionally to the thermocouple
junction on the frontal surface the sensors have a second one at the backside of the sensor to
monitor heat penetration.
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To derive the heat flux from the temperature signals of the CT, the one-dimensional heat equation
is solved with the same code as used for IR measurements but in non-axisymmetric mode (see
section 3.4.2.1). Before, the temperature signals were filtered with moving average kernel of
size 5 and 25 repetitions. According to Hollis [107], a type-E chromel-constantan thermocouple
consists primarily of chromel (80 — 90 % by volume). Therefore, and because of uncertainties in
thermal properties of constantan, the author recommends to use chromel material parameters for
the analysis of CT. The coefficients detailed in table 7.27, according to [107], were used in this
work together with equations (7.25) to (7.27).

Due to the cone shape of the model, it is not possible to realize a perfectly flush-mounted flat
sensor head and small gaps are inevitable. The sensors were implemented in such a way, that the
heads were flush with the surrounding model along a streamwise line, which can be seen as a
projected axis into the mid-point of the sensor head. Therefore, parts of the sensor head outside
of this line in circumferential direction had a small step up compared to the model. Due to the
changing curvature along the axis, this step also changes in size, with the most challenging one
represented by the HFM located close to the nose at x, = 0.3 m with a gap of approx. 0.1 mm.
This gap was accepted, since no downstream influence was visible in the IR images and also the
transition front was located upstream of this position.

The positions of the sensors in the technical roughness segment were the same as in the smooth
case. However, since the sensors needed to be flush with the model surface and their diameter
was bigger than the roughness elements width, they could not be implemented directly within the
rough part. It was decided to include local smooth plateaus at the sensor positions, flush with the
height of the roughness elements. The plateaus had a rectangular shape of 16 x 8 mm?, with the
longer side in streamwise direction. These dimensions were based on necessary criteria for oil-film
interferometry measurements which were discussed in the initial phase of planning. The plateaus
began at position z, = 484.58 mm and were located at ¢ = 90°, ¢ = 180° and ¢ = 270° (see also
figure 3.6). The position x, = 484.58 mm and ¢ = 0° was designed without plateau, since it was
the side of the model seen by the IR camera (see section 3.4). This ensured a clear view to record
the temperatures along the rough segment without a possible influence of a plateau. To ease
the manufacturing of the plateaus, the grooves along the longer side edges were finished with
rounded edges with a radius of 0.75 mm. It is assumed that this modification had only negligible
influence on the measurements of the sensors implemented in the plateaus (see figure 3.15). The
HFM and CT sensors were implemented close to the leading edge of the plateaus in streamwise
direction at approx. & 26 downstream the front edge of the plateaus (calculated with a typical
rough wall TBL thickness as extracted from PIV at MS1). The objective of this design was
to realize that the sensors measure the rough wall effect as best as possible, since it is below
a distance for which a new smooth wall equilibrium would be expected (using the estimates
from [24] with a distance of 14§ for mean flow and even 20 — 259 for fluctuating quantities). To
hold the sensors in place, glue was used at the backside interface between model and sensor,
independent of sensor type (HFM, CT type 1 or 2).
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(b)

(©)

Figure 3.14: Photographies of local heat flux sensors used, with a) HFM sensor, Coaxial
thermocouples of b) type 1 and c) type 2.
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3.6 Schlieren System

3.6 Schlieren System

At the time of the experiments, the hypersonic wind tunnel H2K used a coincident Schlieren
optic setup to visualize the flow around the model. This technique with a long optical path
increases the sensitivity of the Schlieren technique in flows with relatively low densities and
density gradients. With this line-of-sight method, the three-dimensional flow structures are
visualized in two dimensions. Density gradients are integrated along the line of sight. The
Schlieren technique differs from the shadowgraph technique by the usage of a knife edge. This
results in the density gradient being emphasized orthogonal to that edge. The Schlieren setup
was implemented only in case of the Pitot pressure campaign, since for both PIV campaigns, the
corresponding PIV cameras needed to be placed into the light path of the Schlieren system.

3.7 Cone Flow Approximations

In this work, the focus is on an evolving TBL along a cone model. If the ratio of boundary layer
thickness to local cone radius /1, < 1, effects due to transversal curvature can be neglected and
the equations along a cone and a flat plate are closely related (see e.g. [214]). This is assumed to
be the case in this thesis with ¢ /r,, typically below 0.1, based on data from a boundary layer
code (see section 3.8).

Despite the above given ideal assumptions, several things might influence the boundary layer
along the cone

 local subsonic region and stagnation point flow at blunted nose instead of perfectly sharp
noses

» separated and curved shock in front of blunted nose with corresponding entropy layer
« entropy swallowing, entropy and boundary layer interaction

o pressure gradient along the cone due to viscous interaction

o circumferential curvature effects

Some of these effects are sometimes called second-order effects in the literature, due to its typical
contribution of only second order (see e.g. [264]). Selected influences were investigated and are
discussed in chapter 4.

Under specific assumptions, for the special case of flow along a sharp cone a solution to the
flow equations can be found. In 1933, G. I. Taylor and J. W. Maccoll developed a method
to determine the supersonic flow past a cone at zero angle of attack [248]. It is assumed that
an attached constant oblique shock is formed upstream the cone (no shock curvature) and
therefore the entropy increase across the shock is constant. Furthermore the flow is assumed
irrotational, adiabatic and steady with constant total enthalpy along streamlines. The flow field
downstream the shock is assumed conical with an applicable spherical coordinate system. Under
these assumptions, the authors transformed the conservation equations to ordinary differential
equations, which can be solved with a suitable mathematical procedure. This procedure was
used in this thesis to calculate edge Mach number and pressure under the assumption of only
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small viscous interaction effects. The derived values were used as input parameters for the
following analytical and numerical computation methods. Previous investigations compared
boundary layer edge values from Taylor-Maccoll equations along a 7° cone at Ma = 3.5 with
results from DNS computations with an agreement within 1 % (see [137]). Further approaches to
transform flat-plate correlations to calculate skin friction and heat transfer along the cone model
are reported in section 3.10.

3.8 Boundary Layer Code

A BLcode was used, which had been developed by NASA to solve the laminar, transitional or
turbulent two-dimensional or axisymmetric compressible boundary layer equations for perfect gas
flows [98]. To solve the boundary layer equations, an iterative three-point implicit finite-element
procedure is used. To close the turbulent model, the software includes two options: a two-layer
eddy viscosity model or a mixing length model. In this paper only the eddy viscosity model was
used with a constant turbulent Prandtl number Pr; = 0.9.

Within the two-layer eddy viscosity model, in the framework of this thesis an extension was
implemented to account for flow over rough walls. This model is based on work by Fluid Gravity
Engineering within the ExoMars project to include rough wall fluxes along the Mars capsule in
the aerothermodynamic database (see [161]). This was achieved by the implementation of an
equivalent sand grain based model in a Cebeci-Smith turbulence model, based on the modification
of the Van Driest damping function which damps out eddy viscosity near the wall in the inner
of the two-layers of the algebraic model. A detailed description of this modified compressible
Krogstad model can be found in [161] and [136]. This implementation is a modification of a
model, originally proposed by [136] and with ideas from [260]. The implemented modifications to
the boundary layer code are summarized in 7.7.1, together with a validation based on data by
[161].

The model was used to rebuild friction augmentations (see section 4.2.2) and heating augmenta-
tions (see section 4.4) and support the analysis.

3.9 TAU Code

CFD calculations were performed with the DLR TAU code [97], [154]. The TAU code is a
finite volume Euler/Navier-Stokes solver, which can use structured, unstructured and hybrid
meshes, and has already been applied and validated in studies of various configurations in
various flow regimes, including hypersonic flow [97]. Different numerical second order upwind
schemes, like AUSMDYV with MUSCL extrapolation, Roe or Van Leer can be used. For time
discretization, including local time stepping, a three dimensional Runge-Kutta as well as an
implicit, approximately factored LU-SGS scheme is implemented. Acceleration techniques
like multigrid and explicit residual smoothing are available. Automatic local grid adaptation,
accounting for a variety of flow variables, can be used. Furthermore, parallel computing is
possible via domain splitting and Message Passing Interface (MPI) communication.
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3.9.1 Turbulence Models

Smooth wall laminar and turbulent computations on a hybrid axisymmetric mesh of the 7° cone
model were performed with this code. The mesh was pre-refined in areas of large gradients to
resolve the corresponding flow phenomena, like the bow shock. A dedicated grid convergence
anaylsis was performed (is reported in chapter 7.7.2). In case of turbulent computations a
one-equation Spalart-Allmaras model with Edwards modification (SAE) [64], a two-equation
Wilcox-k — w model [279] and a seven-equation Reynolds stress model (RSM) with a hybrid
Speziale-Sarkar-Gatski / Launder-Reece-Rodi (SSG/LRR-w) [65] was used. If not otherwise
noted, a turbulent Prandtl number of Pr; = 0.9 was assumed in all applied models. This choice
is supported by DNS data according to [56].

3.9.2 Particle Module Extensions

To model motion of particles with mass, an analysis module based on a Lagrangian approach
already existed for the unstructured Navier-Stokes solver TAU. This module was originally
implemented to predict ice accretion on various components of an aircraft, by predicting droplet
trajectories in CFD solutions (see [278]). Since this module was designed for sub- to transonic
flows, it was necessary to extent the implementation of the equations of motion within this thesis
to cover compressible, rarefied conditions. This included modifications to enable variable density
and viscosity and also the implementation of suitable drag coefficient models, chosen with the
Tedeschi (see [250]) and Henderson model (implemented as given in [254]). Both include the
effect of compressibility and variable Knudsen number. In 7.7.3 a short summary of the relevant
euqations and models is given together with a validation.

With the presented TAU module, single particle trajectories, as well as wall particle impingement
points and particle density distributions along the conical flow field could be modeled, extracted
and compared to the experimental data. A 1D Python script, originally implemented for validation
of the TAU module, was also used to analyze particle response to turbulent fluctuations within
the TBL, based on an approach described in [285]. Analyses with this approach are presented in
7.5.2.

3.10 Skin Friction Determination

Skin friction is an important parameter, due to its role in setting a boundary condition for TBL.
Therefore, it is used as scaling parameter e.g. in the form of the skin friction velocity u,. Several
different approaches were used in the framework of this thesis to either approximate a value
analytically or estimate a value based on experimental data. These approaches are summarized
in the following subsections.

In the initial phases of the thesis, it was discussed if a direct measurement of the wall shear
stress would be possible. Typically, so called “floating element” drag balances can be used (see
e.g. [257],[18], [239], [128]). There are different challenges to this approach, e.g. proper sealing
against secondary flow influences or typical small signal-to-noise ratios. To counteract the latter,
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in large scale facilities, balances with increased dimensions can be used to increase the resulting
force from small shear forces at the expense of spatial resolution (e.g. a length of 3 m and width
of 1 m in case of [18]). Since this option is not possible in case of a H2K setup together with a
more challenging necessary setup in case of a cone model, it was decided to neglect this option.

Another approach was applied by Hill et al. [101] utilizing a conventional strain-gage balance to
measure the complete drag force on a sharp and blunt 7° cone in a Ma = 10 flow. They derived
the total skin friction via the force balance signals from smooth and rough cone models with three
different grain sizes. The same approach was estimated for the 7° cone model in H2K. Initial
estimates based on integrating values from analytical correlations for laminar/turbulent/rough
wall skin friction contributions (see section 3.10.1) resulted in very low signals for the H2K scaling
and conditions (not shown here).

A further method which was discussed in the planning phase was a method based on oilfilm
interferometry (see e.g. [218]). Since the dimensions of the technical roughness violated the
minimum requirements for this technique, it was omitted.

Eventually, it was decided to use different indirect methods, based on measured velocity data.
First, a fitting procedure, based on the law-of-the-wall, is presented. Additionally, the velocity
gradient from the wall closest data points of the PIV measurements was exploited. Besides that,
a modified integral method to approximate the compressible wall skin friction along the cone
model was applied.

But first, analytical models used in this thesis to support the experimental analysis are reported.

3.10.1 Analytical Prediction Methods

In the framework of this thesis, several different analytical methods for laminar and turbulent
flows along smooth and rough walls have been used. Most methods are formulated for flat
plate 2D boundary layers. In the following the methods are introduced together with their
modifications in order to extent their applicability to cones.

The first one is based on the method by Korkegi [132] for compressible flow along a flat plate
with heat transfer which was adapted to include Sutherland’s viscosity model for laminar flow
according to Willems and Giilhan [282]. The skin friction coefficient at the edge of the boundary
layer cy. can be formulated for laminar flows as:

0.664

1/2 (Tref)l/4 (My/z

Cxe \ T, T.+Cq

(3.32)

Cfe =

where C as the Sutherland viscosity model constant (see equation (7.9) and equation (7.9) and
[261]) and Ty is the reference temperature [132] obtained from:

Tref
T

e

T
=1+40.032Ma? +0.58 (T — 1) (3.33)

e
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The second analytical model is a method based on the work of Van Driest [261] for turbulent
compressible flow along a flat plate with heat transfer, which was adapted to include Sutherland’s
viscosity model by Willems and Giilhan [282]. It can be given with:

0.242

\/ Cf,ch

with the following transfer functions for compressible flow, including the recovery factor r, which
was not considered in the original paper but added by Willems and Giilhan [282]:

= 0.41 +log (cfeFyRege) (3.34)
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and Ay g, and By, according to (3.9) and (3.10), respectively.

Van Driest also derived a relation to transform the skin friction derived for a flat plate to a cone
(see [262]). This relation is given by the ratio of the Reynolds numbers:

(Rezve)cone

=2 (3.39)

(Remre)flatplate
where Re, . = peUex/ .. This was applied to all of the above given flat-plate correlations to
calculate values along the cone surface.

A derivation of a rough surface skin friction correlation for a compressible flow along a flat
plate with heat transfer based on sand grain roughness was obtained by F. W. Fenter (see [71],
[223]). Due to the necessity of some terms being integrated numerically during its derivation,
the correlation is valid within 0 < Ma, < 10,5 < U} <30, 1 < T, /T. < 21. The skin friction
coefficient can be found by solving the following equations iteratively

wF he 1 ( ngELU)
—_ —— =4.13log ( c — 1.65qa; 1o kj —0.718b; + 1.84 3.40
vor\| Ha Ve el - g (3.40)

where
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with the static and total enthalpies h and H, respectively. The model parameters a; and b; are
given in Table 3.6 with their different values to cover smooth, transient and fully rough regime
in case of sand grain roughness

Table 3.6: Fenter parameters a; and b;

k+ a; bl
kj <5 0 0

5< k<100 2.84 —458
100 < k7 2.5 -3

In principal, the model was designed to cover also other roughness types by adapting the model
parameters a; and b; correspondingly. The rationale was, that the parameters were included in the
derivation of eq. (3.40) in the form of a “universal” roughness function f = AUT = q; log (k1) +b;.
Eq. (3.40) can either be solved with &k} as input or, since k' = kg /v,Uer/cf/2 - pe/pw, also only
with ks as input and iterating for the roughness Reynolds number as well.

Additionally, Fenter gave a formulation for the rough wall momentum loss thickness 6 with

v T, 2\ [wLptn((ailog (k5 )+bi)-B)
= U <1 - KU+) 6[ . } (345)

and a formulation for the boundary layer thickness 0 by

N L ] (3.45

with the smooth wall law-of-the-wall constants x and B and the van Driest transformed velocity
velocity ratio at the boundary layer edge (U/U.)yp,. Additionally, Fenter [71] showed that the
transformation by Van Driest from a flat plate to a cone (see equation (3.39)) is also valid for
rough walls.
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3.10.2 Fitting Approach

The first of the indirect methods to derive skin friction velocities from velocity data is the
so-called fitting approach. For this approach, the parameters of the incompressible law-of-the-wall
are modified to match a measured mean velocity profile. A variant of this method has been
applied in numerous past studies (see e.g. [185], [24], [186], [285]). For smooth wall data, it is
sometimes labeled “Clauser chart method” (see e.g. [46], [285]) or in case of rough walls “modified
Clauser chart method” (see e.g. [186]). Usually, these methods only include velocity data in
the logarithmic layer of the TBL. In contrast, in this work and comparable to e.g. Berg [24] in
addition to the logarithmic part, the wake part was also included using a proper wake formulation.
On the one hand, including the wake formulation increased the amount of useful data points
within the boundary layer, which in turn enhanced the quality of the fitting procedure. On the
other hand, this procedure does not rely entirely on the logarithmic part, which might be limited
to a narrow y* range due to the moderate Reynolds numbers and therefore make the procedure
prone to errors. The formulation used in this work can be given e.g. according to Jiménez [118]
with the formulations of eq. (2.7) and (2.11), so that the goal is to minimize ¢, with

(Uiers — Ui ur)?

el
I
~ EMN

(3.47)

1 + + 2 5 (Tyi ?
= 2 (Umff — [H log (y") + B — AU, + ——sin (26)} uT>

where index ¢ represents each individual velocity measurement above the wall, extracted from
Pitot rake or PIV data, within all points I of the profile. In compressible flow, inner scaled
coordinates are defined with the wall parameters according to y* = yu, /v, with y = (yr + €)
including the wall-normal coordinate with the origin at the crest of the roughness elements yp
and the shift of origin € (see figure 3.3). A detailed discussion of the parameter and its role can
be found in section 7.2.2 and results of data from this thesis in section 7.2.3. Additionally, a
proper transformation from compressible to an effective incompressible velocity profile U,y and
AU 2} s Is necessary.

For this transformation different formulations are possible. The most widespread used is the van
Driest transformation (see e.g. [261], [24]). It was derived based on the compressible mixing
length idea in combination with the Crocco-Busemann equation (eq. (3.4)) postulating that
solutions converges to the incompressible version in case of Ma — 0 and T,,/T, — 1, which led
to the following analytical approximation to the effective velocity Ueyy:

U 2BCTOCCOUQ - ACrocco AC
Ucpp = ———— |arcsin < + arcsin ( TOCCO) 3.48
il Vv BCrocco [ < C(Cv'occo C'rocco ( )

where Acyocco and Beroceo are according to eq. (3.5) and (3.6), respectively, and

CCTOCCO = \/AZCTOCCO + 4BCrocco (349)
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Although this transformation has proven to be accurate on multiple data sets for flows along
adiabatic walls, different other transformations have been proposed to include the effect of heat
flux (see e.g. [179], [256]). Since the profiles in this work are close to adiabatic with Ty, /T4, > 0.8,
the van Driest transformation was applied (see also discussions in [171]). Selected comparisons
between different transformations will be shown in this thesis (see e.g. section 7.5.2).

For this procedure and all following comparisons, values for the law-of-the-wall constants x and
B need to be defined. The two parameters are assumed to be constant and universal, which is a
perquisite for all typical equivalent sand grain approaches but is still a matter of discussion (e.g.
[177], [88]) and deviations and possible dependencies can be found in the literature. E.g. White
[277] gave values of k =~ 0.41 and B ~ 5.0, Berg [24] used x = 0.4 and B = 5.0 and Fernholz and
Finley [73] in their AGARD report used x = 0.4 and B = 5.1 based on a variety of experimental
data. Pope [191] gives a possible value range of +5% for k ~ 0.41 and B ~ 5.2. Based on
investigations on incompressible and compressible data So et al. [236] derived k ~ 0.35 — 0.52
and B =~ 4.0 — 6.82 depending on velocity range and pressure gradient. Meta studies on carefully
selected datasets show scattered values for both parameters [37]. If not otherwise noted, in this
work k£ = 0.4 and B = 5.0 are assumed, on the one hand to be consistent with other relevant
heritage studies e.g. [24], [11], and on the other hand are these values in reasonable agreement
with data from the meta study for a Reynolds number range relevant to this work [37].

In case of a smooth wall e = 0 and AU, :f §=0,50 that the term in rectangular brackets in eq.
(3.47) reduces to the classical smooth wall law-of-the-wall. In this case, only u, and II need
to be fitted, which is typically a stable procedure. Additionally, the fitting approach extracted
necessary edge values from the data, like the velocity U, and temperature T, and derived the
corresponding Reynolds numbers Rey and Ress. The edge temperature was determined based on
a constant reservoir temperature assumption for both Pitot and PIV data. This assumption was
tested to be valid close to the boundary layer edge (see figure 7.42). Closer to the wall, large
deviations are expected due to viscous losses so that within the boundary layer the temperature
profile after Crocco-Busemann was used (see section 3.2.3 eq. (3.4)). For selected PIV data, a
comparison is made between different temperature models (see section 4.2, 4.3 and 7.5.2).

The general problem of applying a fitting procedure in case of a rough TBL profile is the number
of free parameters. Usually, the parameters AU™, u,, €, II need to be found simultaneously,
which makes the fitting procedure very unstable (see e.g. [24]). Further discussion is included in
the result section.

Additionally, a modified method was derived and tested in the framework of this thesis. In the
literature, there are already different approaches to reduce the number of parameters to ease
a fitting procedure, like Krogstad et al. [135] who combined the rough wall law-of-the-wall eq.
(2.7) formulated at the boundary layer edge and along the complete boundary layer to eliminate
the need for the viscosity, B and AU™. In this thesis, a different approach was found. If the
law-of-the-wall in smooth and rough formulation is believed to hold exactly, it can be shown that
not all parameters are independent from each other. This was shown already by Berg [24] for the
boundary layer thickness. The goal here is to show that also the rough wall friction velocity u.,
is not an independent parameter. One can derive an equation for u, starting from formulating
the smooth (s) and rough version (r) of (2.7) at the boundary layer edge y = 4, with:
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Figure 3.16: Artificially generated TBL profiles for smooth wall (black) and rough wall (blue)
by method to reverse the law-of-the-wall in a) terms of U/U, against y/d and b) U™ against y™*
together with terms in equation (3.52).
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Uftpor = ufif = log (6, 7) + B — AUJ;; + — W) (3.51)

One of the main parameters of interest along rough walls is the roughness function AU . Tt
is defined as a constant shift in the logarithmic layer of the corresponding TBL profiles. But
inspecting eq. (3.51) carefully together with a representation of artificially created profiles
in figure 3.10.2, it is clear that the shift is relevant for the complete profiles, including the
wake. By subtracting the smooth from the rough equation, (3.51)- (3.50), one gets after some
reformulations:

9 —1

- 5ru7) _ log (55+)} — AUf+ = (I~ TL) (3.52)

1
+
eff.er |:Ueff,e,s + ; |:10g ( U

w

This equation shows a dependency of rough wall w, from different parameters, including new
necessary input with II,, 6,7 and U;;%e’s = U;}f,s(y = ), which can be extracted from a
corresponding smooth wall profile at comparable flow conditions. This equation can be solved
for u, either iteratively or by applying the Lambert W function. By utilizing eq. (3.52) together
with eq. (3.47) for a fitting procedure, reduces the unknowns by one to only AU, €, II. If € can
be found by one of the several methods (see section 7.2.2), fitting of two parameters becomes

much more stable than without equation (3.52).

There are some caveats to this approach. First, the exact formulation of the rough law-of-the-wall
needs to be accepted, including that «, B are universal constants. Additionally, the wake
formulation AU . =TI/k W(1) is assumed to be located exactly at the boundary layer edge,
which is not so straight forward to define in compressible TBL and is also a matter of on-going

debate (see e.g. [185], [272], [157]).
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For this study, this approach was tested with three different sets of data. First, artificial velocity
profiles were generated and the resulting scaled profiles were used to test eq. (3.52). Second,
DNS data of incompressible TBL along square bar roughness was used, where all parameters
can be independently derived from the data set [145]. Third, DNS data of compressible TBL
along 3D block roughness was used [7]. Additionally, the complete fitting procedure, by applying
eq. (3.48) and (3.52), was tested on the first two. All results can be found in table 7.9.

To derive the artificial velocity profiles, equation (2.7) together with the van Driest transformation
is reversely solved to result in a formulation for the compressible velocity U. This procedure
involved using the law-of-the-wall formula (like eq. (2.7)) as starting point by prescribing values
for AUeJ}f, I,y ", €, 8, vy, inserting the transformation according to van Driest (eq. (3.48)) and
solving this equation for the absolute velocity U to result in:

Ue . 1 . BCrocco
U=———|B¢ + D¢ - sin ( [—U K - arcsin ()
2 A% o rocco rocco U, e Croceo
2 42 Br -1 Yur
+u7— CroccoP K+ 108 v (353)
w

2
_UTACTOCCOK:AUJ’_ =+ UTACTOCCOQH - 8in (gg) ‘|>‘|

This formulation is used to create artificial smooth or rough profiles which can be imported as
U = f(y) to the fitting routines for testing purposes. This can be found in section 7.2.1.

3.10.3 Gradient Approach

If the velocity profile in the viscous sublayer close to the wall is available, the wall shear stress
Tw = (U /dy),, may be approximated by the velocity gradient at the wall, with a differential
quotient via

A

The high wall-normal resolution of the interrogation windows 512 x 8 pix? profiles (given as
streamwise x wall-normal dimensions in pixel) of the first PIV campaign, enabled a distance
from the wall for the first data point of iy(1) = 4 pix which corresponds to y(1) = 0.03 mm,
y/d(1) = 0.0087, y™ (1) = 1.79 which is located well within the viscous sublayer (see figure 4.12).
Due to the derivation of the van Driest velocity transformation, its applicability is limited to
the logarithmic layer [73], [285]. For the viscous sublayer an alternative velocity transformation
can be derived from the shear stress budget in the sublayer with the assumption of negligible
turbulent stress contribution, an exponential viscosity law (p = 1, (T/Tw)“) setting the exponent
w = 1, the Crocco temperature distribution, dp/dx = 0 and constant wall temperature T,
according to [73] with

88



3.10 Skin Friction Determination

BCT‘OCCO U ACrocco U 2
U =U|l1 _ ) = )
vs ( 2 (U> 3 (U) (3.55)

with factors Acrocco and Boyoceo according to eq. (3.5) and (3.6), respectively.

For the PIV data in this thesis, the transformation according to equation (3.55) is compared to
the nominal van Driest transformation and showed only minor differences in the sublayer, which
fell below the corresponding uncertainties (see chapter 4.2.2, figure 4.10). Different developments
to derive a scaling which is applicable to both, the viscous sublayer and log-layer, were discussed
e.g. by Patel et al. [179] and Trettel and Larsson [256]. Trettel and Larsson [256] derived a
scaling tested on supersonic channel and boundary layer cases with non-adiabatic wall conditions,
including the effect of wall heating. To categorize the impact of wall heating the authors derived
a dimensionless parameter with By = ¢y /(pwCpu-Ty), where ¢, represents the wall heat flux
(negative, if wall is heated). Low absolute values of B, represent near adiabatic conditions. For
boundary layer cases with |B,| < 0.069 only small differences between the introduced and the
classical van Driest scaling were visible [256]. For the boundary layer discussed in this paper a
value of |By| =~ 0.02 can be approximated, based on infrared thermography data. This represents
a case with only limited heating of the wall (T, /T, ~ 0.8) which explains the minor differences
to the van Driest scaling. Therefore, the van Driest scaled velocities were used in the following
analysis.

To estimate the shear stress, the wall closest velocity points were used to estimate the correspond-
ing partial derivative by a difference quotient. The necessary wall viscosity p,, was calculated
via the Sutherland law (extended for low temperatures according to [1], see eq. (7.9)) based on
the corresponding wall temperature from infrared thermography. The velocity difference was
calculated for all points within y* < 15, assuming zero velocity at the wall.

3.10.4 Integral Approach

The integral approach is based on a method originally implemented to approximate values along a
rough flat plate wall according to Latin [138]. For this approach the momentum integral equation
is solved in between two consecutive positions along the surface by implementing a functional
dependence of the kind c¢f. = f(#). This function can be derived with the law-of-the-wall solved
at the boundary layer edge. In case of the rough version of the law-of-the-wall along a flat plate,
the resulting momentum integral can be solved analytically [138]. In case of a compressible
smooth cone flow, an analytical solution is not possible anymore, which will be shown in the
following.

In contrast to the von-Karméan integral, which is already integrated along the wall-normal
direction, additional methods have been suggested which use the wall-normal varying terms of
the momentum equation and are then numerically integrated afterwards. Partly, ideas of multiple
integration of the equations are used, like Fukagata-Iwamoto-Kasagi (FIK) identity, to work out
main contributing terms to the skin friction. During the course of the thesis, some methods have
been tested but were omitted later, mainly due to the challenges of measuring the Reynolds
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shear stress component properly in the hypersonic TBL, which is one of the main contributors to
the momentum equation. Additional information can be found in [36], [35], [91], [159].

The so-called von-Kédrman-integral [127], which can be derived from the z-momentum equation
with the assumption of a thin boundary layer, can be formulated along a flat plate or body of
revolution for a compressible boundary layer according to [71]:

%+Me

do 0 (H+2— M.\ dM, ~Qﬁfcfye
dx J rdx 2

- = (3.56)
14+ 51M,

with the edge Mach number M., the shape parameter H = ¢*/6, radius r, axial distance x and
skin friction c¢f.. The parameter j is 0 in case of two-dimensional flow (boundary layer along
a flat plate) and 1 for axially symmetric flow (along a cone). In the latter case, r is the radial
coordinate of a body of revolution and z gets the stream-wise running length measured along
the surface. The equation is accurate for high Reynolds number flows along flat plates or slender
bodies [71].

Several assumptions will be made in the following to simplify equation (3.56). For negligible
pressure gradient along the body and negligible viscous interaction between boundary layer
and external field, the term dM,/dx ~ 0. Furthermore, along a cone constant edge parameters
and wall temperature are assumed and when additionally the transformation 6/r - dr/dx =
0/(sin(¢)z) - sin(¢) = 6/x is used, equation (3.56) simplifies to

Zyjl= (3.57)

With a function in the form c¢. = f(#) equation (3.57) is solved analytically or numerically with
additional inputs. One option for this type of function can be derived with the law-of-the-wall.
Another one is to find suitable skin friction approximations from literature.

We concentrate first on the law-of-the-wall, which is assumed here to be valid throughout the
complete TBL. First a formulation is found for smooth wall flows and after that for rough wall
flows.

For a compressible turbulent boundary layer along a smooth wall the law can be given by eq.
(2.7) and (2.11). To find a value for the skin friction coefficient cy., eq. (2.7) is formulated at
the boundary layer edge and can be given with:

Usre 1 Sur 11
ff’—log(u>+B—|—2 (3.58)
K 1% K

U’T w

The skin friction velocity can be expressed as skin friction coefficient via (3.41) assuming pe = py,
and the right hand side constants in eq. (3.58) can be combined to one with B’ = B + 2I1/k.
Additionally, to transform the boundary layer thickness in eq. (3.58) to the momentum loss
thickness it is assumed that §/6 = const., which is an acceptable approximation along a cone,
apart from the region close to the nose (see figure 7.7). With the above assumptions eq. (3.58)
can be transformed to a functional dependence of ¢y = f(6):
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Equation (3.59) can either be solved iteratively for ¢ or it may be solved via the Lambert W
function. For the latter it may be re-written to a form like:

a-xr =b-log <C>+d (3.60)
XL
with b = 1/k, d = B, v, = \/2/cte and a = 1, ¢ = U, /v, = Reso for incompressible and

a= ,/%} U&i, c=0U,,/ %/uw = 6U., /pp—z/l/w = for compressible flow. This form of function
can be be solved for xy via the Lambert W function by:

b .
xp = aLambertW (Cbaez) (3.61)

The real part of the solution for z; can be used to extract the skin friction coefficient via
Cfe = 2/?)%(11)2.

In case of a fully rough wall, the law-of-the-wall can be given via eq. (2.5), re-formulated at the
boundary layer edge to include the skin friction coefficient to:

2 [T.Ugpe 1 < 5 ) ,
e et _ Zoe (Z) 4B 3.62
cre\ Tw Ue K 8 ks + O ( )

with B]. = 8.5 + 2II/k to become finally

A 2a?
()

with parameter a and the assumption §/0 = const., as before.

(3.63)

Alternatively, instead of the law-of-the-wall, for c¢. = f(#) in eq. (3.57) also the correlations
according to Fenter [71] can be used, which can be given for the smooth and rough wall by

Ty
Cre = [f\/;e (4.131og (Reg.c)
1 T,

7 [a;log (k) + b;] + 4.13wlog (T6> + 2.9)] -2

w

(3.64)

with the parameters and validity range as given in section 3.10.1.
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input integrate
X1, Xz, dx, 01, 03, Bipie do 8 ¢/(6,B")

output minimize

smooth

Figure 3.17: Integral approach scheme (upper part shows the iteration loop to numerically
solve eq. (3.57), lower part sketches the applied momentum balance along the boundary layer
and its boundaries for a smooth wall after Karman [127] and rough wall after Perry et al. [187]
with contributing components).

With eq. (3.61) and (3.40) there are two options to close the von-Karman-integral equation
(3.57) in case of a smooth wall. Equivalently, with eq. (3.63) and (3.40) there are two options to
close equation (3.57) in case of a rough wall.

To solve in either case equation (3.57) for the unknown cy ., the following procedure is performed
(see also figure 3.17 which shows the approach schematically). Equation (3.57) is solved for
f numerically via the solver “vode” and method “bdf” of the Python SciPy package. The
independent variable for integration is the running length x in equation (3.57), for which in
our case a fixed step-size is defined beforehand. The initial values for x1 and #; are the values
measured at MS1 from either Pitot rake or PIV measurements. Equation (3.57) is numerically
integrated until xs corresponding to MS2. This integration is iteratively repeated with a modified
parameter B’ in case of using the law-of-the-wall formulation (eq. (3.61) or (3.64)) or kI in case
of the Fenter formulation (eq. (3.64)), until the resulting #5 corresponds to the measured value
at MS2 to within a pre-defined accuracy eps. In case of a rough wall, an effective average wall
shear stress is derived, which should consider wall shear stress 7, along the flow parallel wall
segments and pressure forces p,, acting on the wall segments perpendicular to the flow direction
(see figure 3.17 and Perry et al. [187]).

This procedure was successfully cross-checked with the original implementation of Latin [138].
For this cross-check all parameters needed to be forced to their incompressible formulations
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(a and ¢ in eq. (3.61)), since compressibility effects were surprisingly not accounted for in the
corresponding derivation. The procedure was tested and validated with numerical data along a
flat plate and cone derived by the codes described in chapter 3.9 and 3.8 (see section 7.2.1). The
resulting deviations of the skin friction coefficient is typically |Acy.| < 1.2% (see table 7.10 in
section 7.2.1). The impact of the resolution of velocity profiles from PIV was estimated with
artificially under resolved profile data from CFD. This resulted in typically |Acse| < 6% (see
figure 7.9 and table 7.11 in section 7.2.1).

The approach was applied on the PIV and Pitot data along the smooth and rough cone and
compared to each other and to analytical and numerical data in section 4.2.

3.11 Stanton Number Approximations

One way to approximate the heat flux in terms of the non-dimensional Stanton number is the so
called Reynolds analogy. It assumes that wall shear and heat-transfer rates are proportional and
can be given according to [263] by:

Ste 11
- (3.65)
Cfe 2 Sra

with s, as the Reynolds analogy factor, which depends on the state of the boundary layer. For
an incompressible laminar boundary layer with a Prandtl number close to unity s, = 1 [277]
and equation (3.65) reduces to its simplest form. For incompressible turbulent boundary layers
assuming Pr; = 1.0, White [277] gives an approximation for the factor with:

Sragy = 1413 (Pri — 1) % (3.66)

Van Driest [263] derived a compressible turbulent factor for variable turbulent Prandtl numbers
with

Sra,vD =

syt - (20— Py
“lesr "% T2 Tt
Pr 5 ( Pr
ST ) toe (142 (£
(1) vl (14 (5 1))

In chapter 4.4 a comparison between selected factors will be presented. If not otherwise noted,
in this thesis a turbulent Prandtl number Pr; = 0.9 was used.

(3.67)

Although early investigators assumed the Reynolds analogy still to be applicable in case of rough
walls (see e.g. [71]), it is now assumed that it is strictly only valid along smooth walls, since a
decoupling of momentum and heat transfer is expected (see e.g. [294], [172], [45], [162]). An
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excellent overview of skin friction and Stanton number correlations for rough surfaces is given by
Seidman [223].

Nestler et al. [172] introduced a Stanton number heating augmentation correlation, based
on incompressible rough wall Reynolds analogy ideas after Owen [178], and modified it for
compressible flow to result in

0.725 -
'S T,S k T,S 045
1+ 0.52 (Cf’ ) (“ ) < — ) (Pr)*®
Cf.s Ue Vy

where the combination of terms ku, s/v,, represent the roughness Reynolds number based on
the smooth wall skin friction velocity u, . His heat transfer augmentation is dependent on
the augmentation of skin friction ¢y, /cs s for which he also proposed an approximation for the
skin friction augmentation based on work of Goddard [90] and Young [294] to be applicable on
adiabatic and non-adiabatic walls.

St crr

Sty cis

(3.68)

Seidman [223] and Hill et al. [101] suggested a correlation, based on work by Owen and Thomson
[178] for incompressible flow, to derive a modified Reynolds analogy for the rough wall case:

-1
Cfr Ctr 0-725 0.45 0.8
St, = 2’ 1+a5< 2’ ) (Rek,e) ™ (Pr)™ (3.69)

where ag is an adjustable constant in the range of 0.4 to 1.3. [223] used ag = 0.52, but in the
current thesis a value of ag = 0.75 was used, as in [32]. Since eq. (3.69) needs a value for the
rough skin friction ¢y, multiple options are possible to calculate a rough Stanton number, either
via experimental data or proper skin friction correlations.

Another correlation is the so-called “Powars” or sometimes PANT correlation which is highly used,
especially in American literature. The correlation was reported in Hochrein and Wright [103] and
some details were given in Wilder et al. [281], of which relevant information are repeated in the
following. The Passive Nosetip Technology Program was conducted in a Mach 5 wind tunnel flow.
The correlation was based on calorimeter measurements along surface roughness, generated either
by grit blasting or by brazing particles. The measurements were taken along the blunt nosetip of a
blunted cone, so that typically Ma. < 1. The conditions were in the range T,/Ty = 0.4 — 0.7 and
Reoo ~ 1.6 — 66 - 1051 /m (or, based on the nose radius Re,, = 0.1 —4.2-10%). The (equivalent)
sandgrain roughness based correlation was formulated according to [103] with

S 1.0, if n;, <10
Str = 2logyy (ne) + 3, if 10 <y < 10 (3.70)
° 3.0, if ny > 104
where
/]’v(i 1.3 eUeks Te 1.3
ny = Reks,e <T> Ch,s = pT (T) C}%s (371)
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where the C}, s indicates the use of the smooth wall Stanton number, based on the difference of
total to wall enthalpy C, s = ¢c/(peUec(ht — hy)). Wilder et al. [281] argued that the correlating
parameter n; was an approximation of the roughness Reynolds number, relating the sublayer
thickness to suitable boundary layer edge and surface properties and they set n; = ksur /vy, in
their analysis. In this thesis n; is calculated from eq. (3.71) as in the original paper. Wilder and
Prabhu [280] stated a typical uncertainty for the correlation of +20 %.

The dependence argued by Wilder et al. [281] is in contrast to the typical rough wall correlations
(e.g. [173], [212], [90], [203], etc.) where the augmentation is always correlated by the roughness
Reynolds number defined with the rough wall friction velocity. Although, rather practical from
an engineering perspective, since only smooth wall data are necessary for the prediction of the
roughness induced augmentation, it is believed here that the general physical correlation makes
more sense when the data is correlated by the rough wall skin friction. This discussion will be
continued in section 4.4.

3.12 Equivalent Sand Grain Roughness Extraction Approach

Several different steps are necessary to extract the Equivalent Sand Grain Roughness (EQSR)
a = kg/k from experimental data. The idea for the concept of EQSR and so the methods date
back to Schlichting [212]. It represents a hydraulic scale, which represents a hypothetical surface
with a densely packed sand grain ks that would cause the same drag as the surface of interest if
exposed to the same flow in the fully rough regime.

3.12.1 General Equations

To find this scale, velocity data must first be scaled according to eq. (2.5) or (2.7). This scaling
requires the skin friction velocity u, to be known, which is a challenging quantity to be derived
for experimental investigations, especially in hypersonic flows. Apart from that, additional
quantities need to be known as well, like the shift of origin € or Hama’s roughness function AU ™.
An additional challenge for compressible flows is that a proper scaling is necessary to enable
comparison to the incompressible theories of e.g. the law-of-the-wall. Most of the necessary
parameters and strategies to find them was summarized in section 3.10, which addressed the
skin friction velocity. In the current section, strategies will be presented to build upon the
values found by the methods in section 3.10 and to result in an estimate for EQSR. Additional
information will be given about the shift of origin € and the law-of-the-wall constants. Finally,
an uncertainty analysis will be reported.

With eq. (2.5), (2.7) and (2.11), the main equations for the extraction of an EQSR value were
given. The EQSR is typically found based on data in the fully rough regime, for which the
mentioned equation (2.5) results in (now in compressible formulation with Uesy)

U, 1 Yy I Yy
Ut =<5 _ 2 <) B, W <) 3.72
eff = T 108 s + Bys (00) + - 5 (3.72)
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for which B, s (c0) = 8.5 is assumed just like the incompressible result by [173]. The second
version used for EQSR extraction is the law-of-the-wall (eq. (2.7)):

1 11 Y
Uses = - log (y*) + B — AU, + - w (6) (3.73)

If the roughness function AU ;} 7 is known from TBL data (e.g. by a fitting procedure like described
in section 3.10.2) and presuming these data to be in the fully rough regime, an equivalent sand
grain roughness EQSR kg/k can be found by combining eq. (3.72) and (3.73) to

Kt = i(Bris(00)=B+AUS ) _ 0.4(3.5+AUf ) (3.74)

with the necessity to use values of k = 0.4 and B = 5.5 according to [173] (see section 7.3.3), so
that B, (00) — B =8.5—5.0 = 3.5. With a value for k; one gets the EQSR k;/k via

ke kT Vy + O\ Uy

2 _ k%r _ kj o B 60.4(3.5+AUEH)]€TLT (3.75)
As stated above, eq. (3.75) is only valid for fully rough flow. In contrast to the sand grain
roughness limit of kI ~ 60 — 70 data by Bandyopadhyay [19] on transverse bars (\/k = 3.8,
w/k = 0.75) showed a much lower limit with £* ~ 8 (AU™ ~ 5.5) (see figure 2.5 and figure
26 in the original reference). The EQSR of Bandyopadhyay’s roughness can be extracted to
ks/k ~ 2.7 from published data and eq. (3.74) using the largest Reynolds number data at
kT = 56 (k} ~ 151). These data already show the clear log-line trend (see figure 2.5) which
is also confirmed by data of other investigators like Moore [164] or Perry [185], although on
slightly different roughness topologies (A/k = 3.9, w/k = 1 and A\/k = 4, w/k = 1, respectively).
According to Bandyopadhyay’s data, the limit for fully rough flow can be approximated with
k™ ~ 10 to kI ~ 27 accordingly being much lower than for sand grain roughness.

The transverse square bar roughness of interest in this thesis is a 2D roughness with \/k = 4,
w/k =1, i/k = 3 (see also figure 3.3). This is very close to the aforementioned roughness by
Bandyopadhyay, Moore and Perry. This topology is on the verge of being d- or k-type roughness
(see section 2.1) but since it falls into the category of the latter based on all aforementioned
limits for TSB roughness from literature [118], [10], [19], [24], we assume in the following the
roughness to be of k-type. Nevertheless, corresponding scalings for both types will be tested on
data of this thesis in section 4.2.

Additionally to eq. (3.74), in this thesis a different approach to extract EQSR values was
tested, which uses another combination of the relevant equations in the spirit of the previously
mentioned methods according to [135] or for eq. (3.52). With a different combination, a
formulation can be found, which avoids the need to know the skin friction velocity w, which is
known to be notoriously difficult to be measured. By combining the above equation as follows
((3.73))/((3.73))e, a formulation can be found with:
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U+
Ur

Uil (i) +85+ 1Y)
Ue  Llog (£)+85+12 (3.76)

In eq. (3.76) the parameters to be fitted to match a measured velocity profile U/U, are II, € and
ks. This approach was successfully tested with artificial velocity profiles according to eq. (3.53)
(see section 7.3.1). This second method will be applied on selected data in section 4.

3.12.2 Uncertainty Estimation

As highlighted by several different authors, the extraction of EQSR is intricate (to put it in
Schlichting [212] words: “verwickelt”), already for incompressible investigations (e.g. [185], [118]).
This is especially true with the additional challenges for measurements of compressible TBLs
(see e.g. [24]). Furthermore, due to the challenges of the different methods for a post-processing
to extract EQSR (see section 3.10.2 to 3.10.4) only very few authors addressed the corresponding
uncertainties of the extracted values. Bhatt and McClain [26] re-evaluated the experiments by
Schlichting [212] and is one of the few who included an analysis of the combined uncertainties for
the EQSR. They stem from uncertainties in the position and velocity of a profile measurement,
the shift of origin and skin friction velocity in an approach based on a Taylor Series expansion
Method (TSM) (see also [48] from which the following terminology is borrowed). For this
method (sometimes also framed Gaussian uncertainty propagation) one needs to find the partial
derivatives of the propagating terms with respect to all input uncertainties. This can be difficult,
especially when methods are used which do not have a straightforward functional dependency
from input to output, like some iterative methods or numerical integrations. In cases where
Bhatt and McClain [26] had no direct functional dependency, i.e. deriving the shift of origin,
they used an approximation to the gradient with a finite difference scheme. The advantage of
TSM is that a representation for the uncertainty contributions from different input values to the
results are directly available with the partial derivative terms. This enables the identification of
main uncertainty contributors which can be used to design future measurement setups according
to the accuracy of the corresponding measurements.

Instead, in this thesis the EQSR uncertainties were analyzed via MCM, as is the case for the skin
friction velocity uncertainties (see section 7.2.1). The general idea of using MCM is sampling
uncertainties drawn from assumed distributions for every input quantity and it simulates running
the post-processing many times with a different set of sampled uncertainties each time [48].
This is shown schematically in figure 3.18, in which the uncertainty of skin friction velocity U,
represents the input uncertainties in the upper left box (including a box plot to show statistics of
the input, assumed to be evenly distributed) which is fed into to the fitting approach (see section
3.10.2, which is represented by exemplary data in the graph on the right). After fitting and using
the results for AU in eq. (3.74) the resulting EQSR values @ = k,/k and its uncertainties U,
from all Monte Carlo runs can be evaluated. Here and in the following, Ug denotes the uncertainty
of quantity ). From the corresponding uncertainty distribution a percentile distribution can be
extracted, which represents the uncertainty U, of the result quantity r (lower left box, including
box plot to show statistics of the output).
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Figure 3.18: Scheme of MCM EQSR uncertainty analysis approach.

Additional to the total uncertainties U, for each resulting quantity r (r representing either II,
AU™ or ), with the UPC and UMF the data are presented in terms of two different uncertainty
parameters to extract further inside into the impact and contributions of different uncertainties
Ux of each input quantity X. These two parameters are usually defined based on TSM (see [48])
but were extracted in this thesis based on MCM results, according to the following procedures
and definitions. The following equations are given exemplary for the result quantity r = o = ks /k
but the post-processing can be applied equivalently to the other two quantities r = AU and
I1.

In contrast to the evaluation of total uncertainty U,, for which all input quantities were biased
simultaneously within every post-processing run, now for each input quantity X; an individual
Monte-Carlo simulation was performed, for which all input uncertainties except the one of interest
(Ux,/X;) were set to zero. Here, i ranges from 1 to the total number of input values I, with e.g.
Ux, /X1 = Uy, Jur as shown in figure 3.18. Each Monte-Carlo run gave an uncertainty for the
resulting quantity o with U,,. These individual contributions add up as square root of the sum
of the squares to the total uncertainty of the result (U, /a)totar (which can be checked by a MCM
run with all input uncertainties switched on). The uncertainty percentage contribution (UPC)
for each input quantity from MCM was then estimated according to Stephens et al. [243] with:

(Uai/ai)Q
(Ua/a)%otal

(Ua, /ati)?

-100 = 3
(VEkes (V)

UPC; = -100 (3.77)
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for all input variables I where all uncertainties in equation (3.77) and reported in the following
represent the percentage value based on the mean for a Confidence Interval (CI) of 95 %.

The uncertainty magnification factor (UMF) should give an indication about the influence of the
corresponding input uncertainty on the overall uncertainty of the result [48] and was estimated
based on the MCM results for a with:

(Uay /)
ko (U, /X0)?

UMF; = (3.78)

An UMF greater than one indicates that the influence of the uncertainty in the variable is
magnified as it propagates through the data reduction equation into the result whereas a value
below one means the opposite.

The implemented MCM framework was first cross-checked with examples from Coleman and
Steele [48] and comparisons to the TSM results by Bhatt and McClain [26] (although he missed
to include the uncertainty from the rough wall skin friction velocity, which was added in the
analysis of this thesis).

Before it was used on data of this thesis, this method was first used on representative published
cases of incompressible and compressible roughness experiments. The resulting uncertainties
are not necessarily the “real” uncertainties for the corresponding studies, since on the one hand
the analysis framework (fitting approach) of this thesis is used which may differ to the one of
the corresponding author and on the other hand input uncertainties needed to be estimated if
not fully reported. But it can give an order of magnitude for the comparison of the data in this
thesis. The representative literature cases included two incompressible cases [212], [240] as well
as a supersonic [69] and two hypersonic cases [208], [24]. The detailed results can be found in
section 7.3.2. The main takeaways can be summarized as follows. In general, for compressible
data ([24], [69], [208]) both the roughness function AU and the EQSR « = ks/k are prone to
higher uncertainties than for incompressible data ([240], [26]), which was expected due to e.g.
partially higher uncertainties in measurement quantities as well as additional uncertainties due
to e.g. van Driest transformation. For the EQSR up to U, ~ 10 % and up to U, =~ 30 % need
to be taken into account for incompressible and compressible investigations, respectively. As
already stated, these values need to be considered as order of magnitude results. The results
show that for investigations up to supersonic velocities ([240], [26], [69]), the main contributor to
the EQSR uncertainty (AU™ or «) is the uncertainty of the skin friction velocity u,, whereas
for hypersonic cases ([24], [208]) also the velocity, pressure and Mach number uncertainties can
play a role. So, for compressible cases, it is most beneficial to increase the accuracy of velocity
measurement and skin friction velocity estimation.

This result was taken into account during the course of this work and was incorporated into the
transition from the first to the second PIV measurement setup. Input quantity uncertainties
from the first and second PIV campaign of the data in this thesis (see measurement uncertainties
in section 7.1.1) which were fed into the EQSR uncertainty analysis can be found in table 3.7.
The shift of origin uncertainty was conservatively assumed evenly distributed within U, = 0 — 1k.
Results for the EQSR uncertainty analysis can be found in figures 3.19 to 3.21. In general a
similar picture is visible compared to the literature data.
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In general, by moving from the first to the second PIV campaign, corresponding input (mea-
surement) uncertainties were either kept the same or could be reduced, due to e.g. upgrades in
PIV hardware. This is the case e.g. for the velocity and skin friction velocity uncertainty (see
figure 3.19a, which shows a quasi UPC of all input uncertainties to see the relative impact).

This translated into substantially reduced uncertainties in the resulting EQSR parameters,
represented in figure 3.19b by the Coles wake function IT (Pi), the roughness function AU
(DU+) and the normalized EQSR « = ks/k (alpha). The resulting EQSR parameters were
reduced from U, ~ 140 % to U, ~ 50 % and Uapy+ ~ 120 % to Uap+ ~ 30 % , visible in
figure 3.19b. The main contribution came from the uncertainty in skin friction velocity, which
could be reduced between the PIV campaigns from above 30 % down to =~ 10 %. , based on the
integral approach (see section 3.10.4). Although substantially reduced, the overall uncertainty
levels are still slightly above the heritage values (figure 7.14a). One reason for this is the
conservative estimate for the shift of origin. For the heritage data a best guess was used from the
uncertainty in wall-normal distance measurements U,,, which is most likely too low. As reported,
in case of this thesis the full range of U. = 0 — 1k was used due to experienced challenges to
extract this value from velocity data (as reported in section 4.2.2). If a more narrow uncertainty
with U, = 0.2 — 0.5k, were to be used (based on analysis with the combined fitting and integral
approach, as also reported in section 4.2.2), the resulting uncertainty would be reduced to
U, =~ 36 %, comparable to the heritage values. For conservative reasons, the larger uncertainties
were kept due to the challenges in properly determining this quantity.

The results of the quasi UPC for both campaigns are shown in figure 3.20 and the quasi UMF
in figure 3.21. In both cases the EQSR uncertainty results are again represented by the three
parameters II (labeled “Pi”), AUT (“DU+"”) and o = ks/k (“alpha”). In case of UPCs in
figure 3.20, skin friction velocity, shift of origin and velocity uncertainties have the largest
contribution to the results, comparable to the heritage data. In case of UMFs in figure 3.21, the
velocity and skin friction velocity uncertainties have the largest lever on EQSR uncertainties.

Therefore, by considering the performed uncertainty analysis, especially with respect to the
corresponding levers (UMFs), a substantial lowering of EQSR uncertainties could be realized
by increasing accuracies for velocity and friction velocity measurements due to PIV hardware
upgrades.
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Table 3.7: Input quantity uncertainties for EQSR MCM uncertainty estimation (see sec-
tion 7.1.1).

Input 1st PIV campaign  2nd PIV campaign

quantity X; uncertainty Uy, (%] uncertainty Ux, [%]
Ma 0.6 0.6
Do 0.33 0.3
To 0.4 0.4
Ty 14 1.3
Pe 1.2 1.0
Y 2.1 0.9
Ue 1.1 0.4
Ur 31.8 10.2
€ 47.5 47.7
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Figure 3.19: a) Quasi UPC of input uncertainties and b) uncertainties of resulting IT (“Pi”),
AUT (“DU4") and a = kg/k (“alpha”) from MCM EQSR uncertainty analysis of data from PIV
campaign 1 and 2.
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Figure 3.20: Quasi UPC of resulting a) IT (“Pi”), b) AU (“DU+") and ¢) a = ks/k (“alpha”)
from MCM EQSR uncertainty analysis of data from PIV campaign 1 and 2.
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Figure 3.21: Quasi UMF of resulting a) IT (“Pi”), b) AUT (“DU+”) and ¢) o = kg/k (“alpha”)
from MCM EQSR uncertainty analysis of data from PIV campaign 1 and 2.
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4 Results and Discussion

This section contains the main results of this thesis. First an overview of the general flow field
features is given. After that, the mean velocity data is discussed. Then, aspects of the turbulent
data is reported. Finally, the heat flux data is discussed.

The flow conditions which have been used to derive all discussed results have been introduced
in section 3.1. An exhaustive list of performed tests can be found in table 7.1. The numbering
of runs in the following is grouped into three blocks with a leading one thousand for the first
PIV campaign, two thousand for the Pitot and three thousand for the second PIV campaign.
Results presented in this chapter have previously been published in part by Neeb et al. [166],
[170], [167], [171], [169].

4.1 General Flow Features

In this section, general flow field features are discussed based on surface pressure data, PIV raw
images and 2D flow field data and lastly Schlieren images.

As footprint of the smooth wall flow field, Figure 4.1 shows selected normalized surface pressures
along the smooth cone from measurements (symbols), CFD (solid lines) and Taylor-Maccoll
computations (dashed line). The symbols at the first and last axial position represent four
measurements for the different pressure taps in circumferential direction to check the model
attitude (see section 3.2). Within corresponding uncertainties, the measurements agree to each
other ensuring zero angle of attack and sideslip. The Taylor-Maccoll value and data from inviscid
Euler TAU computations show a constant value along the cone, close to the measurements. In
contrast, the TAU calculations including friction show the influence of viscous interactions with
increased pressures near the nose of the cone, with turbulent data resulting in the largest influence
due to the thicker boundary layer. The TAU computation including transition (purple line
“TAU trans.”) shows an additional increase in pressure at the location of the pre-set transition
(x4 ~ 0.3m as measured from IR data) due to further local increased boundary layer growth.
This curve is also the one in best agreement to the measurements.

Before velocity fields are shown, PIV raw images are discussed in the following. Figure 4.2 shows
two exemplary raw images in black and white color scheme, in which particles are visible as
brighter (whiter) pixels. Both images show snapshots in time along the evolving smooth wall
TBL at similar flow conditions, where figure 4.2a represents data along a 3° cone and figure 4.2b
along a 7° cone. As discussed in section 3.1, 3° cone experiments were discussed in the planing
phase of this thesis, from which a raw image of initial PIV tests is shown. The reason it is shown
here is that a larger FOV was recorded in contrast to the 7° cone tests, with the possibility
to capture larger scale features. In both image, the white arrow indicates the approximated
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Figure 4.1: Normalized surface pressure along the smooth cone from measurements (symbols),
CFD (solid lines) and Taylor-Maccoll computations (dashed line).

boundary layer thickness. It is visible that PIV particles are distributed into denser (bright
regions) and less dense clouds (dark regions). Based on these brightness distributions, typical
large scale TBL features, like bulges, are visible, when compared to previous investigations like
figure 2.12 from smoke visualizations. Additionally, yellow lines indicate angles of 45° to the wall
as reference and it is visible that the edges of these large scale structures resemble roughly this
orientation, in line with observations from past experiments [2].

To further investigate flow features of the TBL, in the following results of representative PIV
measurements along the smooth and rough wall are used, which are depicted in figure 4.3 and
4.4, respectively. In figure 4.3a and 4.4a the mean flow, represented by U/U,, at FC1 is shown.
The streamwise and wall-normal distance were normalized with the boundary layer thickness ¢,
averaged over the streamwise distance of the FOV. The origin was at the mid-position of FOV1,
close to MS1 (see figure 3.3). Ounly data of the second PIV campaign is shown. To increase the
resolution for visible inspection, IWs of 48x48 pix? with 75 % overlap were used.

In general, the different streamwise velocity layers of the boundary layer evolving above the
walls are clearly visible. The differences of the two configurations for identical inflow conditions
manifest in the following flow features. The rough wall boundary layer is with § ~ 4.5 mm larger
compared to the smooth wall counterpart with  ~ 3.6 mm. Although the flow fields are scaled
in wall-normal direction accordingly in figures 4.3 and 4.4, lower velocities are visible above the
rough wall at comparable scaled wall-distances, representing the well-known flow retardation
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(b)

Figure 4.2: PIV raw images along a smooth wall a) 3° cone and b) 7° cone showing typical
features of a TBL (white arrow indicates approximated boundary layer thickness 0, yellow lines
indicate a 45° angle to the wall).

above rough walls due to momentum losses. Also visible in figures 4.4a, downstream of each
roughness crest, shear layers are evolving which are characterized by slightly increasing velocities
towards the wall near the downstream end of each cavity. Apart from that, it can be observed
that the flow above the roughness crests is evolving rather undisturbed by the roughness topology,
visible by only minor changes of the layered structure, also sometimes called skimming. This is
similar to observations by previous investigators utilizing PIV measurements, e.g. by Williams
et al. [288] in a Ma, ~ 7 TBL flow along transverse square bar roughness with slightly larger
pitch (A\/k = 10.63) than the roughness in this thesis (A\/k = 4). Also, Ekoto [69] showed similar
behavior in a Ma, = 2.9 TBL flow along 3D block roughness (w/k ~ 2, \;/k = \,/k = 4), in
contrast to diamond roughness, which showed large flow field perturbations, as was shown in 2.7
of section 2.1.

The mean wall-normal component V/U, is shown in figure 4.3b and 4.4b. It is visible that
the data are more noisy but it needs to be noted that the magnitude is approx. two orders
of magnitude below the streamwise component. Above the smooth wall a region with positive
values in the vicinity of the boundary layer edge (y/d &~ 1) is visible, whereas negative values can
be found above this region and close to the surface. This conical flow field behavior, including
a sign change in the wall-normal component, was also observed in a numerical rebuilding of a
Ma = 8 wind tunnel experiment along a 7° half-angle model by Pruett [196]. In case of the
rough wall data, positive V' values are also visible for yr/d 2 0.5 and negative values close to
the surface. Within the cavities, V' velocity patterns appear which are typical for a recirculation
bubble with positive V' values near the upstream and negative values near the downstream end.
As was the case for the streamwise component, also the wall-normal component shows no clear
disturbances in a region above the roughness crests. This is again qualitatively similar to what
was reported in Ekoto [69] along 3D block roughness and visible in 2.7b of section 2.1. Although
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it resembles results from other investigators, it needs to be stated that other potential reasons
for the undisturbed flow field can be found. One reason might be potential particle lag, which is
known to affect more the lower magnitude wall-normal component of a hypersonic TBL [286],
[287], [15], [16]. This would make the results less sensitive to any small scale deviations. Another
reason for the absence of disturbances might be the magnitude of wall-normal velocities, which
are in the same range as the estimated measurement uncertainties (see section 7.1.1), so that
data of this component were not used for further in-depth analysis.

Additionally, corresponding Mach number fields were computed based on the Crocco-Busemann
temperature-velocity correlation and are shown in figure 4.3¢ and 4.4c¢ for smooth and rough
wall data, respectively. With a white line, the contour at Ma = 1 is highlighted. In case of the
smooth wall, all recorded mean TBL data are supersonic. In case of the rough wall the Ma =1
contour is located closely above the crests of the roughness elements resembling a slightly wavy
pattern. That hints at a purely subsonic mean flow in the vicinity of the crests and below (within
cavities).

The scaled streamwise rms velocities t.s/U, in figure 4.3d and 4.4d show increased values in a
layer close to the smooth wall and above the roughness elements in the aforementioned evolving
shear layers. Especially in close vicinity of the crests and inside the cavities the highest values
are encountered. This will be further addressed in the discussions about the turbulence profile
data in section 4.3.1.

Before summarizing the topology results, another inspection of the flow field was made based on
recorded Schlieren images. In previous investigations, Schlieren images revealed strong density
gradients along rough walls, depending on the roughness topology and test conditions. I.e. strong
shocks were reported along diamond roughness by Peltier [183] and the previously mentioned
investigations by Ekoto [69], for which an example was shown in figure 2.6 of section 2.1. In
contrast, only weak characteristic waves were observed along 3D block roughness in Ekoto [69].
Along three different transverse square bar roughness (A/k = 5,8.33, 10.63), all with slightly
larger pitch than the topology of this thesis (A\/k = 4), Williams et al. [288] reported about
visible shocks.

Figure 4.1 shows (rotated) Schlieren images along the TSB rough cone (Run2091, upper two
images with a zoomed view of the left one on the right) and along the Carborundum Sand Grain
type (SG) rough wall (Run2133, lower two images with a zoomed view of the left one on the
right). In the experimental data along the technical roughness, the edge of the boundary layer is
visible with a sharp change of dark to light region in the contrast enhanced image (indicated
by white arrow). The visible strong shock at approx. halfway of the image is due to the Pitot
rake at a circumferential position 45° behind the symmetry plane. Besides these features, no
clear imprint of the roughness topology is visible in agreement to the mean flow data from PIV
(see 4.4a and 4.4b) but in contrast to the previously mentioned TSB roughness investigations by
Williams et al. [288]. Reasons for this difference might be either the only moderate resolution
of the Schlieren images in case of this thesis or the slightly smaller pitch in case of the current
topology (A/k = 4) compared to the roughness of Williams et al. [288] (A/k = 5,8.33, 10.63).

In contrast, corresponding Schlieren along the Carborundum sand-grain-like roughness in the
lower part of section 4.1 show various disturbances visible by density variations above the wall
and especially outside the boundary layer. This is comparable to observations by Latin [138] in a
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Figure 4.3: PIV data of a) mean streamwise velocity U/U,, b) wall-normal velocity V/U,, c)
Mach number and d) streamwise rms velocity t,s/U. above smooth wall. (Run3014, IW 48x48
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Figure 4.4: PIV data of a) mean streamwise velocity U/U,, b) wall-normal velocity V/U,, c)
Mach number and d) streamwise rms velocity tm,s/U. above rough wall. (Run3007, IW 48x48
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Figure 4.5: Schlieren images along the technical rough wall (Run2091, upper two images with
a zoomed view of the left one on the right) and along the Carborundum rough wall (Run2133,
lower two images with a zoomed view of the left one on the right).

Ma, = 2.9 TBL flow along sand grain roughness (k/d ~ 0.03 — 0.06), re-plotted in figure 2.6
and also reported in [32]. Although the Carborundum roughness had approx. the same height &
compared to the technical roughness, a reason for the different Schlieren observations might be
due to the leveling of the roughness. The Carborundum was applied on top of the smooth wall
whereas the technical roughness pattern was designed with the roughness crests being flush to
the surrounding smooth wall (see section 3.1). Similar observations depending on the leveling
have been made in previous investigations [168].

To summarize observations from PIV and Schlieren data, in a region above the TSB roughness,
only negligible streamwise mean flow and Schlieren gradients are visible. This skimming behavior
was previously used as argument for a “d-type” roughness by Perry and Joubert [185] or Jiménez
[118] (see also section 2.1) although it can be categorized as “k-type” roughness based on the
geometrical topology (see section 3.12.1). A potential reason for the absence of any disturbances
penetrating the TBL is the observation that roughness crests are submerged within a subsonic
layer (see figure 4.4c). Furthermore, the agreement between PIV and Schlieren makes the
argument of particle lag as the main reason for the absence of disturbances in the PIV flow fields
less likely. This behavior could mainly be driven by the TSB topology with A/k = 4, although
the only slightly larger pitch TSB roughness investigations by Williams et al. [288] (A/k = 5)
showed shocks in Schlieren images. We will continue this discussion based on results from profile
data in the following sections.
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Figure 4.6: Mach profiles derived from Pitot measurements at MS1 and FC2 (Run2032&2033
and 2039&2052).

4.2 Mean flow Data

4.2.1 Profiles

First, for validation purposes several sensitivities and cross-checks based on the profiles along the
smooth wall are discussed before a comparison is made to rough wall data. Selected sensitivities
are discussed in the following and more exhaustive data are reported in the Appendix 7.4.1, 7.5.2
or 7.5.4. The impact of IW size on the mean velocity profiles was negligible since all data collapse,
except for the first point above the wall (see figure 7.43). The PIV profiles were averaged as
described in chapter 3. Also different averaging procedures showed only negligible influence (see
figure 7.45 in section 7.5.2).

Two Pitot probe profiles at measurement section MS1 and inflow condition FC2 processed to
Mach numbers according to the procedure described in chapter 3.2.2 are shown in figure 4.6.
The Pitot measurements include a Mach number boundary layer region from approx. Ma = 2 to
an edge value of Ma =~ 5.35, which is in good agreement to the nominal Taylor-Maccoll value
for FC2, included as black line (see also table 3.1). It also shows that the largest extent of the
boundary layer is supersonic, supporting data from PIV (see figure 4.3).

In figure 4.7a smooth wall velocities of two PIV profiles at FC1 for each PIV campaign (run 1007,
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Figure 4.7: Outer scaled smooth wall mean velocity profiles for all experimental campaigns
including repeatabilty.

1008, 3014 and 3016) are directly compared to the velocities derived from two Pitot pressure
runs at FC2 (run 2032&2033 and 2039&2052), all extracted at the first measurement section
MS1. It is visible that in general all data coincide, except for the first points above the wall.
Uncertainties are visualized by a gray area in case of the first PIV campaign and by error bars in
case of the Pitot data and second PIV campaign (see section 7.1.1). This comparison enables run-
to-run (repeatability) and measurement technique to measurement technique comparisons. The
Pitot data as well as PIV data show excellent repeatability behavior within their corresponding
uncertainty bands. In the upper parts of the boundary layer, above y/é > 0.3, both measurement
techniques show good agreement. For smaller wall distances, the Pitot data result in slightly
higher velocities compared to PIV data, although this differences are still covered by corresponding
uncertainties.

In figure 4.8a different numerical data are included for comparison to one selected profile for
each experimental campaign. TAU computations with RSM turbulence model and three different
inflow turbulent intensity levels are included, i.e. at levels of 0.1 % (labeled “Tu nom.”; since
it corresponds to the nominal value in TAU), 1% (“Tu0.01”) and 2% (“Tu0.02”). The latter
two values represent a reasonable range for the H2K facility, based on experiences in previous
test campaigns and an inflow turbulence characterization campaign with Laser 2 Focus (L2F)
[94]. Additionally, DNS data of two turbulent boundary layer profiles along a flat plate at
two different wall temperatures are included from literature according to Duan et al. [56].
Both DNS profiles share the edge Mach number of Ma, = 4.97 but the Reynolds numbers
are Rey = 3819 (Resa = 1526) and Rey = 4840 (Reso = 1537) for case M5T4 and M5T5,
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4.2 Mean flow Data

respectively. The corresponding wall to adiabatic wall temperature ratios are Ty, /T, =~ 0.7 and
Tw/Taw = 1.0. In comparison, the Reynolds numbers extracted from the current experimental
data are with Reso = 635 - 1053 slightly lower. The corresponding wall temperature condition is
with Ty /Taw ~ 0.8 enclosed by the M5T4 and M5T5 data set. The skin friction coefficient of
case M5T4 agrees with ¢y = 1.5- 1073 close to the corresponding value of Run1007 (see table
4.1). All data is plotted in outer scaling.

A good agreement is visible for the upper part between experimental data and TAU computations,
if corresponding uncertainties are considered. From TAU data, results with increased turbulence
level of 1% (“Tu0.01”) utilizing the RSM turbulence model show best agreement, although
deviations above the uncertainty band are visible below y/d ~ 0.1. Despite the difference in
Reynolds number, the DNS and experimental velocity profiles agree within the corresponding
measurement uncertainties, except for a region between 0.05 < y/d < 0.01. This difference might
be attributed to the difference in Reynolds number, as well as potential particle slip and increased
shear close to the wall, which was previously identified as influencing factor for PIV data.

Data of the second measurement section MS2 show the same agreement between PIV and Pitot
data (see figure 4.8b). Only the PIV data of the first PIV campaign (Run1010) is more noisy,
since for this run only 89 images were suitable for post-processing.

To show the effect of the rough wall on the velocity profiles, figure 4.9 shows different profiles at
MST1 (solid lines) and MS2 (dashed-dotted lines) along the smooth (black lines, symbols) and
rough wall (red lines, symbols) from PIV (smooth Run3014, Run3019, rough Run3007, Run3020)
in figure 4.9a and Pitot data (smooth Run2032&2033, Run2013&2023, rough Run2090&2091,
Run2095-2095) in figure 4.9b. The typical flow retardation at the same wall-distance due to the
rough surface is clearly visible [202], [118], [32]. Also visible, but only moderately, is the change
in velocity due to the increased running length (MS1 vs. MS2). The behavior is very similar
between PIV and Pitot data.
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Figure 4.8: Outer scaled smooth wall mean velocity profiles for selected experimental data at
a) MS1 and b) MS2 against CFD from TAU and according to [56].
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Figure 4.9: Outer scaled mean velocity profiles showing the effect of smooth (black lines/symbols)
and rough wall (red lines/symbols) for different runs from a) PIV (smooth Run3014, Run3019,
rough Run3007, Run3020) and b) Pitot data (smooth Run2032&2033, Run2013&2023, rough
Run2090&2091, Run2095-2095).
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4 Results and Discussion

In summary, the current pressure and velocity measurements show repeatability, agreement with
numerical simulations and well-established correlations/approximations. This provides confidence
to investigate the data in depth in the following sections.

4.2.2 Friction Velocity and Inner Scaling

To enable proper inner scaling of the measured velocity profiles, corresponding skin friction
velocities need to be extracted. We focus first on the smooth wall data since the extraction
approaches are less tedious (as described already in section 3) and comparison to theory and
literature data is easier. After that, rough wall data are discussed.

To follow suggested TBL analyses given in the AGARD report 253 ([73]), both, Pitot pressure and
PIV velocity profiles, were transformed to inner and outer scaled form. Three approximations, i.e.
the fitting, gradient and integral approach, were applied and compared to extract the required
skin friction velocity indirectly from the measured mean velocity profiles (see chapter 3.10).

Smooth wall data:

For the skin friction evaluation, different boundary layer edge and wall values were necessary for
all approaches. These parameters were extracted either from the velocity data directly or from
infrared data and are summarized in table 4.1 for all investigated wind tunnel runs. Table 4.1
contains the run number, the measurement section (MS), the wall conditions smooth (s) or rough
(r) , the edge Mach number Ma, and velocity u., the edge temperature T, the wall to adiabatic
temperature ratio T,,/T,,,, the boundary layer thickness ¢, the momentum loss thickness 6
and the Reynolds numbers Rey = peuel/jie, Resa = peued/ iy, Rer = 6t = pyurd/p, and
Ret = per/pw/petrd/ e . The latter is the semi-local Reynolds number which was suggested for
comparing wall turbulence statistics between cases with substantially different mean density and
viscosity profiles [180]. The table includes the edge velocity U, and corresponding temperature
T,, derived via the Crocco-Busemann correlation. The results of the three approaches to derive
the skin friction velocity are summarized and compared in table 4.2. Where possible, the values
include corresponding uncertainties (see section 7.1.1), stated in the following paragraphs. In
case of the PIV data, only results from the interrogation window 512x8 pix? (first campaign) and
512x16 pix? (second campaign) are contained.

In general, very consistent skin friction velocities were extracted with an agreement between the
different approaches and analytical and numerical data for each measurement section (MS) and
flow condition (FC) if the corresponding uncertainties are accounted for (see section 7.1.1). The
van Driest correlation was used for the analytical (see chapter 3.10.1) and the TAU RSM results
at 1% inflow turbulence intensity (see chapter 3.9) for the numerical comparison.

Fitting approach:

The skin friction velocities for PIV runs 1007 and 1008 show a good repeatability and the expected
decrease for an increased running length for Run1010 (see table 4.2). Also data from the second
campaign with 3014 show good agreement within corresponding uncertainties. A slight difference
in wall temperature between FC1 and FC2 is the reason for a slight difference in the derived skin
friction velocities from Pitot data compared to the corresponding PIV results. This is also visible
if the corresponding analytical or numerical results are compared. An uncertainty of +0.4%,
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4.2 Mean flow Data

+3.4% and +1.6% of the mean friction velocity was calculated by a Monte-Carlo analysis for
the Pitot and PIV data of the first and second campaign, respectively (see section 7.1.1). The
above stated values do include only procedural and no methodical uncertainties for the friction
velocity. Methodical uncertainties can only be determined by comparing the results to a reference
value of higher accuracy, either from experimental, numerical or analytical prediction. Most
often, only cross-checks between different methods or comparisons to analytical predictions are
given. For the comparable Clauser chart method, which utilizes the velocity data and its slope
only in the logarithmic layer, typical uncertainties of approx. 5% are given in the literature
for incompressible investigations (e.g. [197], [236], [274]). For compressible investigations the
performance is typically stated within approx. 10% compared to analytical predictions like van
Driest (e.g. [24], [236], [285], [184], [289], [287]). This is in agreement with observations in this
work (see table 4.2).

Resulting values of the fitting procedure for all valid runs are summarized in table 4.3. To
derive the momentum loss thickness #, the mean density profiles were derived assuming a
Crocco—Busemann temperature distribution within the boundary layer (see e.g. [277]) together
with the measured surface pressure from the closest tap on the model. Other temperature
distributions (e.g. Walz [56]) have been tested and only negligible differences were encountered.
The derived edge properties are consistent to each other within the corresponding uncertainties.
Resulting smooth wall Reynolds numbers vary within Rey = 2355 — 4323 and Resy = 635 — 1084.
According to the difference between the inflow condition FC1 and FC2, slightly different edge
parameters were derived. This is in agreement with the expected values from Taylor-Maccoll
computations for FC2 (see table 3.1). Table 4.3 contains additionally the fitted skin friction
coefficient ¢, skin friction velocity u, and Coles wake parameter II.

Gradient approach:

The gradient approach was possible to apply due to the wall-normal resolution of the 512x8 pix?
profiles of the first PIV campaign with the first point above the wall at y™ (1) = 1.79 which
is located within the viscous sublayer (see figure 4.12 b). As reported in section 3.10.3, for
the viscous sublayer an alternative velocity transformation can be derived (see eq. (3.55)).
The PIV data of Run1007 in the sublayer region transformed via classical van Driest and
the alternative viscous-sublayer transformation of equation (3.55) (labeled “VS”) is plotted in
figure 4.10. Both transformations show only minor differences in the sublayer, which are covered
by the corresponding uncertainties. Both data profiles show a slight non-linear behavior. An
agreement to the incompressible theory is only visible for data points at the lower and upper end
of the viscous sublayer. Since only minor differences were visible between the van Driest velocity
scaling and the modified scaling for the viscous sublayer, the van Driest scaled velocities were
used in the following.

Taking all uncertainties into account, typically all skin friction velocity values derived by the
gradient approach below y* < 15 agreed with the corresponding values from the fitting approach.
This trend was detected for data from all interrogation windows reported in section 7.5.2. Only
the wall nearest point in case of the 512x8 pix? profile was biased. This is visualized in figure 4.11
which shows exemplary the resulting gradient approach skin friction velocity values for all wall
nearest points of smooth wall Run1010. It is compared to corresponding results from the fitting
approach (blue line for PIV and red line for Pitot data), CEFD (green lines) and analytical
correlation (black dash-dotted line). It is visible that all values correspond closely to each
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Table 4.1: Edge and wall parameters of PIV and Pitot profiles at FC1 and FC2 from fitting approach (s: smooth wall, r: rough

wall).

Run MS wall Ma, U, Te Tw/Tww 0 0 H, Rey Resas Re; Re;
No. [ S [ [m/s] [K] [ mm] [mm] [} [ [ [ [
1007 1 S 503 916 83 0.79 34 0155 1.5 2355 635 186 1426
1008 1 S 559 927 69 0.80 3.7 0.151 1.5 3298 736 201 2002
1010 2 S 4.86 912 88 0.80 42 0204 1.6 2602 743 205 1468
203242033 1 S 533 901 78 0.79 3.9 0154 2.7 3198 777 262 1867
203942052 1 S 536 902 78 0.79 3.9 0152 2.7 3191 768 262 1873
201342023 2 S 523 898 82 0.79 4.9 0.207 2.3 4323 1084 329 2087
2024&2025 2 S 523 898 82 0.79 4.8 0202 2.5 4194 1053 320 1966
2072-2074 1 r 542 903 80 0.79 4.5 0194 2.3 4235 1001 377 2433
2084-2086 1 r 546 904 76 0.79 4.6 0199 2.3 4380 1023 371 2755
2090&2091 1 r 544 904 76 0.79 45 0192 23 4217 989 366 2658
2098&2099 1 r 541 903 79 0.79 52 0.217 2.8 4710 1118 441 2928
2092-2094 2 r 530 900 80 0.79 6.1 0273 2.1 5925 1454 573 3533
209342095 2 r 533 901 79 0.79 6.1 0249 4.0 5430 1320 522 3460
2126-2128 1 r(SG) 5.30 900 81 0.72 4.9 0.224 2.2 4582 1207 481 2813
2129-2131 1 r(SG) 536 902 77 0.72 4.9 0221 2.2 4642 1197 466 2983
2121-2123 2  r(SG) 5.61 907 72 0.72 6.3 0273 2.0 6310 1506 525 3920
2124&2125 2 r(SG) 5.60 907 72 0.72 6.4 0278 2.0 6406 1532 510 3857
3014 1 S 5.1 923 81 0.80 3.6 0.17 14 3105 807 215 1763
3015 1 S 5.0 896 82 0.80 3.6 0.16 1.5 2706 722 200 1580
3016 1 S 4.9 920 &7 0.81 3.6 0.17 14 2770 763 212 1596
3019 2 S 5.2 925 80 0.81 4.3 0.20 1.4 4106 1056 265 2221
3006 1 r 4.9 913 86 0.81 4.3 0.21 1.6 3426 954 328 2426
3007 1 r 5.1 918 81 0.83 4.5 0.21 1.6 4044 1027 307 2622
3008 1 r 5.2 928 79 0.82 4.4 0.20 1.7 4832 1201 378 3335
3010 1 r 5.2 947 83 0.81 4.6 0.21 1.7 3797 989 308 2540
3020 2 r 4.9 910 88 0.78 5.5 029 1.6 4468 1288 384 2690
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Figure 4.10: Streamwise mean velocity data from PIV (IW 512x8 pix?) at MS1 in viscous
sublayer.

other and reported skin friction values in table 4.2 were derived by averaging all values within
8 <yt < 15 (also included in figure 4.11 as dashed blue line). The uncertainties for the gradient
approach were evaluated based on linear propagation to +9.1% based on a mean value.

Integral approach:

For the numerical integration of the von-Karman equation (eq. (3.57)) a step-size of 0.1% of
the difference between z at MS1 and MS2 was set by default. A systematic change of this
step-size showed a change of the resulting skin friction coefficient of only Acy. < 0.05%. Due to
repeatability runs, in case of the PIV data and in case of the Pitot data two different and four
different combinations were possible for the numerical integration of the von-Karman equation,
respectively. The results are contained in the column named “integral approach” in table 4.2.
Although slight variations between the possible combinations at each flow condition are visible,
values still agree to each other and to values from the other approaches if the corresponding
uncertainties are considered. The combined uncertainties for the integral approach were evaluated
to +£5.7%, £33.5% and +14.5% for Pitot data and the PIV data of the first and second campaign,
respectively. The higher uncertainties in case of PIV data can be attributed to higher input
uncertainties of edge Mach number, temperature and momentum thickness. In case of the second
PIV campaign these uncertainties could be reduced in comparison to the first one due to hardware
and setup improvements.

Due to the lower uncertainties and consistent results, it was decided to use the fitting approach
for skin friction and Coles wake parameter values to scale and analyze the PIV and Pitot profiles
for the following analysis according to suggestions by [73]. Corresponding results of the PIV
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Table 4.2: Summary of derived smooth wall skin friction velocities at FC1 and FC2 and MS1 and MS2 (all values in [m/s])

MS FC Run fitting gradient integral TAU van
no. approach  approach  approach Driest
1 1 51.6£2.9 52.7
1007 53.8+ 1.8 54.4+49
1008 53.7+£1.8 54.2+49
1007 — 1010 50.7 £ 17.0
1008 — 1010 54.5 £ 18.3
3014 51.8+0.8
3014 — 3019 47.8 +6.9
1 2 50.1+£2.9 51.2
2032&2033 52.9+0.2
203942052 52.9+0.2
2032&2033 — 2013&2023 52.9+ 3.0
203242033 — 2024&2025 51.0+ 2.9
2039&2052 — 2013&2023 53.5+3.1
2039&2052 — 202442025 51.6 £+ 3.0
2 1 50.4+29 514
1010 50.5+ 1.7 51.8+4.7
1007 — 1010 49.2 +£16.5
1008 — 1010 52.6 £17.7
3019 49.6 £ 0.8
3014 — 3019 46.8 +6.9
2 2 49.0+28 50.0
2013&2023 49.1£0.2
202482025 49.6 £0.2
2032&2033 — 201342023 51.1+2.9
2032&2033 — 202442025 49.54+ 2.8
2039&2052 — 2013&2023 51.7£3.0
2039&2052 — 202482025 50.0£2.9
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Figure 4.11: Comparison of near wall PIV velocity data points transformed to skin friction
velocities via the gradient approach (blues symbols) compared to values from fitting approach
(blue solid line for PIV, red solid line for Pitot Run2013&2023) and data from van Driest
correlation (black dashed line) and TAU computations (green lines).

data with 512x8 pix? of Run1007 at MS1 are included in figure 4.12. The figure contains four
different sub-plots. In figure 4.12a the profile is shown as normalized velocity U/U, against
normalized wall-normal distance y/d for a zoomed region close to the wall. Additionally, a linear
line is included which is fitted through data points at y/d < 0.04. In sub-plot 4.12b the classical
law-of-the-wall with the van Driest transformed effective velocities U ;; 7 against yT is included
with one line for the viscous sub-layer (U:f F= *) and one line for the log-layer without wake
(see equation (2.7), neglecting the last two terms). Additionally, the two DNS profiles M5T4 and
M5T5 according to Duan et al. [56] are included in van Driest transformed inner-scaled form. In
sub-plot 4.12¢ an outer scaling is included as (Ueste — Uers)/U; against a wall normal distance
y normalized by an integral length scale A* according to [73] and defined by

A*:a/ol (W)d(?) (4.1)

The theoretical curve in this sub-plot corresponds to the following equation

(Ueste = Uerr)

o - M-In <y> N (4.2)

A*
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Figure 4.12: Streamwise mean velocity data from PIV (IW 512x8 pix?) and Pitot pressure in
inner (b) and outer scaling (a,c-d) according to Fernholz and Finley [73] (DNS data according to
Duan et al. [56]).

where M = 4.7 and N = 6.74, which were derived based on experimental data in zero-pressure
gradient boundary layers, mainly along adiabatic walls ([73]). The constants are strictly just
valid for 1500 < Reso < 40000, but [73] showed also consistent analysis for data with Reynolds
numbers below this range. In the fourth sub-plot 4.12d, a second outer scaling, represented by
(Uesf — Uesse)/Ur against y/6, is included. The theoretical curve is described, as given in [68]
(see eq. (2.12)).

The quality of the fitting approach is directly visible by comparing the data points to the
theoretical curves of the law-of-the-wall in figure 4.12b. All characteristic boundary layer parts
are visible, like the S-shaped wake above y* ~ 100, the logarithmic layer for 1002 y* 2 10 and
even the viscous sublayer for data points with y™ < 10. The first data point is located well
within the viscous sublayer. The linear characteristic of the sublayer is also visible in figure 4.12a
comparing the line fit to the wall nearest data points. If compared to the DNS data in figure 4.12b,
a typical buffer layer is not visible for the current PIV data. One reason might be the particle
slip, which was previously identified to be responsible for locally higher velocities in the near
wall region (see paragraph particle slip in section 7.5.2 and figure 7.29). The wake portion of the
Run1007 profile was fitted best by a Coles wake parameter of IT = 0.27 (see table 4.1). Other
runs resulted in values IT = 0.27 — 0.47 (see table 4.3). Due to the low Reynolds number, the
wake parameter is lower than II = 0.55, which is typically stated for an incompressible zero
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4.2 Mean flow Data

pressure gradient flow (see e.g. [277]). This is well in line with data of other compressible flow
investigations in a comparable Reynolds number regime as visualized in figure 4.13 with the
corresponding scaled velocity shift due to the wake with AU, :} fwake = 211/K according to [73]
and [289]. The scatter for the data collection of Coles is also taken from the publication in [73].
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Figure 4.13: Wake parameter AU e‘; fwake against Reynolds number Reg (circles for smooth
wall and squares for rough wall results) with data according to Coles (see Fernholz and Finley
[73]) and Williams and Smits [289)].

The outer scaling results of Run1007 data are contained in figures 4.12c and 4.12d. The theoretical
curve in 4.12d also depends on the wake parameter, so that an agreement with experimental data
is a further consistency check. An excellent agreement between theory and data is visible down
to wall-normal distances of y/d =~ 0.05, corresponding to the region of the viscous sublayer (see
figure 4.12a) for which the theory is not applicable any more. The outer scaling in figure 4.12¢
shows good agreement between theory and data down to values of In(y/A*) ~ —2. For lower
wall distances, the data points deviate from theory which was reported for low Reynolds number
profiles at Rego < 2000 in [73]. This is consistent with the value range in this paper. To check if
the flow is fully turbulent, despite low Reynolds numbers, the kinematic shape factor is a useful
indicator, defined as the ratio of displacement and momentum loss thickness with the density set
constant to Hy = 6; /0. The PIV profile of Run1007 with Hj, ~ 1.5 (see table 4.1) lies in a value
range characteristic for fully turbulent boundary layers at low to moderate Reynolds numbers
[73].

The same analysis was performed for velocity data derived from Pitot pressures of Run2013&2023,
also included in figure 4.12. Technically, Pitot profiles were measured at FC2 in contrast to
the PIV profile at FC1 in figure 4.12. Data of the scond PIV campaign were used to enable a
direct comparison between PIV profiles at FC1 and FC2, which showed only negligible differences
(see Appendix 7.5.2 figure 7.46). Although small, the dimension of the Pitot probe restricts the
profile to a first wall-normal distance of y(1) = 0.32mm, y/d(1) = 0.082, y™ (1) = 19.5 which is
almost one order of magnitude farther away from the wall compared to PIV profiles. This is
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directly visible in figure 4.12b, where the profile begins in the logarithmic part of the boundary
layer. A small region of locally higher velocity values compared to PIV and theory is visible
(y™ ~ 300 — 400). This is most likely connected to near wall effects of the Pitot probe [92], also
visible in other investigations like [66] or [209]. Besides this region, the profile shows acceptable
agreement with the theory in the logarithmic layer. The outer scaled data in figure 4.12d, which
is driven by parameters like y/0 and II, shows very good agreement with theory. Instead, the
outer scaling in figure 4.12¢, driven by an integral length scale and therefore by near wall data,
is shifted parallel to the theoretical line. This is expected to be mainly driven by the loss of
near wall information due to the Pitot probe dimension. To support this argument, a check
was performed with an an artificial profile, derived by the law-of-the-wall, which was scaled to
an edge velocity according to H2K conditions. Before using this artificial profile for the fitting
analysis, the profile was intentionally cut below y/d = 0.08, comparable to the Pitot data. The
corresponding fitting results showed the same shift, as visible in figure 4.12¢ (see discussion in
Appendix 7.5.2 and figure 7.47). This is also noticeable with a shape factor of Hy = 2.3 (see
table 4.1), which is close to the value of a Blasius profile with H = 2.59 and would erroneously
indicate a laminar profile [277].

Additional comparisons are included in section 7.4.1 and 7.5.2 which show a comparable behavior
as the analysis above in figure 4.12. With the reported measurement techniques a total number
of approx. 10 — 30 points in the logarithmic layer are available for analysis for Pitot and PIV
data. Additionally, the general agreement between the different skin friction velocity approaches
and theory and numerics gave confidence for analyzing rough wall data.

Rough wall data:

For the rough wall data, skin friction velocity values and additional parameters were extracted
only via the fitting and integral approach. The gradient approach is inconclusive in case of a
rough wall, on the one hand due to challenges accomplishing necessary resolutions along the wall
but more importantly because the pressure contribution to the momentum loss would not be
captured [124], [45].

In case of rough walls, the fitting is much more challenging, as previously described in section 3.10.2.
One parameter which was found to have sizable impact in case of the data of this thesis is the
shift of origin €, as also reported in previous investigations [240]. There is a multitude of different
approaches with the goal to extract this parameter (see e.g. [45]). Different methods to determine
the shift of origin are summarized in section 7.2.2 and detailed tests of selected formulations was
performed and can be found in section 7.2.3.

Figure 4.14 summarizes the main results, in which different column colors represent selected
methods to derive € and the definition of x positions, given behind the corresponding run number
labels, represent different axial regions over which the PIV profiles were averaged. For the
following analyses, it is only important to recognize, that the results of all methods vary widely
and therefore no clear conclusion can be drawn. Therefore, a different approach was used to
define €, which is described in the following.

First, a value for the rough wall skin friction velocity w., is calculated via the integral approach
(see section 3.10.4) utilizing the momentum loss thickness 6 of the PIV velocity profiles at MS1
(Run3007) and MS2 (Run3020) as input to solve the von-Karman-integral. An overview of
extracted data via the integral approach are summarized in table 4.5 for PIV and Pitot data.
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Furuya Kogstad ™ PerryWake ™ pseudoPerry

Run3020 0.628<x<0.630
Run3010 0.496<x<0.498
Run3010 0.496<x<0.500
Run3009 0.498<x<0.500
Run3008 0.496<x<0.500
Run3008 0.496<x<0.498
Run3007 0.498<x<0.500
Run3006 0.496<x<0.498
Run3006 0.496<x<0.500

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
e/k

Figure 4.14: Shift of origin determination via different methods described in chapter 7.2.2.

With the corresponding uncertainty band, a most likely value band of u, was estimated to 53.4
m/s < u; < 71.8 m/s. Then, the fitting approach was applied multiple times, each time with
a fixed shift of origin varied in between 0 to k in steps of 0.1 - k. This ensured that the origin
is located between the floor and the crest of the roughness elements, which is an acceptable
value range from previous investigations (see e.g. [24], [25], [152]). Figure 4.15a and 4.15b
show the results from the fitting procedures for selected rough wall runs represented by the
skin friction velocity u, and the roughness function AU ;}f, respectively, against normalized
shift of origin €/k . The blue and red dashed line highlight the aforementioned estimated most
likely value corridor from the integral approach. From the results, a most likely value range of
€ = 0.4 — 0.5k can be extracted and a final value of ¢ = 0.5k was chosen, to be consistent with
previous investigations (e.g. [24]). The described procedure was performed on the PIV data of
the second campaign and the resulting ¢ was then applied also on the post-processing of data by
Pitot pressure measurements.

Besides this result, it is emphasized how much influence ¢ has under the current conditions, most
likely due to only moderate values for the blockage ratio k/d. It underlines the importance of a
proper choice for the shift of origin for cases with comparable blockage ratios which is a typical
value range for most ground-based rough wall TBL investigations, especially in case of high-speed
flows. The resulting fitting parameters are summarized in table 4.3, which additionally contains
Coles wake parameter II, the normalized EQSR kg/k, the blockage ratio k/d, the roughness
Reynolds number based on the physical roughness height k™ and based on the EQSR k7.

Figure 4.16 shows exemplary results of this fitting routine with inner scaled van Driest transformed
mean velocity profiles along the smooth and rough wall together with the law-of-the-wall.
Additionally, DNS data from [296] at comparable conditions are included. As in the plots before,
all smooth data collapse and follow the law-of-the-wall in the mid-part of the semi-logarithmic
plot (20 < y* < 70). Corresponding to the larger Reynolds number, the profile at MS2 results
at a larger y* at the edge of the boundary layer. Also, the wake is more pronounced there
according to the higher Reynolds number. The rough wall profiles show the typical shift by
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Figure 4.15: Rough wall skin friction velocity u, in a) and roughness function AU, e"}f in b)
from fitting approach against shift of origin €/k for selected rough wall runs. Dashed lines in a)
indicate corresponding value range from integral approach including uncertainties.

AU, e‘; s below the smooth wall profiles. As reference, a log-law line shifted by AU, e‘; s = 6 is shown
in figure 4.16a, which is the order of magnitude derived from all profiles (see Table 4.3). The
resulting roughness Reynolds numbers &7 are in a range of 34 to 38. Previous experimental
investigations of incompressible flow along transverse bars with A\/k = 3.8 (w/k = 0.75) showed a
value of kT =~ 10 (AU = 5.5) to be sufficient for a fully rough TBL according to Bandyopadhyay
[19] (see also figure 4.17, in which error bars represent uncertainties as reported in section 3.12.2)
. Incompressible TBL DNS data along transverse square bars with A/k = 7 to 120 showed a
value of k* ~ 19 (AU =~ 7.5) to be sufficient for a fully rough flow according to Choi [42].
Also, Berg [24] assumed his compressible data along the transverse square bars with A\/k = 4
at kT =~ 33.8 (AU ~ 6.5) to be in the fully rough regime. Presuming the TBL data of this
work to be fully rough as well, an equivalent sand grain roughness can be found via eq. (3.74),
which results in approx. 38 to 59. This would result in ks/k = 1.1 to 1.4, which is closer to the
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4.2 Mean flow Data

compressible value by Berg than the incompressible investigations (see also figure 2.8). But it
needs to be mentioned that in case of the current, as well as Berg’s data (kI = 44), the derived
kF values are slightly below the fully rough limit for sand grain roughness, typically given with
kF =60 — 70. On the other hand, they are above the limit for transverse bar roughness by [19]
with & ~ 30. Nevertheless, transitional roughness effects cannot be excluded completely and
the derived k/k values need to be taken with some caution.

theory
————— DNS Duan2010 M5T4
— — — — DNS Duan2010 M5T5
——————— DNS Zhang2018 M6Tw076
Run1007
Run2084-2086 JA T
Run3019 ~
Run3020
Run3014
Run3006
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Figure 4.16: Inner scaled van Driest transformed mean velocity profiles along smooth (black,

grey) and rough wall (colored) together with the law-of-the-wall and DNS data according to
Duan et al. [56] and Zhang et al. [296].

To further put the extracted EQSR values of the current work into perspective, figure 4.18 shows
two plots for k- and d-type roughness topologies based on scalings by Jiménez [118]. The first
plot in figure 4.18a shows the EQSR, corrected by the drag coefficient, ks/(cpk) against the
frontal solidity Ay = k/AX. As was reported for similar topologies, ¢cp = 1.25 was chosen for the
TSB roughness of the current work. The different behaviors of the sparse (A; < 0.15) and dense
roughness regime (Ay 2 0.15) are visible with different slopes. Error bars in case of data by
Schlichting indicate re-evaluated values by Coleman et al. [49]. Additionally, for comparison
super- and hypersonic data points are included with spanwise square bars by Berg [24], 3D blocks
by Ekoto [69] as well as mesh and square bars by Williams et al. [288]. The current TSB data is
shown by the red square symbol together with error bars in both axes, representing uncertainties
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Table 4.3: Overview of results from fitting approach (s: smooth wall, r: rough wall).

Run MS  wall cy Ur I AU e ks/k K/ kT kS
[ (m/s]  [] o fwm] [
1007 1 S 1.57E - 03 53.8 0.27 0 0 0 0 0 0
1008 1 S 1.26E - 03 53.7 041 0 0 0 0 0 0
1010 2 S 1.48E - 03 50.5 043 0 0 0 0 0 0
2032&2033 1 S 1.39E - 03 52.0 0.19 0 0 0 0 0 0
2039&2052 1 S 1.38E —-03 52.0 0.21 0 0 0 0 0 0
2013&2023 2 S 1.24FE - 03 483 0.33 0 0 0 0 0 0
2024&2025 2 S 1.28E —-03 48.8 0.27 0 0 0 0 0 0
2072-2074 1 r 1.94F —03 623 0.34 4.68 0.25 0.73 0.11 36.2 264
2084-2086 1 r 1.98E —-03 63.5 040 5.29 0.25 093 0.11 36.3 33.6
2090&2091 1 r 2038 —-03 641 034 517 0.25 087 0.11 36.8 32.1
2092-2094 2 r 240E—-03 679 038 7.39 025 184 0.08 424 781
2093&2095 2 r 206 —-03 63.2 046 6.42 0.25 1.36 0.08 38.9 528
2126-2128 1 r(SG) 228FE—-03 63.1 0.38 6.17 0.25 1.09 0.10 43.8 47.8
2129-2131 1 r(SG) 226E—-03 637 034 6.07 0.25 1.06 0.10 43.5 46.0
2121-2123 2 r(SG) 1.75E—-03 58.6 047 5.30 0.25 090 0.08 374 338
2124&2125 2 r(SG) 1.63£—-03 56.4 0.56 5.08 0.25 0.86 0.08 36.0 30.9
3014 1 s 138E-03 518 041 0 o 0 0 0 0
3016 1 S 1.48E-03 52.0 0.40 0 0 0 0 0 0
3019 2 S 1.24E-03 49.6 047 0 0 0 0 0 0
3006 1 r 2.45E-03 66.0 0.58 6.34 025 1.35 0.12 379 51.1
3007 1 r 1.92E-03 61.7 0.76  5.62 0.25 1.12 0.11 342 384
3008 1 r 1.95E-03 63.6 0.72 6.29 025 1.16 0.12 34.3 50.2
3010 1 r 1.52E-03 69.1 077 5.70 0.25 1.19 0.11 333 39.7
3020 2 r 1.99E-03 58.1 0.83 6.15 025 1.35 0.10 35.0 474
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4.2 Mean flow Data

as estimated in section 3.1 and section 3.12.2. Current data is visibly below incompressible
heritage data and are not following the expected trend for k-type roughness but follow the general
trend of other super- and hypersonic data points.

The second plot in figure 4.18b shows the EQSR, normalized by the boundary layer thickness, ky/d
against the blockage ratio k/0. Heritage data are shown twice, where non-filled symbols indicate
originally published data, whereas filled symbols represent data, corrected for the assumed
influence of blockage ratio according to Simpson [232], as reported by Jiménez [118]. Corrections
after Simpson [232] require unbiased values fulfilling k/0 — 0, which is not available for data of
this thesis. Therefore only uncorrected data is included. The current TSB data is shown by the
red square together with error bars, representing corresponding estimated uncertainties. It is
visible that data fall within the spread of incompressible heritage data, but above the speculated
scaling with ks ~ 0.029 reported by Perry et al. [187] and Jiménez [118].

The two plots could lead to the conclusion that the current roughness results scale neither
with k& nor with ¢ i.e. fulfilling neither the criterion for k- nor d-type roughness. But some
comments are due at this point. Current data is not the only point which do not scale with
ks/(cpk) and Ay, instead the plot hints more towards a general trend for compressible data.
Furthermore, the d-type scaling with ks =~ 0.024 is not supported by any of the included data
and was already critically discussed by Jiménez [118]. Additionally, it is questionable which
impact compressible effects might have on potential d-type behavior. Furthermore, a reverse
calculation of corresponding heritage EQSR values from the published plot via ks/k = kg/0 - k/
would indicate with kg/k = 1 rather low values for data by Perry et al. [187] and Bandyopadhyay
[19], not corresponding to originally published values. It is not clear how Jiménez rebuilt the
heritage data and therefore these points must be used with some caution.

As introduced in section 3.10.2, a new formulation to derive the rough wall skin friction velocity
u, depending on AU ;;c ¢ Via eq. (3.52) was tested on selected PIV results. This procedure was
developed with the motivation to ease the fitting procedure by reducing the unknown quantities
by one (see section 3.10.2). In general, the good agreement for the validation cases can also be
confirmed by post-processing data of this thesis, where e.g for Run3006 results of with or without
this equation agreed to within approx. 2% for both u, and AU e';f. However, no substantial
differences in the stability of the fitting procedure was encountered. Therefore no additional
analyses have been performed, since this has been the main motivator.

Additionally, the new method to determine EQSR values was tested, introduced in section 3.12.1.
By using eq. (3.76) instead of the “traditional” determination via eq. (3.75), no knowledge about
u, is required. As a control parameter, also Coles wake parameter 11 can be extracted via eq.
(3.76) and compared to the value from the fitting approach (eq. (3.47)). For Run3006 this new
method resulted in ks/k = 1.38 very close to ks/k = 1.35 via the “traditional” eq. (3.75). And
also the wake parameters agree closely with IT = 0.6 against IT = 0.58 for eq. (3.76) and eq. (3.47),
respectively. Despite this agreement, post-processing of data from other runs showed partly
larger scatter, especially in case of the EQSR values of Run3007 and Run3010 (see table 4.4)
Also data from other runs were inconclusive and more analysis is needed, so that all following
discussions are based on results from the “traditional” eq. (3.75).

The above stated post-processing, combining the fitting and integral approach, gives a best
estimate based on the previous choice for e. Due to the range of acceptable u, (based on the
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Table 4.4: EQSR results from post-processing via equation (3.75) or equation (3.76)
(3.75) (3.76)
Run  kg/k IT ks/k I
N [ H H_ [
3006 1.35 0.58 1.38 0.60
3007 1.12  0.76 218 0.53
3008 1.16 0.72 147 0.66
3010 1.19 0.77 216 0.71

uncertainties from the integral approach), also the fitting parameters can vary in a certain value
range. For example at MS1 (results from four different runs), the accepted range of u, between
53.7 and 70.5 would result in AUe';f to vary from 3.2 to 7.1, therefore k£t from 34.2 to 37.1 , kf
from 14.5 to 69.5 and finally ks/k from 0.4 to 1.9. This highlights the sensitivity of the analysis,
although based on state-of-the-art measurement techniques. This is not necessarily only due to
the additional challenges posed by the compressible flow, but can also be seen in incompressible
investigations, visible by the large scatter of derived EQSR from different investigators as given
in chapter 1 and 3.12.2.

Apart from the previously reported results, rough wall profiles show in general larger wake
parameters up to approx. 0.8, similar to previous studies e.g. [135], [186], [38]. The plot in
figure 4.13 shows also rough wall data points of this thesis. It is visible that the smooth wall
data follow the expected trend with Reynolds number, whereas the rough wall data lies above
the scatter of the smooth wall data by Coles. There is ongoing debate if true smooth and rough
wall boundary layer universality exists, for which the same wake parameter value range would be
expected and different parameters are discussed to have an impact (see e.g. [39]). We continue
the discussion about smooth to rough profile similarity based on turbulence data in section 4.3.

Pitot rake profiles:

As mentioned before, the derived e from the data of the second PIV campaign was also applied on
the fitting procedure of the Pitot pressure profile data. All values from the fitting approach are
summarized in table 4.3, from integral approach in table 4.5 and with data of Run2084-2086 an
exemplary result for FC2 at MS1 is also contained in figure 4.16. The plot as well as the results
in the tables show that the rough wall parameters in general are in agreement with data from
the second PIV campaign. E.g. the values for the roughness function AU ;}  and data for kg /k
have a slightly larger spread compared to the PIV data but cover the same range, especially if
corresponding uncertainties are considered. This cross-measurement agreement gives the current
result further credibility.

Sand grain type roughness:

Additionally to the technical square bar roughness topology, Pitot pressure profiles were also
measured along the model section with Carborundum sand grain type roughness (see section
3.1). The same post-processing chain was used on profile data above this type of roughness
(including an assumed €¢/k = 0.5). Runs in the range 2121 to 2131 in table 4.3 together with
figure 4.19 show results from this sand grain type roughness (labeled “SG” for sand grain type in
contrast to unlabeled square bar roughness). Due to the metallic substructure, the corresponding
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4.2 Mean flow Data

Table 4.5: Skin friction velocities from integral approach of PIV (IW 512x16 pix?) and Pitot
pressure data along rough wall (first and second block for TSB roughness and fourth block for
SG roughness (2121 < run < 2131)) (s: smooth wall, r: rough wall).

integral DQ
Run Run wall  zys1 Az Ouyst A0 uryms1t Urms2  UrMSt
MS1 MS2 [mm] [mm] [mm] [mm] [m/s| m/s]  [m/s]
3006 3020 r 496 130 0.21  0.07 60.7 58.2 58.8
3007 3020 r 496 130  0.21  0.07 62.2 59.6 60.3

2072-2074  2092-2094 r 496 138 0.19  0.08 64.0 60.8 61.4
2084-2086  2092-2094 r 496 138 0.20  0.07 63.2 60.2 60.9
2090-2091  2092-2094 T 496 138 0.19  0.08 64.6 61.3 61.9

2126-2128 2121-2123 r(SG) 496 138 022 0.05 55.0 53.5 54.6

2126-2128 2124-2125 r(SG) 496 138 022 0.05 96.5 94.9 95.9

2129-2131 2121-2123 r(SG) 496 138 0.22  0.05 96.2 54.6 95.6
(5G)

2129-2131 2124-2125 496 138 022  0.06 57.7 55.9 56.8

wall temperatures were slightly lower than for experiments along the technical roughness model
made from PEEK (see also table 4.1). In figure 4.19 it is visible that SG results agree closely
with Pitot and PIV results along the technical roughness in inner and also outer scaling. Also
the summarized results in table 4.3 and figure 4.17 show that the parameters from fitting are
comparable between SG and TSB. Only the integral values are consistently lower than the values
for the technical roughness (see table 4.5). This seems to stem from a lower increase in calculated
momentum loss thickness from MS1 towards MS2 compared to data from TSB, although the
near wall resolution and behavior seem to be comparable (not shown here). Interestingly, the
resulting k4 /k from the fitting approach is almost but not exactly 1, which would be expected for
a sand grain roughness. This was already observed by other investigators like Squire et al. [240]
(ks/k =~ 2.2) and Thakkar et al. [251] (ks/k =~ 0.9) with the argumentation that the duplication
of the roughness topology according to Nikuradse with respect to density and homogeneity is
very challenging.

Also in case of the sand grain type roughness, the k" values are below the typically stated limits
for fully rough conditions and therefore also the resulting k/k values need to be used with some
caution since viscous influences cannot be excluded completely.

Apart from that, at this point, the comparable behavior between the technical square bar (TSB)
and sand grain type roughness (SG) should be emphasized. The similarity in AU, g} s hints at
similar momentum loss, despite the different topologies. Based on all made assumptions, this
similarity is a further support for the previously extracted EQSR in case of the technical roughness.
This agreement is also interesting in context of the Schlieren images (see section 4.1), which
showed disturbances throughout the TBL in case of the Carborundum roughness in contrast to
the technical roughness. These disturbances have been shown to be a sign for a clearly different
behavior in momentum loss and outer layer similarity in case of diamond roughness topologies
[69], [32]. This seems to be not the case for the presented data.
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Figure 4.17: Roughness function AU against roughness Reynolds number k& for square bars
of different wavelength close to a value of A\/k = 4 from different authors (symbols without
edge for incompressible and with edge for supersonic data including the edge Mach number in
brackets) according to [173], [24], [185], [152], [138], [208], [209], [288], [195], [42], [164], [187],
[150], [148], [43], [33].
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Figure 4.18: a) Equivalent sand roughness for various k-type roughness topologies versus the
solidity Ay = k/A, corrected with empirical drag coefficients. Open symbols, rounded elements
(spheres, cones, cp = 0.3; spherical segments, ¢p = 0.13) from Schlichting [212]. For all
others, cp = 1.25. “black delta”, spanwise fences (Schlichting [212]); “black gradient” ,spanwise
fences (Webb et al. [273]); “plus”, spanwise cylinders (Tani [247]); “x”, spanwise square bars
(Bandyopadhyay [19]), spanwise square bars (Berg [24]), 3D blocks (Ekoto [69]), mesh and square
bars (Williams et al. [288]). The dashed lines have logarithmic slopes +1 and —2. For the error
bars, see text. b) Equivalent sand roughness for d-type roughness topologies versus blockage
ratio. delta , Wood and Antonia [290]; circle , Perry et al. [187]; gradient , Bandyopadhyay [19];
square, Tani [247].
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Figure 4.19: a) Inner and b) outer scaled van Driest transformed mean velocity profiles along
technical square bar rough wall and sand grain type rough wall (SG) from Pitot and PIV data
together with the law-of-the-wall and DNS data according to [296].
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Comparison to computed data:

In the following comparisons of experimental data to data from the BLcode with the modified
Krogstad roughness model are shown (see section 3.8). Figure 4.20 shows roughness Reynolds
numbers k£ along the smooth and rough cone from BLcode at different EQSR values within
ks = 0.125 — 2.0mm corresponding to ks/k = 0.25 — 4.0, if £ = 0.5 mm is chosen. The impact
of using either ™, k' or the compressible formulations y, kF, (see eq. (7.37) and (7.39)) is
reported in section 7.6.6 (see figure 7.77). If not otherwise noted, in the following only data with
the compressible formulation are used. Solid lines represent solutions for a fully rough cone, for
which the Krogstad terms are activated for all points downstream the nose of the cone (label
“xks=0m”). The dashed lines represent transitional solutions for which the turbulent terms
(and with that also the roughness influence) is suppressed upstream of a position z, = 0.225 m
(label “sst=0.23m”) to enforce a laminar solution and with that a prescribed laminar-to-turbulent
transition. The location and length of the transition are designed by the proper parameter choice
within the boundary layer code to resemble IR data a-posteriori. The dash-dotted line and
dash-dot-dotted line represent the same choice for fully turbulent and transitional computations
as before (label “xks=0m” and label “sst=0.23m”, respectively) but additionally, the roughness
terms were activated only within 0.33 m< z, < 0.65 m (label “xks=0.33-0.65m”), corresponding
to the roughness insert of the cone model. Additionally, with long-dashed lines values from
analytical calculations according to [71] (see eq. (3.40)) are included which agree very well with
fully turbulent / rough BLcode computations for locations some distance downstream of the nose
region (z, > 0.2 m). The differences close to the nose are probably an effect of corresponding
small /k values which have an impact due to the compressible definition in case of the BLcode.
Also included are post-processed data from PIV (only second campaign as symbols) showing
averaged values with error bars representing run-to-run scatter (of corresponding available runs
as summarized in table 4.3).

In general, all roughness Reynolds numbers £ in figure 4.20 show an increase with increasing
EQSR and a decrease with running length due to the increase in TBL thickness along the
cone. The prescription of the laminar-turbulent-transition leads to an overshoot immediately
downstream the transition location with a relaxation to fully turbulent values downstream
distances of approx. 0.4 m. The computations with only segment-wise roughness begin no earlier
than at the beginning of the roughness insert and also show an overshoot over the fully rough
case (slightly higher in case of the transitional case) but also converge to the latter for distances
downstream of approx. 0.5 m. This roughness relaxation was already described by [24] and
[104]. In case of small EQSR nearly no differences are visible between the different computational
assumptions. Only for ks > Imm, which correspond to ks/k > 2, roughness Reynolds numbers
are fully rough in terms of k} > 70 (black dashed line). The experimental data show a nearly
constant trend along the cone (within scatter) and are slightly above the computed kf profile
with ks/k = 1, in line with corresponding values from fitting (ks/k & 1.1 — 1.4, see also table 4.3).
It must be noticed that at MS2 only one data point was available and therefore no statistical
values could be derived.

Figure 4.21a shows calculated and experimental smooth and rough wall inner-scaled van Driest
transformed velocities U, s An offset between computed and experimental smooth wall profiles
is visible, which can be expressed by corresponding law-of-the-wall constants with B = 4.1 and
B = 5(.0) for numerical and experimental data, respectively. The computed rough wall lines
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Figure 4.20: Calculated roughness Reynolds numbers &} along rough cone from BLcode at
different EQSR values and assumptions together with data from PIV.

show the expected shift due to roughness below the smooth wall reference. Also the experimental
data show this shift and seem to correspond to computed data close to AUe';f ~b5(B=-1.1),
instead of a value of AU;}f ~ 6, as extracted from the data directly (see table 4.3). But, since
this shift depends on the constant of the reference smooth wall data, also the AU :} 7 1s affected.
Therefore, figure 4.21b shows the difference from the log-law as U — Ungg against wall-normal
distance, where for each dataset the corresponding smooth wall constant was chosen. In this plot
it is visible that the computed and experimental smooth wall data agree only in a very narrow
region around y* &~ 30. The wake portion is more pronounced in the computed data. In this
representation, the rough wall data now correspond more closely to Ut — UlJorg ~ AU ;} =6, as
extracted from the data directly. Numerical rebuilding agrees best with ks/k = 1.0 — 1.5. In
figure 4.21b, it is visible that the slope of the normalized rough wall PIV data is not corresponding
exactly to 1/k (no plateau visible). This is due to the chosen rough wall post-processing approach,
which used skin friction velocity results from the integral approach to guide the choice for a shift
of origin €, in contrast to an approach like Perry et al., which uses a shift of origin to match the
smooth wall slope. There is on-going debate if the smooth wall slope 1/k is necessarily the same
above rough walls, as summarized in section 2.1.

In figure 4.22a calculated and experimental smooth and rough wall skin friction values ¢y, are
shown and corresponding skin friction augmentations cfe,/cses along the rough cone from
BLcode computations at different EQSR values are shown in figure 4.22b. In case of the BLcode
data, the different assumptions already shown in figure 4.20 are used. As expected, the computed
values show an increase of friction due to roughness above smooth wall values. The symbols
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indicate experimentally derived values from PIV and Pitot measurements (see table 4.3), averaged
over all available data at each MS and wall condition. The smooth wall experimental data in
figure 4.22a correspond close to numerical data, although it is a bit larger in case of MS1, even
above the overshoot from the transitional computation (dashed line). The rough wall data are
close to computed values with ks /k ~ 1 —2. Although, data at MS2 show an unexpected behavior
with an increase with running length. This might be attributed to the limited data collected at
MS2. The corresponding experimental augmentation data in figure 4.22b is close to computed
values with kg/k ~ 2 at MS1. But also here, an increase to values at ks/k ~ 3 — 4 is visible at
MS2. This is also the case for data from Pitot measurements. This is not fully understood at
time of writing and needs further analysis.

Figure 4.23a shows corresponding calculated and experimental smooth and rough wall skin friction
velocity u, and in figure 4.23b skin friction velocity augmentations u,,/u, s along the cone from
BLcode computations at different EQSR values. In this representation, smooth wall experimental
data are a bit lower but close to the corresponding computed values in figure 4.23a. Both,
numerical and experimental data, show again the expected increase of friction with roughness.
The rough wall experimental data in 4.23a are close to computed data with ks/k ~ 0.5 — 1, as
extracted from the data directly (see table 4.3). Also, in this representation, data show the
expected trend with decreasing friction values with increasing running length, in contrast to the
corresponding skin friction coefficient values (see figure 4.22). The corresponding skin friction
velocity augmentation u,,/u, s, as shown in figure 4.23b, is lower compared to the skin friction
coefficient augmentation cs.,/cfe s (see figure 4.22b). This is due to the fact that for the same

inflow conditions and wall temperatures it can be shown that w.,/u;s = /Cfer/Cfes. In this
representation, the experimental augmentation levels correspond more closely to computed values
with ks/k~1—2.

The above results show that numerical rebuilding of the experimental data with the BLcode and
modified Krogstad model agrees best when kg/k ~ 0.5 — 2 is used as input, depending on the
data representation.
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Figure 4.21: Calculated (lines) and experimental (symbols) a) smooth and rough wall inner-
scaled van Driest transformed velocities Ut and b) difference from log-law against wall-normal
distance from BLcode at different EQSR values.
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Figure 4.22: Calculated (lines) and experimental (symbols) a) smooth and rough wall skin
friction c¢f. and b) skin friction augmentations cg.,/cy. s along rough cone from BLcode at
different EQSR values.
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Figure 4.23: Calculated (lines) and experimental (symbols) a) smooth and rough wall skin

friction velocity u, and b) skin friction velocity augmentations wu,,/u, s along rough cone from
BLcode at different EQSR values.
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Augmentation summary:

With the information of friction augmentations and roughness Reynolds numbers from EQSR
fitting (see section 4.2.2) it is possible to summarize the current data in form of skin friction
coefficient augmentation ¢y, ,/cf s against kT and compare it to results from modeling and
literature data. Figure 4.24 shows calculated and experimental rough to smooth wall skin friction
coefficient augmentations from several different sources (grey/black lines/symbols) together
with data from this thesis (red symbols). It is visible that all data show an approximately
logarithmic growth of friction augmentation with kf. Calculated values include data from
BLcode computations (label “BLcode Krogstad”) and correlations (labels “Fenter-VD” and
“Bowersox”). The line labeled “BLcode Krogstad” corresponds to a fit through data points
calculated with the boundary layer code including the modified Krogstad roughness model (see
section 3.8) along an artificially extended cone to cover a large kI regime (see section 7.6.6
and figure 7.79 for discussion). The correlations were introduced in section 3.11 and the line
labeled “Fenter-VD” corresponds to a correlation where the rough wall skin friction cy., was
calculated via eq. (3.40) and the corresponding smooth wall reference cy. s via eq. (3.34).
Correlations (Fenter-VD, Bowersox) show indefinite growth whereas numerical predictions with
the Krogstad model level off at approx 2.5 (see section 7.6.6 for discussion of blockage ratio
effects). Bowersox fitted a curve with ¢, /cres = 0.42log (k) based on data of previous
experimental investigations along adiabatic walls, highlighting that a spread of +20% around
this correlation is visible (included as white shape around the correlation line in figure 4.24).
He already indicated that cold wall data, like data from Holden [104], [105], [106], Young [294]
and Hill et al. [101] fall partly below this trend line, but mostly still within the 20 % range
(also visible in figure 4.24). Data of this thesis is at near-adiabatic conditions with T, /7T, =~ 0.8.
The lower value of the two red symbols in figure 4.24 is the ensemble averaged value of all valid
runs at MS1 and the larger at MS2 (see table 4.3). The error bars indicate the minimum and
maximum spread of data. It is visible that both averaged values differ by approx. 0.2 but do
agree if corresponding spread is considered. Also, the data points fall below the Bowersox trend
line but still within the 20 % range. Including the spread, data of this thesis also correspond to
the numerical prediction via the BLcode.
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Figure 4.24: Calculated (lines) and experimental (symbols) rough to smooth wall skin friction
augmentation along roughness Reynolds number from different authors (grey/black lines/symbols,
all collected in [32]) and data of this thesis (red symbols).

4.3 Turbulence Data

In this section, streamwise, wall normal and Reynolds shear-stress velocity fluctuations are
discussed in context of literature data, potential sub-grid filtering and the effect of roughness.
After that, the diagnostic plot approach is tested on the current data set. Then, two-point
correlations of the velocity fields and the presence of uniform momentum zones are analyzed to
investigate the structure of the TBL along the smooth and rough wall. This analysis is performed
mainly on the PIV data of the second campaign, since it had proper resolution and quality (see
discussion in section 7.5.2). Selected comparisons are made to smooth wall data of the first
campaign.

4.3.1 Profiles

Smooth wall:

Streamwise, wall normal and Reynolds shear-stress velocity fluctuations were extracted from PIV
data. Smooth wall results are shown in figure 4.25 in Morkovin scaling, utilizing u, = v/p/pw tr,
in comparison to CFD data and other experimental data. For the experimental data in this
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work, the mean density profiles for the Morkovin scaling were derived assuming a Crocco—
Busemann temperature distribution within the boundary layer (see e.g. [277]) together with the
measured surface pressure from the closest tap on the model. Other temperature distributions
(e.g. according to Walz, see e.g. [56]) have been tested and only negligible differences were
encountered (see section 7.5.2). The same spatial averaging as for the mean profiles was applied.
The error bars represent the sampling uncertainties according to [23] together with uncertainties
for values relevant for Morkovin scaling. For comparison, experimental boundary layer data
of other authors were included with Ma = 2.86, Rey = 60000 data according to Ekoto et al.
[68], Ma = 7.2, Rey ~ 3600 data according to Sahoo et al. [209], Ma = 7.6, Reyg = 9337
data according to Williams and Smits [289] and incompressible experimental data by Klebanoff
[129] ( Rep = 6940 ). Additionally, DNS data in the plots correspond to Duan et al. [56],
[58] (in legend M0: Ma, = 0.3, T, /T, = 1, Rey = 15148, Ress = 1515, Re, = 570; Mb5:
Ma, =49, T, /T, = 1, Reg = 4932, Reso = 1587, Re, = 417, M5T4: Ma, = 4.97, T,,/T, = 0.68,
Rey = 3819, Resa = 1526, Re, = 434; M5T5: Ma, = 4.97, T,,/T, = 1, Rey = 4841, Reso =
1537, Re, = 386) and Zhang et al. [296] (case M6Tw076: Ma, = 5.86, T,,/T, = 0.76, Rey = 9455,
Reso = 1746, Re, = 453).

The streamwise Reynolds stress from this thesis (red symbols in figure 4.25a) corresponds well
to CFD data from DNS and TAU within the upper boundary layer. At the boundary layer
edge, measured values suggest a value close to, although slightly below, the TAU computation
with an inflow turbulence level of 1 %, which corresponds well to the value of 0.8 %, derived
by the method according to Scharnowski et al. [211] (see section 7.5.5) and values from inflow
turbulence characterization campaign with L2F [94]. This cross-measurement agreement gives
the current result further credibility. It also agrees with results of the first PIV campaign, shown
here with blue circles together with corresponding uncertainty bands as gray areas (see [171]).
In the vicinity of the turbulence peak from DNS (y/d = 0.03 — 0.09, depending on the data
set), the current PIV data underpredict the corresponding Reynolds stress. The data only agree
to TAU RANS computations, which are known for their lack of resolving the Reynolds stress
peak for hypersonic TBL flow (see e.g. [271]). This filtering is visible even more drastically
in the other components, namely the wall normal (figure 4.25 b) and Reynolds shear-stress
component (figure 4.26), comparable to previous compressible PIV investigations. This effect can
be influenced by particle response behavior due to the limited Stokes numbers and also sub-grid
filtering. An extended discussion about filtering effects based on the current results is included
in section 7.5.2
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Figure 4.25: Profiles of outer layer Morkovin scaled velocity fluctuation components in a)
streamwise, b) wall-normal direction in comparison to previous experimental ([68], [209], [289],
[129]) and CFD data ([56], [57], [296]).
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Figure 4.26: Profiles of outer layer Morkovin scaled velocity fluctuation components in Reynolds
shear-stress component in comparison to previous experimental ([68], [209], [289], [129]) and

CFD data ([56], [57], [296)).

Rough to smooth wall comparison:
Scalings:

There is on-going debate about a proper way to scale varying properties in compressible TBLs
including Reynolds stresses. This is because multiple values, deemed relevant for scaling, vary
as well with wall-normal distance. Previous work investigated different options and identified
encouraging results for a so called semilocal scaling (see e.g. [287]). Figure 4.27 and 4.28 show
different options for scaling of the streamwise turbulence profiles along the smooth and rough
wall. The sub-plots show in figure 4.27a show data in outer layer skin-friction velocity scaling
(Urms/ur against y/9), in figure 4.27b outer layer Morkovin scaling (ums/us against y/d) and
in figure 4.28a inner layer Morkovin scaling (tyms/u. against y*) and figure 4.28b semilocal
Morkovin scaling (tm,s/us against y* = yu, /v, letting the local stress and kinematic viscosity
vary with wall distance). Additionally, incompressible and compressible DNS according to Duan
and Martin [58] and Zhang et al. [296] are included for comparison. Although the near wall
Reynolds stress peak is not fully resolved in case of the current experimental data, general
tendencies can be extracted.

Outer layer skin-friction velocity scaling in figure 4.27a collapses the experimental data with the
compressible DNS data, independent if above the smooth or rough wall. This behavior would
further support Townsend’s hypothesis, for which the outer flow is mostly unaffected by roughness
[118]. Only the rough MS2 profile (Run3020) deviates which could also be influenced by slightly
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less homogeneous seeding quality in case of this run. The difference between experimental data
and compressible DNS outside the boundary layer (y/0 > 1) is most likely driven by differences
in inflow turbulence intensities. In this scaling, the incompressible DNS profile does not agree
with compressible experimental and numerical data, especially in the mid-parts of the TBL.

The agreement between incompressible and compressible DNS and experimental data is much
better in outer layer Morkovin scaling (figure 4.27b), which additionally utilizes the mean density

profile to scale, due to u, = 1/ﬁuT. In this scaling, all data collapses within experimental

uncertainties in contrast to previous work [287]. Only the MS2 profiles (both smooth and rough)
deviate again within 0.2 < y/d§ < 0.9.

If an inner layer Morkovin scaling is chosen (figure 4.28a), close to the wall all experimental smooth
wall data coincide, although not with DNS data. The rough wall near wall streamwise turbulence
peak shifts to slightly larger y* compared to smooth wall data. As expected, experimental and
DNS data do not collapse anymore in the outer layer, which was also seen in other studies (see
e.g. [287)).

Lastly, in semilocal Morkovin scaling (figure 4.28b), the locations of near wall Reynolds stress
peak move closer together for experiments and DNS, both incompressible and compressible. This
is most likely due to small near wall temperature differences being better accounted for (although
not completely resolved by experiment). Also in this scaling, outer layers do not collapse as good
as in outer scaling (figure 4.27) but a bit better than in inner layer Morkovin scaling.

Based on this comparison, if near wall stresses including the peak values (if resolved) are of
interest, the semilocal scaling seems the best choice. If the layers except this near wall region is
of interest, best agreement for the outer layer is visible for outer layer Morkovin scaling, which
was used for the main part of the discussions in this thesis.

Besides the question for proper scaling, figure 4.27b can be used to estimate general run-to-run
scatter from all valid smooth (black, grey symbols) and rough wall data (colored symbols) for the
streamwise turbulence intensity profiles. It was visible that all MS1 data agree very well, only
the MS2 profiles (grey and blue symbols), show some differences in the mid part of the TBL.
This behavior of changing turbulence intensities with running length was also noticed by Kocher
et al. [131] for PIV profiles along a smooth wall and one with diamond roughness. But they
only investigated a running length (measured from the inset of roughness) within z/J ~ 5 — 20
whereas in the current case, a much larger region with z/0 ~ 48 — 85 was analyzed. Despite these
differences, all experimental data agree, independent of the wall status, when the corresponding
uncertainties are accounted for. As discussed before for the smooth wall data, also the rough
wall data show a considerable amount of filtering in the inner parts of the boundary layer and all
fall below the corresponding smooth wall DNS data.
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Figure 4.27: Streamwise turbulence profiles of smooth (black, grey symbols) and rough wall
experiments (colored symbols) in a) outer layer skin-friction velocity scaling and b) outer layer
Morkovin scaling together with incompressible and compressible DNS according to [58], [296].
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Figure 4.28: Streamwise turbulence profiles of smooth (black, grey symbols) and rough wall
experiments (colored symbols) in a) inner layer Morkovin scaling and b) semilocal Morkovin
scaling together with incompressible and compressible DNS according to [58], [296].
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Roughness Sublayer:

Figure 4.29a shows outer Morkovin scaled turbulence profiles in streamwise, Figure 4.29b in
wall-normal direction and figure 4.30 the Reynolds shear stress for smooth and rough wall data
together with incompressible and compressible DNS profiles. A representative smooth wall
(Run3014) and rough wall run (Run3007) are chosen to enable a direct comparison for all three
components. Additionally, two wall normal positions with y = 5k and y = 3k, are indicated,
which have been used in previous investigations to distinguish the height of the roughness sublayer,
which is a layer where roughness has a decisive effect on the boundary layer [45]. According to
outer layer similarity or Townsend’s hypothesis, above this sublayer roughness should have no
influence on the outer layer other than defining the boundary conditions like skin friction velocity
and boundary layer thickness (see e.g. [45]). This similarity is thought to exist for sufficiently
high Reynolds numbers and scale separation (6 > k). Despite the only moderate scale separation
in this work (k/d ~ 0.1), in figure 4.29 and 4.30 it is visible that all Reynolds stress components
agree to within the scatter of the data (uncertainties plus run-to-run) for the indicated layers,
supporting the notion of outer layer similarity. This is surprising since the mean data would
suggest otherwise, due to the difference in Coles wake parameter II (see Table 4.3). Additionally,
Flack et al. [76] suggested that even higher Reynolds numbers are necessary for two-dimensional
transverse square bars in contrast to three-dimensional roughness like cubes.

Castro et al. discussed the seemingly contradictory observation of collapsing smooth and rough
wall streamwise turbulence profiles (equivalently a collapse in the diagnostic plot, see section 4.3.2)
whereas the mean profiles show a difference in Coles wake parameter, which is also the case
for the current data. One stated reason was that full universality between smooth and rough
TBL simply does not exist. An alternative reason was the general challenge of ensuring that
the numerous roughness parameters are sufficiently met, one of the first challenges being that it
is not fully known which parameters are actually the most important ones. He suggested two
factors to have major influence with the roughness strength yg and scale ratio 6* /yg instead of
the, sometimes equivalently used, parameters like k™ (or k}) and §/k (e.g. by Jiménez [118]).
It can be shown that the alternative forms to quantify the roughness strength with AU and
yg are connected via eq. (2.10) (see [39]). Castro et al. suggested a necessary parameter range
with yg 2> 10 (although kJ > 70 corresponds already to yg = 2) and 6*/ys < 300 to ensure
fully rough flow at proper scale separation. In case of the current data y4 ~ 1.3 — 1.7 and
6T Jyg ~ 190 — 240 and AU,, = AU,;s/U, =~ 0.1 which are close but fall a bit short of the given
boundaries. Therefore, transitional roughness effects cannot be excluded completely Additionally,
outer similarity is still a matter of debate and more data is necessary (see e.g. [76], [39], [12],
[220]).

149



4 Results and Discussion

— — — = Duan2011 DNS MO
Zhang2018 DNS M6Tw076

——0o—— Run3014 iw512x16

——o—— Run3007 iw512x16

35 T T
- Ty-3k, |
3F . 2 I
: :_-y>5k
25 i I
z . -
3 P
€15
=
1 ~
0.5 m@
00 0.8 1 1.2
1.5 :
: :_'7>3k
B | I_--y>5k
1 | [r = j~\|
o - [ T~ ! \
= B | ~Nd a
~n - | | ~
E | | I S \\
> ~
0.5 t t AN
I | |
O | | | | | | | \I | | L I\ | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
y/8[-]
(b)

Figure 4.29: Turbulence profiles of smooth (black, grey) and rough wall (colored) experiments
in outer layer Morkovin scaling in a) streamwise and b) wall-normal direction together with
incompressible and compressible DNS data according to [58], [296].
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Figure 4.30: Turbulence profiles of smooth (black, grey) and rough wall (colored) experiments
in outer layer Morkovin scaling in Reynolds shear stress together with incompressible and
compressible DNS data according to [58], [296].
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4.3.2 Diagnostic Plot

Due to the challenges in experiments to derive quantities like skin friction velocities, Alfredsson
et al. [6] introduced the so-called diagnostic plot, summarized in section 2.2. For data in this
work, with the diagnostic plot an independent check of parameters previously found by fitting is
possible. Figure 4.31 and 4.32 contain data of this work in different variations of the diagnostic
plot, together with the empirically found line from smooth wall data according to Castro et al.
[39].

Figure 4.31a shows only smooth wall data in smooth scaling, meaning the classical /U
against U /U, together with the theoretical correlation according to [39]. The smooth wall profiles
of the current work collapse independently of the MS and show the expected linear evolution in
close agreement to the theoretical curve. The extent of this linear behavior is limited mainly due
to the Reynolds number of this work. This is shown by the different dotted lines from Alfredsson
et al. [6], representing different Reynolds numbers ranging from Re, = 250 — 19000 (arrow in
figure indicates increase in Reynolds number).

Figure 4.31b shows both smooth and rough wall data in the same smooth wall scaling as
figure 4.31a, with the additional theoretical curve for rough walls according to Léon et al. [146].
The colored rough wall data slightly deviates from the smooth wall data but is neither collapsing
with the theoretical rough curve. Some of the rough wall data from Castro et al. [39] show a
similar behavior and this was attributed to transitionally roughness effects in which case the
data was not yet in the fully rough regime (transitionally rough with viscosity influences).

The scatter might also be attributed to the fact that the data is compressible and not properly
transformed . Therefore, a compressible smooth scaling was tested in figure 4.32a, which shows
the same data points but with the mean velocity data in form of the van Driest transformed values
Uess and the turbulence data scaled with the mean density profiles, guided by the Morkovin
scaling \/p/pwirms. The experimental data still collapses onto each other in a similar qualitative
way as before (figure 4.31b) but show now a different slope than the theoretical correlations so
that this compressible scaling does not lead to a better agreement.

Lastly, figure 4.32b shows smooth and rough wall data now in rough scaling, utilizing the loss of
momentum according to U’ = U + AU,y along both axes, with which [39] successfully collapsed
different incompressible experimental smooth and rough wall data. This scaling also collapses the
data of this work onto the theoretical smooth wall correlation, although with a certain amount of
scatter. The collapse act as an independent check of the roughness function derived from fitting.
This gives further confidence in this procedure and corresponding results.
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Figure 4.31: Diagnostic plots of a) smooth wall data in smooth scaling together with data
according to [6] and b) smooth (black, grey) and rough wall data (colored) in smooth scaling
with theoretical correlations according to [39] (smooth) and [146] (rough).
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Figure 4.32: Diagnostic plots of a) smooth (black, grey) and rough wall data (colored) in
compressible smooth scaling and b) smooth (black, grey) and rough wall data (colored) in rough
scaling (U" = U + AU) with theoretical correlations according to [39]
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4.3.3 Two-Point Correlations

Two-point correlations, as described by equation (3.13), can be exploited to identify the large-scale
structures of a TBL as “correlated mass(es) of fluid” (see e.g. [13]). Figure 4.33 shows two-point
correlations of the streamwise velocity fluctuations above the smooth and in figure 4.34 the rough
wall at y/d = 0.7, 0.5 and 0.1, respectively. The correlations in figure 4.33 are representative for
the orientation and distribution of the TBL large-scale motions. These structures are important
in characterizing the distribution of Reynolds stresses because most of the turbulent kinetic energy
(TKE) in the boundary layer is contained within long-wavelength motions (see e.g. [183]). The
correlations are visible as elliptical distributions of R, at each wall normal location, with a small
rotation angle with respect to the wall. The general appearance of both shapes and orientations
of the smooth wall correlations are consistent with previous incompressible studies like [114]
and supersonic studies like [84], [183] and [287]. The rough wall results are also comparable to
previous supersonic studies like [183] and [288]. In general, smooth and rough wall correlations
look similar in figure 4.33 and 4.34. Details of dimensions and orientations are extracted and
discussed in the following. Before analyzing differences to rough wall data, smooth wall results
are compared to data from previous investigations.

To enable direct comparison to previous studies, figure 4.35 shows the one-dimensional auto-
correlation Ry, (yrer) extracted at y/d = 0.5 of the two-point correlation, previously shown in
figure 4.33. The autocorrelation of the smooth wall Run3014 shows excellent agreement with
both incompressible data by Hutchins and Marusic [114] and compressible data of the Ma = 2
DNS study of Pirozzoli and Bernardini [189] and the experimental data at Ma = 4.9 of Peltier
[183]. Only data by Ganapathisubramani et al. [85] seem to indicate slower drop of correlation,
which hints at larger length scales, previously attributed to the corresponding larger Reynolds
number (see [183]).
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Figure 4.33: Two-point correlations of streamwise velocity fluctuations above smooth wall
(Run3014) at y/6 =0.7, 0.5 and 0.1 from top to bottom.
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Figure 4.34: Two-point correlations of streamwise velocity fluctuations above rough wall
(Run3007) at y/d =0.7, 0.5 and 0.1 from top to bottom.
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Figure 4.35: One-dimensional autocorrelation of the streamwise velocity fluctuations R, at
y/d = 0.5 for smooth wall case 3014 compared to data from [183], [114], [85] and [189].
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Length scales:

To extract characterizing length scales, different approaches are being used in the literature. In
this work the extracted representative length scales are based on the dimension of contour levels
of the two-point correlations (see section 3.3.2). Some tests have been performed to extract the
integral length scale, which are reported in section 7.5.2 (see figure 7.53).

We follow the nomenclature by Sillero et al. [228] with L% being the upstream and L¢ being the
downstream dimension of the corresponding contour level measured from the point of interest
(2,Yref = 0,0, where Ry, = 1). The maximum or total dimension is defined as L™ = |L%| + | LY|.
The impact of IW size on the resulting two-point correlation length scales were found to be minor
(see figure 7.52 in section 7.5.2).

Figure 4.36 shows the dimensions of the three previously defined length scales for the smooth
wall Run3014 in comparison to incompressible TBL data of Sillero et al. [228] at 6T = 2000.
Despite the difference in Mach and Reynolds number, good agreement between hypersonic and
incompressible data for contour levels 0.2 and 0.3 can be seen (figure 4.36a). Uncertainties were
conservatively estimated to L /0 ~ +0.1 (indicated by error bars), based on run-to-run differences
and from offsetting the streamwise position for R, by one IW upstream or downstream. It is
visible that the up- and downstream length scales are not symmetrical in case of both data sets,
with a slightly larger downstream leg, especially for level 0.2 and 0.3. Some deviations, especially
in the mid part of the TBL (0.1 < y/0 < 0.7), are visible for level 0.2. This is also visible in the
maximum contour dimension L7* (figure 4.36b). Uncertainties for the maximum dimensions were
conservatively estimated to L/J ~ 0.2 (indicated by error bars), based on the same approach
as described above (the order of magnitude was confirmed with synthetic data as described in
section 7.5.4). Close to the boundary layer edge, current length scales tend to fall below the
corresponding values by Sillero et al., which might be attributed to the model being a cone or
the seeding quality outside the boundary layer. Different IWs than 64x64 pix? were investigated
without changing the general trends (see section 7.5.2 figure 7.52).

The comparison of smooth to rough wall maximum streamwise dimensions L} against wall-normal
distance is shown in figure 4.37 for the contour levels from 0.2 to 0.5 of smooth wall Run3014
and rough wall Run3007. The length scales increase with distance to the wall to a maximum at a
certain location above the wall and taper off again towards the edge of the TBL with a tendency
to lower length scales with increasing contour level. This is the case for both smooth and rough
wall data, whereas the profiles flatten with increasing contour level. The length scales are in
general very comparable between smooth and rough wall data and clear differences are masked
by data scatter and uncertainties (indicated by shaded region and bars for the smooth wall and
rough wall length scales, respectively). However, for the lowest two contour levels Ry, = 0.2
and 0.3, close to the wall for y/d < 0.2, the rough wall values decrease below the smooth ones
by approximately 30 %. Similar observations have been made previously by other investigators.
For example Peltier [183] discovered for their R,, = 0.4 contours that close to the wall with
y/0 < 0.2 in a Ma = 4.9 flow, the scales along diamond roughness elements (k/0 ~ 0.07 ,
kT =161) decreased clearly to roughly half the smooth ones. This was also observed by Williams
et al. [288] for the 1.27 mm transverse square bar roughness (k/§ =~ 0.1, k* = 70) compared
to corresponding reference smooth wall data. Peltier [183] connected the near wall behavior
to an increase in ejection events via a quadrant analysis of the Reynolds shear stress profiles.
If the same analysis is applied to current data, this behavior cannot be reproduced since only
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negligible differences between smooth and rough wall data are visible for the different quadrants
(see section 7.5.2 figure 7.55). However, current Reynolds shear stress data may be influenced
by the observed strong filtering (as visible in e.g. figure 4.29¢) and so maybe is the quadrant
analysis.
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Figure 4.36: Dimensions of the two-point correlation of streamwise velocity fluctuations with
wall-normal position a) change of upstream, L%, and downstream, L%, extent of different levels
(0.2, 0.3 and 0.5), b) change of maximum, L, extent of different levels (0.2, 0.3 and 0.5). Solid
lines show smooth wall data of Run3014 in comparison to incompressible TBL data at §+ = 2000
according to Sillero et al. [228].
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Figure 4.37: Wall-normal variation of maximum streamwise dimension L' for two-point corre-
lation contour levels 0.2 to 0.5 of smooth wall Run3014 and rough wall Run3007.
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Inclination angle ¢:

Another feature of interest is the inclination angle ¢ of the correlation contours, sometimes
attributed to the inclination angle of hairpin packets in incompressible TBL (see e.g. [287]). The
impact of IW size was analyzed and results showed that, apart from a certain scatter, all data
correspond closely to each other, independent of the choice for the IW size (see figure 7.52b in
section 7.5.2).

Again, before a comparison to rough wall data is shown, smooth wall data is compared to literature
data. Figure 4.38a shows the smooth wall data of Run3014 in comparison to incompressible
TBL data by Sillero et al. [228], incompressible rough TBL data by Wu and Christensen [292],
compressible TBL data by Pirozzoli and Bernardini [189] and hypersonic TBL data by Williams
et al. [287]. Sillero et al. extracted the maximum value of the inclination angle for all correlation
levels at a fixed position normal to the wall. Current data, as well as the one by Williams et
al., are shown from a range of contour levels (0.2 — 0.5). In general, all data share the trend
of an increase of inclination angles with distance to the wall up to a peak value at a certain
position within the TBL and a following tapering off towards the boundary layer edge. It is
visible that peak inclination angles of # ~ 13° have been measured in case of incompressible [228]
and supersonic data [189]. Hypersonic data by Williams et al. [287] are slightly below but reach
comparable levels for the maximum measured values. This is in the typical value range of approx.
12° to 16° reported for incompressible data extracted from estimates of mean log-layer inclination
angles, which are thought to be invariant with Reynolds number (see Marusic and Heuer [156]).
In case of the H2K data, shallower angles of up to 10° at maximum have been extracted. Also, in
case of the current data, the position of peak angles is located near y/d = 0.2 — 0.4 (depending
on the level), whereas in case of Sillero et al. [228] and Williams et al. [287] it is located more
closely to y/6 = 0.5.

Figure 4.39 shows the extracted inclination angles with wall distance for smooth and rough wall
data, respectively. The symbols show the angles for different contour levels from 0.2 to 0.5. The
dashed line represents the mean angle of the corresponding contour levels. The dashed-dotted
line corresponds to angles derived via a linear least-square fit through the fitted ellipses of the
two-point correlations according to [189]. It is visible that the angles are in general comparable
between the different contour levels and extraction methods, where the second method results
locally in slightly smaller angles. Values for y/0 2 0.8 are typically blanked, because they tend
to be very noisy, again most likely due to the seeding quality. Also for the rough wall data with
increasing distance to the wall, the angles increase to a maximum and taper off again towards
the edge of the TBL and are roughly constant over a range of 0.1 < y/d < 0.5. The distribution
of angles is comparable between smooth and rough wall data with slightly larger angles in case of
the rough wall data for y/0 2 0.2. This is the opposite to observations reported by Peltier [183]
along diamond roughness and Williams et al. [288] along square bar roughness, although Williams
et al. mesh roughness results showed the same trend as in figure 4.39. However, Williams et
al. admitted that the small angular differences are difficult to interpret due to strong scatter of
the data, which is also the case for the current data. Also, analyses of synthetic data indicated
uncertainties of the post-processing in the order of O(1) degrees, but they can only serve as a
rough estimate as they cannot cover all relevant influences (see section 7.5.4).
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Figure 4.38: Inclination angle of different levels (0.2 - 0.5) of the two-point correlation of
streamwise velocity fluctuations with wall-normal position. Colored symbols show smooth wall
data of Run3014 in comparison to incompressible TBL data by Sillero et al. [228], incompressible
rough TBL data by Wu and Christensen [292], compressible TBL data by Pirozzoli and Bernardini
[189] and hypersonic TBL data by Williams et al. [287].
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Figure 4.39: Inclination angle of the of streamwise velocity fluctuation correlations with wall-
normal distance for contour levels between 0.2 and 0.5 for a) smooth wall Run3014 and b) rough
wall Run3007. In both plots dashed lines and dashed-dotted lines represent the mean of levels
0.2 to 0.7 and a linear fit through the fitted ellipses, respectively.
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Correlation results summary:

Figure 4.40 puts representative mean values of the length scale L7' and inclination angle
of this work in context with previous investigations plotted against edge Mach numbers Ma..
The symbols for L7" in figure 4.40a typically represent averaged values of the contour level 0.5
in the mid-part of the boundary layer within 0.3 < y/0 < 0.7. It is indicated in the legend
if other regions are considered for averaging. Bars represent the value variation occurring in
the corresponding wall-normal region, if available. Open symbols represent smooth and closed
symbols rough wall data.

Typically, values of L7"/§ between 0.3 to 0.8 were extracted from data in this thesis, well within
the range of previous comparable compressible studies, especially according to Peltier derived at a
comparable flow condition. If only the smooth wall data of this study are considered, values are in
a range of L7"/d between 0.6 to 0.8. The slightly larger Reynolds number Run3016 shows a larger
correlation length than Run3014. This would correspond to an expected trend following Smits
and Dussauge [235], who suggested that the integral length scale tends to increase with Reynolds
number and decrease with Mach number. In contrast, the value at MS2 (Run3019) with an even
larger Reynolds number doesn’t follow this trend but falls in between the other two smooth wall
data points, although it must be pointed out that it also shows a larger scatter. Typically, rough
wall data of this study is below the corresponding smooth wall data, also when data spread is
considered. Only the rough wall MS2 value (Run3020) shows a larger or comparable length scale
than the smooth wall data, recorded at the largest Reynolds number. In general, the length scale
data of this work support the conclusion by Williams et al. [287], that correlation lengths are
only moderately decreasing with Mach number. This is in contrast to previous conclusions based
on data which relied on hot-wire measurements, which are influenced by density [234].

The symbols for the inclination angle 6 in figure 4.40b represent averaged values of the two-point
correlation contour level 0.5 in the mid-part of the boundary layer to be consistent with previously
published comparisons. Typically, this is within 0.3 < y/0 < 0.7, again indicated in the legend
if a different region was considered. Current data was extracted within 0.3 < y/0 < 0.5 where
profiles showed a nearly plateau-like behavior (see figure 4.39), although the smooth wall data
show an overall nearly linear trend throughout the boundary layer. In general, current data
shows mean values within a range of 6 between approx. 6° to 10°. As reported above, this is
slightly below typical values from incompressible data between approx. 12° to 16° [156]. The
inclination angle data of this work supports findings by [287], that inclination angles are slightly
decreasing with Mach number, in contrast to the reverse trend suggested by data which relied
on hot-wire measurements, influenced by density. The smooth and rough wall data range is in
agreement with results from previous comparable compressible studies, especially according to
Peltier. Within the scatter of the data, smooth and rough wall data are in agreement, showing
no clear tendencies. This would further support the assumption by Townsend, that the outer
flow is not drastically affected by roughness.

166



4.3 Turbulence Data

Volino2007 (Ma=0, Re;,=6000, 0.1<y/5<0.5)
Ganapathisubramani2007 (Ma=2, Re;,=11500, 0.3<y/5<0.7)
Duan2011 (Ma=0-12, Re;,=1500, y/5=0.1)

Peltier2016 (Ma=4.9, Re;,=11200, y/6=0.1,0.2)
Williams2018 Case2 (Ma=7.25, Re;,=770, 0.3<y/8<0.7)
Williams2018 Case3 (Ma=7.44, Re,,=1010, 0.3<y/5<0.7)
Williams2018 Case4 (Ma=7.6, Re;,=1330, 0.3<y/8<0.7)
Peltier2016 rough (Ma=4.9, Re;,=11200, y/56=0.1,0.2)
Williams2021 sb0.75 (Ma=7.3, Re;,=1730, 0.3<y/3<0.7)
Williams2021 sb1.27 (Ma=7.2, Re,,=1822, 0.3<y/3<0.7)
Williams2021 m0.75 (Ma=7.5, Re,,=2207, 0.3<y/8<0.7)
Run3014 (Ma,=5.1, Re;,=807, 0.3<y/3<0.7)

| Run3016 (Ma,=4.9, Re,=763, 0.3<y/5<0.7)

Run3006 sb0.5 (Ma_=4.9, Re;,=954, 0.3<y/3<0.7)

1> Run3007 sb0.5 (Ma,=5.1, Re;,=1027, 0.3<y/5<0.7)
Run3019 (Ma,=5.2, Re;,=1056, 0.3<y/5<0.7)

Run3020 sb0.5 (Ma,=4.9, Re;,=1288, 0.3<y/5<0.7)

\2 v %
05
|
Y
[]

1.5

oemm»O0ODdVA

T
m0

/5[]

X
m

L

>

o2 4 IV‘IG‘ 8 10 12
a, []
(a)

20

5]

1

0 [ieg]
I

4
Ma, [-]
(b)

Figure 4.40: a) Averaged max. contour dimension L”" against edge Mach number, b) averaged
inclination angle 6 against edge Mach number in comparison to literature data as noted in the
legend (sb: square bar roughness, m: mesh roughness; both followed by the height in millimeters).
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4.3.4 Uniform Momentum Zones

So-called uniform momentum zones (UMZ), which have been attributed to the general concept
of hairpin vortices, could be observed in several different previous TBL studies [3], [229], [47].
Therefore, efforts have been made to detect UMZs in the current data, based on methods
described in section 3.3.2.

Figure 4.41 shows in each lower subplot exemplary instantaneous velocity fields for both smooth
(Run3014, figure 4.41a) and rough wall runs (Run3007, figure 4.41b). UMZs can easily be
detected by the occurrence of uniform contour regions (upper dashed-dot-dotted lines indicate
TNTI, see section 3.3.2). The length of these UMZs can range up to the length of the FOV with
dx/6 = 4. At the same time, instantaneous velocity profiles in the upper right subplots (red
line, here taken at the middle of the field) are compared to the corresponding mean profile at
the same position (black line, based on all images) in which the UMZ boundaries are indicated
with horizontal dashed lines and the corresponding increased shear is clearly visible by the large
local instantaneous velocity differences. Corresponding p.d.f. of velocities in the instantaneous
field are visible in the upper left of figure 4.41a and figure 4.41b with the vertical dashed lines
indicating the different UMZ boundaries. The different dash-styles, indicating different UMZ
boundaries, correspond to each other in all three subplots.

Via the histogram analysis a mean number of zones Nyy7 = 2.841.1 were found for the smooth
Run3014 at Re, ~ 220. This is comparable to the reported value of Nz = 2.9 according to
Williams et al. [287] for a smooth wall TBL at Ma = 7.6, Re, = 279 and also within range of
the reported value of Nypz = 2.5 UMZs according to Cogo et al. [47] for a smooth wall TBL at
Ma = 5.86, Re, = 1080 — 1953. Previous incompressible studies showed a log-linear dependence
of the mean number of zones Ny 7z with Re, [229]. According to this empirical curve, the
mean number of zones should lie within N3,z = 2.0 — 2.3 if a range of Reynolds numbers with
Re, = 200 — 300 is chosen, corresponding to the current study and the one by Williams et al.
Therefore, current hypersonic data seem to indicate slightly more zones than predicted from the
incompressible correlation, but if the corresponding uncertainties are considered, the numbers
still agree. If the semi-local Reynolds number would be taken as characteristic parameter for the
hypersonic data with Re} = 1600 — 2700 (see table 4.1), the incompressible correlation would
result in Nz = 3.5 — 3.9, which gives now much higher values than from the above analysis. If
the corresponding uncertainties are included, experimental data is covered by both of the above
analytical approximations, so it is clear that further analysis is necessary.

The same approach was used on the rough wall data (Run3007 and IW 64x64 pix? in figure 4.41b),
which resulted in Nypz = 2.9 4 1.0. This is in close agreement to the corresponding smooth
wall values. Even if the analysis is influenced by the parameter settings, it is assumed that the
relative difference between smooth and rough wall data would not change drastically. Sensitivities
to IW dimensions have been found to be negligible (see section 7.5.3). Figure 4.41 is only a
single snapshot in time, but UMZs are abundant throughout the data set, of which a few more
exemplary plots are shown in section 7.5.2. Therefore, this study supports the previous findings
of the evidence of the presence of UMZs in hypersonic TBL along smooth walls and extends this
finding to rough walls with only negligible differences between both wall conditions in case of the
current transverse square bar topology (A/k = 4). Due to the assumed connection to hairpin
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vortex structures, this would further support the notion that outer layer flow is not drastically
affected by the investigated roughness.
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Figure 4.41: Compilation of p.d.f. (upper left) based on an instantaneous velocity field (lower
middle) and a comparison of an instantaneous (red line) to the mean velocity profile (black line,
upper right) for a) smooth wall (Run3014) and b) rough wall data (Run3007). Boundaries for
each UMZ are indicated as black lines of different dash-styles which correspond to each other in
all corresponding subplots. TNTT is indicated in all subplots as black dash-dot-dotted contour
line.
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4.4 Heat Flux

This section summarizes heat flux results along the smooth and rough cone. Before rough wall
data and corresponding heat flux augmentations are discussed, smooth wall data is presented and
compared to predictions. For each wall topology, both, results from IR thermography (section
3.4) and from local sensors (section 3.5) are discussed. For the corresponding setups see sections
3.1 and 3.4.

4.4.1 Smooth Wall

IR:

Figure 4.42 contains an exemplary IR image of smooth wall Run1011 at FC1, recorded by the
Infratec camera at ¢ = 15s and post-processed to the convective heat flux by the methods
described in section 3.4.2. As visible in the 2D image of the figure (upper left), the camera setup
allowed to record a large portion of the cone with a streamwise length of approx. 0.5m (approx.
70 %), beginning slightly downstream of the start of the PEEK mid-section up to the end of
the aft cone section. The natural transition is clearly visible with a sharp increase in heat flux
along the first third of the visible cone part. Additionally, one HFM sensor can be seen in the
lower aft part, visible as low heat flux spot. For further discussion, 1D data was extracted from
a line along the cone axis as visualized with a black dotted line in the 2D image. The line is
not taken along the symmetry plane of the model to avoid influences of the local laser spot in
case of runs including PIV measurements. Due to the low angular sensitivities of the PEEK
emissivity, the detected temperatures, and with that the heat flux values, do not change much in
large portion of the circumferential direction of the cone. This is visualized in the upper right
inset of figure 4.42 with heat flux profiles along the image y-axis for a portion of the cone within
500 pix < = < 510 pix (dashed lines in the 2D image). Although by this procedure, the lines
cover also a small streamwise region, only marginal streamwise gradients are expected in the
covered z,-region. The resulting lines show an almost flat heat flux plateau (changes typically
below 1 %) along the cone portion of the profiles (within —320 pix < y < —160 pix). Therefore
the extracted line does represent the typical heat flux distribution along the cone. The extracted
data of the surface temperature, the convective heat flux ¢. and derived edge-based Stanton
number St. is shown along the cone axis in physical distance from the nose z, in the lower part
of the figure. Along these line plots, a behavior characteristic of a laminar-to-turbulent transition
is visible with a sharp increase in heat flux at x =~ 0.25m, with a downstream peak value in all
three quantities at approx. x = 0.35m, followed by an expected decrease along the cone due
to the increasing boundary layer thickness. The distinction between laminar, transitional and
turbulent portion of the cone will be discussed further based on numerical data in later plots.

For exemplary run-to-run repeatability (same flow condition) of heat flux measurements via IR
thermography figure 4.43 shows the surface temperatures, the convective heat flux ¢. and derived
Stanton numbers St for Run1003 to 1011, all at ¢ = 15s. It is visible that the temperature (by
approx. 2% for x > 0.5m) and the heat flux (by approx. 4% for x > 0.5m) differ slightly. This
is mainly influenced by run-to-run differences in averaged total pressure py and temperature Tp,
usually below 1%. In case of a comparison between results from runs at FC1 and FC2, the heat
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Figure 4.42: IR image of smooth wall Run1011 at ¢t = 155, extracted line information along
x-axis for convective heat flux, wall temperature and edge based Stanton number and heat flux
along y-axis

flux differ by approx. 20%. The Stanton number is suitable to normalize the heat flux which
agree acceptably between all runs, independent of FC (differing by approx. 4% for > 0.5m),
well within the indicated uncertainties (see section 7.1.1).

A visible difference between the runs, but especially between Run1004, 1010 and 1011, is the
transition location for x, < 0.3 m, including the start, indicated by the sharp increase of heat
flux, and the peak values. This can be attributed to the choice for a natural transition, which
may be influenced by changes in parameters like inflow or other initial disturbances. The reason
for the observations in figure 4.43 can most likely be attributed to the PIV seeding, as discussed
in more detail in section 7.6.6. The disadvantage of not fixing the transition location via tripping
was accepted due to the advantages discussed in section 3.1. More important for the goals in
this thesis, the turbulent level along the rough part should be reproducible. In figure 4.43 it is
visible that the turbulent levels for z, 2 0.4m of heat flux do agree closely, independent of the
exact location of transition. Therefore, it is assumed that the analysis of turbulent augmentation
due to roughness is not influenced by the exact location of the natural transition.
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Figure 4.43: Convective heat flux, wall temperature and edge based Stanton number repeata-
bility for smooth wall Run1003 to 1011 and selected smooth wall runs of second PIV campaign.

Additionally, runs from the second PIV campaign are also included in figure 4.43 (run numbers
larger than 3000) and excellent agreement between cases at FC1 are visible (e.g. Run1011 and
Run3014). With Run3015, also data of a FC2 case is included. It is visible that the heat flux
levels (dashed lines) differ between runs at FC1 and FC2, as was expected from computations
(see section 7.6.5 figure 7.72). Based on computational data, a sensitivity analysis was performed
which Stanton number definition is the most suitable one to compensate different inflow conditions
(see section 7.6.5). The edge based Stanton number showed the best agreement between computed
heat flux distributions. In figure 4.43, this is confirmed with experimental data of Run3015,
which agree closely in form of the edge based Stanton number St. to all other data (solid lines).
Therefore, this Stanton number definition is deemed suitable for further analysis.

Figure 4.44 shows a comparison of smooth wall experimental heat flux data represented by St.
to corresponding predictions. The experimental data (symbols) are represented by two runs for
each PIV campaign. Laminar (blue) and turbulent computations (red and green lines) with TAU
and the boundary layer code (BLcode) with isothermal wall at T, = 340 K were included. In
case of turbulent TAU computations, results for three different turbulence models and three
levels of inflow turbulence levels were included. Additionally, analytical correlations by Korkegi
(laminar) and van Driest (turbulent) (see section 3.10.1), transformed to Stanton numbers via
Reynolds analogy (see section 3.11), were included.

As before, the experimental data show an acceptable run-to-run repeatability if the corresponding
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Figure 4.44: Smooth wall Stanton number comparison along cone between experimental, ana-
lytical and numerical data.

uncertainties are considered, included as gray areas. The laminar level is best captured by the
results of the boundary layer code and TAU. The turbulent level, downstream the transitional
overshoot, shows excellent agreement to the RSM TAU computations with an inflow turbulence
intensity between Tu = 1 — 2%, well within range of corresponding values from PIV (see section
4.3.1) and previous L2F data [94]. Results from the boundary layer code agree closely to the
RSM model at Tu = 2 %, whereas the one- and two-equation turbulence models in TAU, as well
as the analytical data, over-predict the turbulent Stanton numbers. If the TAU deviations are
considered with the corresponding error bars (see section 7.5.2), all computations agree to each
other and to the experimental data.

With Stanton numbers from smooth wall infrared thermography and skin friction values from
PIV data, an independent consistency check could be performed, if the Reynolds analogy is
assumed valid. Representative for the PIV skin friction values, the results derived by the fitting
approach were used (see table 4.2). Table 4.6 contains calculated values of the ratio cs./(25t.)
from experimental data, TAU and boundary layer code, all extracted at MS1. This ratio should
be equal to the approximate Reynolds analogy factor s,.,, which is included in the table in form
of the incompressible turbulent factor after White [277] (see eq. (3.66) in section 3.11) and
compressible turbulent factor after Van Driest [263] (see eq. (3.67) in section 3.11).

In case of the boundary layer code data, the ratio cf./(25t.) is in better agreement with the
correlation by van Driest with s,,,p. This was expected since both values were derived with the
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Table 4.6: Reynolds analogy comparison of experimental data (PIV and IR data), numerical
(TAU, BLcode) and analytical predictions (White [277], Van Driest [263]) at MS1.

case cref(2St,) Sra,w Sra,uD
] (] ]

BLcode turb. 0.89 0.94 0.86

TAU RSM Tu0.02 0.99 £+ 0.03 0.93 0.86

TAU k-w Tu0.02  0.94 £ 0.03 0.93 0.86

TAU SAE Tu0.02 0.97 £0.03 0.93 0.86
Run1007 1.00£0.32 0.93+0.01 0.86 4 0.005
Run1008 0.79+0.25 0.94+0.01 0.86 4 0.004
Run1010 1.06+0.34 0.93+0.01 0.86+ 0.005
Run3014 1.034+0.22 0.934+0.01 0.86 4 0.005

assumptions of a turbulent Prandtl number of Pr; = 0.9, instead of the White approximation
with Pr; = 1.0. For the same reason, the same agreement was expected for the TAU data, but
the data of the SAE, k-w and RSM model are higher than the van Driest predictions and closer
to the incompressible prediction of White. Also the corresponding sensitivities of the CFD results
cannot compensate the differences (skin friction and heat flux differences are considered with
respect to model parameters and spatial convergence, see chapter 7.7.2). Usually, also both
theoretical values for the CFD data contain uncertainties due to their dependence on the skin
friction (see chapter 3.10.1). This is neglected since the contributions are very small below 0.04%
of the given value.

The experimental data of PIV Run1007, 1008, 1010 and 3014 show a comparable value range
in between 0.79 <= c¢f./(25t.) <= 1.06, well within the predicted levels. This confirms
the consistency of the experimental data. Unfortunately, if the corresponding experimental
uncertainties are considered (derived and combined from the fitting approach and heat flux
evaluation, see chapter 7.1.1) no clear statement can be made which of the theoretical Reynolds
analogy factors is more applicable in case of the current data.

Local sensors:

Additionally to the IR measurement technique, local heat flux sensors were implemented in the
cone model and post-processed, as described in section 3.5.

Figure 4.45 shows typical exemplary results from local heat flux sensors in the smooth cone
model. In figure 4.45a for smooth Run1011 the HF'S and RTS signal transformed to heat flux and
surface temperatures of HFM1 at x = 0.3 m are shown. After an approx. 5s transitional phase
the heat flux develops a plateau like behavior with slightly decreasing values towards the end of
the run. The surface temperature increases monotonically by approx. 10 K. In figure 4.45b the
surface and backside temperatures of the CT3 (TE82-3) at x = 0.654 m for the same run are
shown. The curve labeled “Heatflow” is the 1D computation of the resulting convective heat
flux with the shown surface temperature signal as input (as described in section 3.4.2.1). As
additional output, Heatflow gives the calculated backside temperatures (labeled “T(i=iend)”)
which agree closely to the measured values. It is visible that in case of CT3 the monotonically
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Figure 4.45: HFM1 and CT3 sensor signals for smooth wall Run 1011.

increasing temperature signal results in a heat flux curve characterized by a first overshoot,
followed by a minimum after approx. 4 s with a following increase until the end of the run. This
is an unexpected behavior since an increase in surface temperature usually lowers the heat flux
at constant convective heat transfer (see corresponding signals from IR or HFM with figure 3.13
and figure 4.45a, respectively). This led to a numerical sensitivity study with ANSYS into
possible influences (see section 7.6.7). The most probable reason for the observed behavior is an
additional lateral heating from the hotter PEEK to the colder CT which results in higher surface
temperatures than from convective heating alone. If this increased temperature information is
used as input to a method only considering 1D heating, an erroneous higher wall-normal heat
flux is calculated which would be necessary to result in this increased surface temperatures.
Therefore, it was decided that the most reliable value of the CT heat flux results is the one where
the first minimum is reached, before lateral heating effects increase over time. This value is also
taken for run-to-run and rough-to-smooth comparisons in the following.

In contrast, the HFM sensor does not show this behavior, most probably since the sensor head is
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better thermally decoupled by a gap to the housing together with a further gap between housing
and PEEK model. In case of the CT sensors, smaller gaps were visible in photographs of the
model. Figure 4.46 shows a direct comparison of convective heat flux, Stanton number and sensor
temperatures over time between HFM1-3 and CT3 sensor for smooth wall Run1011. Although
the general level of heat flux is different, sensor-to-sensor differences between the three HFM
sensors are consistent with information from IR. HFM1 (z, = 0.3 m) is located at a streamwise
position where laminar-turbulent-transition is visible from IR (see figure 4.44) but still upstream
of the maximum peak (x, ~ 0.32 m), therefore it has the lowest heat flux level of the three HFM
sensors. HFM2 (2, = 0.49 m) shows the highest heat flux and it is located only approx. 0.2 m
downstream of the peak visible from IR. HFM3 (z, = 0.65 m) shows the second largest heat flux
since it is located a bit further downstream of HFM2 where the growth of the turbulent boundary
layer leads to a lowering of the corresponding heat flux level. The corresponding Stanton numbers
based on edge conditions St. in figure 4.46b show the same trends.

The results from CT3 in figure 4.46 show the already discussed increasing heat flux with testing
time, also in terms of Stanton number. CT3 should be comparable to HFM3 which is the case if
the result at ¢t ~ 4 — 5 s is considered. This is in line with the minimization of potential lateral
effects, previously discussed (see also section 7.6.7).

The surface temperatures of all sensors show only moderate increase of approx. 10 K in comparison
to approx. 40 K in case of PEEK. Also, the resulting heat flux or Stanton number levels are
different between local sensors and via IR technique at comparable model positions (see e.g.
figure 4.44). This is mainly driven by the different materials. PEEK was chosen due to its
low thermal conductivity, leading to high surface temperatures, whereas thermocouples are
made of metallic materials, which have higher thermal conductivity and therefore lower surface
temperatures. This is the crux for every heat flux measurement, either in ground based facilities
or also in case of flight testing (see discussions in e.g. [20], [93]). One way to address impacts
of locally different surface temperatures with computational means was discussed in [93], with
simulating the heat flux with enforced temperature distributions from measurements. In this
work, rough-to-smooth wall heat flux augmentations are relevant and technique-to-technique
differences are assumed to be relaxed since augmentations are calculated for each measurement
technique separately.
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Figure 4.46: Convective heat flux a), edge based Stanton number b) and sensor temperature c)
over time of HFM and CTC3 sensors for smooth wall Run1011.
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4.4.2 Rough Wall

IR:

Figure 4.47a shows rough wall convective heat flux, wall temperatures and edge based Stanton
numbers for Run1012, 1013 and 3006, 3007 compared to smooth wall data. The transition
location and corresponding heat flux increase of all rough runs (colored lines) is comparable
to the smooth runs (black, gray lines). There is a clear increase of heat flux over the smooth
level after an initial local drop for z > 0.326 m, the position where the rough segment begins.
The drop is due to the design of the roughness topology which begins with a groove instead
of a bump (see section 3.1). The following wavy heat flux data (especially for Run1012, 1013
due to the higher spatial resolution, see section 3.4) appear like noise but actually represent the
foot print which resembles the roughness topology of repeated grooves and bumps. A local heat
flux peak followed by sharp decrease below the smooth level is visible near the end of the rough
section at x > 0.65m. Although at slightly different spatial resolutions, it is visible that data
from different campaigns (1000 vs 3000 run numbers) agree within measurement uncertainties,
especially in case of the edge based Stanton numbers. At the mid-part of the cone (z, ~ 0.5 m),
the data from the last campaign shows slightly smaller Stanton number values than from the first
campaign (compare e.g. Run1013 vs 3006). The reason is not fully clear but since this occurs as
well in the corresponding smooth wall runs, the impact on the heating augmentations is assumed
to be minor (will be addressed below, as visible in figure 4.53).
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Figure 4.47: Rough wall convective heat flux, wall temperature and edge based Stanton number
for Run1012, 1013 and 3006, 3007 compared to smooth run data.
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Local sensors:

The local sensors were also used to measure rough wall heat fluxes. Figure 4.50a shows exemplary
edge Stanton number results for the HFM sensors of rough wall Run1015. As reference, data
of smooth wall Run1011 is also included. It is visible that the heating levels for rough wall
data is consistently above the smooth wall level (dashed lines). HFM1 smooth wall data was
corrupted so that only the rough wall values are shown. These data as well as data from CT
sensors will be discussed further in the following paragraphs addressing rough-to-smooth wall
heat flux augmentations.

4.4.3 Rough-to-Smooth Wall Augmentation

With data along the smooth and rough wall cone, augmentations can be calculated, first from
the IR data.

IR:

Since small run-to-run and temporal sensitivities exist in both smooth and rough wall data (see
discussion in section 7.6.6, e.g. figure 7.75 and 7.76), it was decided to extract statistics within
a defined time interval of 10s < ¢ < 20s (see section 7.6.6 and table 7.28 for discussion on the
influence of time interval) from different runs. For this, figure 4.48a shows Stanton numbers
and rough wall heating augmentations in figure 4.48b for different smooth runs (Run1003, 1004,
1005, 1006, 1007, 1008, 1009, 1010) and rough runs (Run1012, 1013) from IR. The light blue
lines correspond to all available data (with a At = 1 s within 10 s < ¢ < 20 s) in figure 4.48a and
all possible combinations of rough to smooth wall ratios of these available data in figure 4.48b.
Green lines correspond to all available smooth wall data to an ensemble averaged smooth wall
profile and represent general run-to-run and temporal / spatial scatter. The blue lines correspond
to all available rough wall data to the ensemble averaged smooth wall profile. The black and
red lines correspond to an ensemble averaged smooth and an ensemble averaged rough wall
profile, respectively, in figure 4.48a and the ratio of both as red line in figure 4.48b. Additionally,
mean augmentations spatially averaged within 0.4 m< z, < 0.5 m, 0.4 m< z, < 0.6 m and
0.5 m< z, < 0.6 m were derived (symbols from left to right, respectively) (see section 7.6.6
and table 7.28 for discussion on the influence of spatial filtering). The corresponding error bars
represent minimum and maximum values of the ratio in the corresponding regions.

We focus in the following on a relevant axial distance region within 0.31 m < z, < 0.7 m,
including the rough wall cone section with 0.33 m < z, < 0.65 m, indicated as gray rectangular
area in figure 4.48. Stanton numbers show larger divergences at the beginning of the roughness
(see e.g. green lines in b) within 0.31 m < z, < 0.4 m) mainly due to impact of natural transition
upstream of this location. This spread decreases for x, > 0.4 m. The smooth wall run-to-run
differences based on the ensemble averaged smooth wall profile (green lines in figure 4.48b)
are within St. s/Ste s avg. = £0.04. The rough wall augmentations in figure 4.48b show first a
decrease below one at the onset of roughness. This is again because the roughness topology was
arranged with the roughness crests flush with the upstream smooth wall level and so the topology
begins with a channel (already described and visible for figure 4.47). Due to IR resolution
(approx. 0.9 pix/mm) slightly oscillating ensemble averaged rough to ensemble averaged smooth
profile are visible, reflecting the roughness topology. The emerging pattern of the corresponding
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Ster/Stesavg. values, which appear like an interference pattern called beat, are most likely due
to a combination of the camera resolution and the wavelength of roughness topology. This
presumably leads to some pixels resolving peak temperatures along the crests of the roughness
better than others, which also lead to an increased heat flux rate. However, the average level is
assumed to be less affected, as will be seen in comparison to data from the second PIV campaign.
For xz, > 0.4 m, an approximately constant mean augmentation of about 20 % is visible. This is
also well visible by the different symbols in figure 4.48b, representing spatially averaged values.

The same post-processing was applied on the data of the second PIV campaign which is shown in
figure 4.49. In general, smaller smooth wall run-to-run differences (St s/Ste s avg. = £0.02) are
visible. One influence is the amount of runs for ensemble averaging but also the more consistent
transition location between runs. Also, the rough wall data has smaller spread compared to the
previous plot. The ensemble averaged rough to ensemble averaged smooth profile showing again
an approximately constant mean augmentation of about 20 % for x, > 0.45 m, comparable to
the data of the first PIV campaign. This supports the assumption of an averaging effect for
the IR information over corresponding solid angles due to the different camera resolutions (see
section 3.4).

Due to this ensemble averaging, also the uncertainties of heating augmentations are relaxed to
Uste r.avg. /Stes.avg. = 33 % and 3.6 % for the first and second PIV campaign, respectively.

Local sensors:

As for IR data, heat flux augmentations were also calculated for corresponding local sensors.
Figure 4.50b shows HFM heating augmentations for rough wall Run1015 to smooth wall Run1011,
corresponding to the previously discussed Stanton number data in figure 4.50a. For the heating
augmentation ratios St.,/Stes, it is visible that due to measurement noise in both smooth
and rough wall data also the corresponding augmentation levels are quite noisy. Therefore, the
corresponding heat flux data was filtered with a moving average of 50 points before calculating the
augmentations, which are additionally included as darker lines in the figure. Clear augmentations
above 1 are visible in case of the mid-section sensor HFM2 (red lines) and also for the one directly
downstream of the roughness HFM3 (green lines), although at a smaller level.

In figure 4.50b, it is also visible that HFM augmentations slightly decrease with testing time.
Therefore, for a comparison with other data, it was decided to use statistics in form of the mean
(“mean”), minimum (“min”), maximum (“max”) and standard deviation (“std”) values for a
time frame of ¢ = 3 — 20 s, excluding wind tunnel start and most of the initial noise in the
data and to be consistent with CT signal post-processing (see also section 7.6.6 for discussion
about averaging time frame influence). Corresponding data is included in table 7.29 and also
as symbols in figure 4.53 in comparison to augmentations from IR data. On average a Stanton
number augmentation of approx. 1.13 at MS1 can be observed.

The corresponding plots in case of the CT sensors are shown in figure 4.51a with heating
augmentations from heat flux ¢, /s qvg. and Stanton number St. ,/St. s qvq. for several smooth
and rough wall runs at mid-sensor CT2 (TE63-3) and in figure 4.51b at aft sensor CT3 (101-4).
In case of CT signals, only runs from the second wind tunnel campaign at FC2 were useful.
Data from boundary layer code computations showed that heating augmentation differences
between FC1 and FC2 are negligible in form of edge based Stanton number ratios St.,/St. s and
conditions in this thesis (see section 7.6.6 figure 7.78), so that it was assumed viable to compare
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data from both conditions directly. It is visible for both sensors in figure 4.51, that also the
augmentation from CT signals show a temporal behavior. Although, they show an increase with
testing time in contrast to the opposite behavior in case of the HFM signals (see figure 4.50).
Comparable to the procedure for the HFM sensors, also for the CT sensors statistical values
were extracted for comparisons to other data included in tables 7.30 and 7.31 for CT2 and 3,
respectively. To reduce the potential impact of lateral heating, a time frame of t = 2 — 4 s was
chosen, based on discussions above. In case of CT measurements, data was also averaged not
only in time but also ensemble averaged over different smooth wall runs to calculate a reference
for the rough wall data. This is indicated in the tables with runs labeled “avg.”. Additionally to
the rough wall runs, the ratios of ¢/qs avg. and Ste/Ste s avg. Were also calculated for all smooth
wall runs. This gives an indication about run-to-run repeatability which fall in the range of
approx. =4 % in case of all mean values and complete testing time. On average a Stanton
number augmentation of approx. 1.1 at MS1 can be observed.

In case of the aft sensor CT3, rough wall heat flux and Stanton number data are in general smaller
than corresponding values at CT2, as expected from comparisons to data from IR or HFM.
Corresponding data is also included as symbols in figure 4.53 in comparison to augmentations
from HFM and IR data, discussed in the following.

Sand grain type roughness:

Efforts were made to extract heating augmentations also along the sand grain (Carborundum)
roughness type model. Due to unknowns in emissivity of the Carborundum material and the
layer of glue with its thickness and properties relevant for heating (density, heat capacity, heat
transfer coefficient), the post-processing used on the IR data was omitted. Alternatively, also the
Carborundum model had local heat flux sensors installed at the same positions and with the
same smooth wall plateau strategy as the technical roughness model. The same post-processing
as reported before was used (see section 3.5). Figure 4.52a shows heat flux augmentations over
time along the cone. It was surprising to see that only for ¢ = 10 s the rough wall data is larger
than corresponding smooth wall measurements. However, at these later times, data is probably
already prone to lateral heating as discussed before (and see discussions in section 7.6.7). So,
based on these data no augmentations could be extracted.

To investigate the impact of the smooth wall plateau around the local sensors, tests have been
performed with Carborundum applied along the complete model, including the CT surfaces.
Figure 4.52b shows the same plot as before in case of the roughened CTs and this time it is
visible that the Stanton number augmentations are above 1 already shortly after wind tunnel
start (¢t > 2 s). The corresponding statistics are summarized in table 7.32, which show that the
value range is comparable to values along the technical roughness with a mean of approx. 1.1.

It needs to be mentioned, that there are several open questions to this analysis. Although certain
aspects are considered in the post-processing, there is a possibility that the agreement between
Carborundum and TSB roughness is a coincidence due to combined effects of e.g. lateral heating
in case of CT signals or smooth wall plateau effects in case of TSB. Another aspect not considered
for the above results but assumed to have an impact on the post-processing of CT signals to
heat fluxes is the glue layer in case of roughened CTs. Details with respect to thickness of the
layer or thermal parameters of the glue were unknown at the time of writing. Further studies
would be necessary to clarify these open points.
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If current CT data along the Carborundum roughness is accepted despite these open questions,
together with data from Pitot pressure measurements (u, or k), we see that overall results are
close to corresponding values along the technical roughness (TSB). This would further give the
extracted EQSR values along the TSB roughness credibility.

Augmentation comparison:

Collecting augmentation data from all measurement techniques, figure 4.53 shows the ensemble
averaged rough to smooth wall data for the different campaigns from IR (lines) and local heat
flux sensors (symbols, as described in the following), represented by St. /St s. Augmentations
from IR data are shown from both relevant campaigns with slightly different spatial resolutions.
It is visible that after an initial dip below 1, the roughness Stanton number augmentations are
consistently above approx. 1.1 for x, = 0.45 m. This result is independent of the campaign,
especially, if the error bars are considered, representing the corresponding minimum / maximum
values from ensemble averaging, previously described. Along the first part of the roughness
(0.33 m< x4 < 0.45 m), the exact location of the natural transition had the largest impact on the
worse agreement between IR data of both campaigns. For a region z, 2 0.45 m results from IR
overlap at an overall level of approx. 20 %. Only the position and extent of the initial dip, as well
as the overshoot at the end of the roughness insert, is slightly different between the campaigns,
due to the slight difference in spatial resolution. The location x, = 0.45 m downstream of which
IR data agree closer to each other corresponds to a distance of Az,/0 2 35 when measured from
the onset of roughness. Here, the smooth wall boundary layer thickness § at roughness inset
(MS1) from PIV measurements was used. Due to the larger running length at MS1 compared to
the onset of roughness, this most likely overpredicts the corresponding thickness slightly which
lead to a slight underprediction of this transition length. This relaxation length is slightly larger
than the value of 10 — 25 according to Berg [24] as measured from Pitot pressure and temperature

fluctuation profiles.

Temporal and ensemble averaged data of the local heat flux sensors are indicated by symbols
together with their corresponding minimum/maximum values (within post-processed time range)
as error bars. The augmentation results from local sensors fall slightly below the IR data at
MS1 whereas at MS2 a closer agreement is visible. In general, HFM sensors show slightly larger
values compared to CT sensors. Even if the corresponding data spread is considered, HFM and
CT data don’t overlap. One reason for the general lower augmentation values from both local
sensor types might be attributed to the smooth wall plateaus, which where necessary to include
the sensors within the technical roughness. This was also visible in the slightly different fitting
results from Pitot measurements in figure 7.25. A potential influence for the difference between
HFM and CT results was the difference in post-processing (shorter time interval) in case of
the CT sensors to lower potential impact of lateral heating effects. If larger time frames (e.g.
t =2 —20 s) would be used, CT augmentation signals would increase and overlap with HFM
signals. Additionally, uncertainties for the local sensors are substantial with Ug;, , /s, , & 36 %
(see section 7.1.1), which would on the one hand lead to an agreement with IR data, but on the
other hand would mask any visible measured augmentations above 1. Since uncertainties for the
sensors are not exactly clear and Uy may range from 5 % to 10 % (see discussion in [253]), also
corresponding Ug;,  /s¢, . would vary between approx. 20 % to 36 %. Due to these open points,
all following comparisons were mainly based on results based on IR data.
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Figure 4.48: Stanton number (a) and rough wall heating augmentation (b) for different smooth
runs (Run1003, 1004, 1005, 1006, 1007, 1008, 1009, 1010) and rough runs (1012, 1013) from IR
for all combinations (light blue lines), smooth runs to ensemble averaged smooth values (green
lines), rough runs to ensemble averaged smooth values (blue lines), ensemble averaged rough
to ensemble averaged smooth values (black and red lines) and mean augmentation spatially
averaged within 0.4m< z, < 0.5m, 0.4m< z, < 0.6m and 0.5m< z, < 0.6m (symbols from left

to right, respectively).
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Figure 4.50: HFM sensors a) edge Stanton number results and b) heating augmentation for
smooth wall Run1011 and rough wall Run1015.
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Figure 4.51: CT sensors heating augmentation for several smooth and rough wall runs at a)
mid-sensor CT2 (TE63-3) and b) aft sensor CT3 (101-4).
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4.4.4 Augmentation Comparison to Predictions and Literature Data

In the following comparisons of experimental data to data from the BLcode with the modified
Krogstad roughness model are shown (see section 3.8). Different assumptions were made for
the BLcode computations, already discussed in section 4.2.2 (see e.g. figure 4.20). The impact
of using either y*, kf or the compressible formulations yf, kF, (see eq. (7.37) and (7.39)) are

reported in section 7.6.6 (see figure 7.77). If not otherwise noted, in the following only data with
the compressible formulation are used.

Figure 4.54 shows Stanton numbers St, along the smooth and rough cone from BLcode at different
EQSR values within ks = 0.125 — 2.0 mm corresponding to ks;/k = 0.25 — 4.0 if £ = 0.5 mm
is chosen. For better visualization, cases with different assumptions are split in two different
figures 4.54a and 4.54b. The calculated Stanton numbers in figure 4.54a show an increase
with increasing EQSR with a saturation for higher values. This saturation was enforced by
the choice for compressible y and &, (see section 7.6.6). Comparable to kJ (see figure 4.20)
also the Stanton numbers overshoot for transitional simulations with a corresponding following
relaxation to turbulent levels. The symbols represent ensemble averaged smooth and ensemble
averaged rough wall values from IR (see e.g. figure 4.49). The IR data was down-sampled to
Az = 15 mm to guide visual comparisons. Error bars represent data spread, discussed and shown
in figure 4.49. The smooth wall values correspond well to simulated data (as seen before in e.g.
figure 4.44) and also the laminar-turbulent transitional overshoot is mimicked well, since all
corresponding parameters were set accordingly in the BLcode. The rough wall experimental data
show augmentation levels which correspond to simulated data with EQSR of ks/k = 0.25 (purple
lines). This is in contrast to the values extracted by fitting directly of ks/k ~ 1 (see table 4.3)
and to the rebuilding of the roughness Reynolds numbers (figure 4.20) or skin friction velocity
augmentations (figure 4.23) which showed an agreement to PIV data by applying larger EQSR
values corresponding to ks/k =1 — 2.

Also visible in figure 4.54a is that in case of the rough wall IR data the overshoot due to
laminar-to-turbulent transition is visible but in contrast to the simulated data, another sharp
jump downstream is visible, due to the beginning of roughness. An effort was made to rebuild this
effect and figure 4.54b shows the same plots as before, but data of the BLcode were used for which
the roughness terms were activated only within 0.33m< z, < 0.65m (label “xks=0.33-0.65m"),
corresponding to the roughness insert of the cone model (as before to rebuild PIV data in
section 4.2.2 e.g. in figure 4.20). The behavior of the heat flux from IR is captured better than
before. A slightly better rebuild is possible with the fully turbulent computation (label “sst=0")
immediately after the onset of roughness, whereas downstream towards the end of the roughness
inset a better agreement is visible with the laminar-turbulent transitional computations (label
“sst=0.23m”). As for rebuilds shown in figure 4.54a, again, the best agreement can be seen with
simulations applying EQSR of ks/k = 0.25.

Figure 4.55a shows rough-to-smooth wall Stanton number augmentations represented by St ./ St s
for data from BLcode, analytical predictions from Seidman and Powars as well as IR data. The
correlations were introduced in section 3.11. The line labeled “Seidman-Fenter-VD” corresponds
to a correlation where the rough wall Stanton numbers St. , were calculated according to [223] via
eq. (3.69), using the rough wall skin friction ¢y, according to [71] via eq. (3.40). The line labeled
“Powars-VD-VD?” utilizes the correlation according to [193] via eq. (3.70) for the St.,. In both
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cases, the smooth wall reference Stanton numbers St. s were calculated via skin friction according
to [261] (including modifications by [282]) via eq. (3.34) and the Reynolds analogy via eq. (3.65).
Since analytical expressions are not able to rebuild any smooth-to-rough or rough-to-smooth
transitions, only BLcode data for fully rough computations are shown. In case of IR, only data
within 0.34 m < z, < 0.62 m are shown to exclude effects from aforementioned transitions.
As before, it is visible that IR data is close to BLcode simulations with ks/k = 0.25. Error
bars representing corresponding data spread (as visible in figure 4.49). In contrast, analytical
predictions rebuild IR data best applying EQSR of ks /k = 2 and ks/k = 0.5 for methods after
Seidman and Powars, respectively. Clearly, a disagreement between the different predictions is
visible, already reported about in e.g. [167].

To include the effects of smooth-to-rough and rough-to-smooth wall transitions for augmentations,
figure 4.55b shows data with different EQSR from BLcode computations compared to IR data
(only second PIV campaign) near the roughness section 0.33 m< z, < 0.65 m. Only BLcode data
with localized rough wall influence (label “xks=0.33-0.65m”) are shown. Again, BLcode data
with kg/k = 0.25 are closest to the IR data. The first drop in the IR data at the smooth-to-rough
wall section is not captured by the BLcode. This is most likely due to the orientation of the
technical roughness with the crests of the topology being flush to the smooth wall in experiment.
Therefore, the roughness begins with a channel whereas it is modeled as bump first in case of the
BLcode. Also not captured is a peak close to the end of roughness, visible in the IR data. In
contrast, the drop of augmentations below 1 downstream of the rough wall section (z, > 0.65 m)
can be rebuild with the simulations and also here, the best agreement is by applying EQSR of
ks/k =0.25 —0.5.
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Figure 4.54: Calculated Stanton numbers along rough cone from BLcode at different EQSR

values.
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Augmentation summary:

With the information of heat flux augmentation (this section) and roughness Reynolds numbers
from EQSR fitting (see section 4.2.2) it is possible to summarize the current data in form of
Stanton number augmentations St. ,/St. s against k} and compare it to results from modeling
and literature in figure 4.56 . The same analytical correlations as before are shown, with the
corresponding k; values calculated according to [71]. The line labeled “BLcode Krogstad”
corresponds to data points calculated with the boundary layer code including the modified
Krogstad roughness model (see section 3.8) screening a large range of roughness Reynolds
numbers. Data from BLcode show the largest augmentations from all predictions. For the
latter also the influence of extracting the augmentations at MS1 and MS2 as well as impact
of incompressible or compressible definition for y* and £ are shown. The range of Reynolds
numbers in this case were simulated not only by increasing the EQSR value but also by artificially
increasing the length of the cone to lower impacts from blockage ratios k/J (see discussions in
section 7.6.6 figure 7.79).

A region of moderate increase of BLcode heating augmentations is visible within 1 < &k < 10
before the slope approaches a log-linear behavior, closely to the predictions via Powars correlation.
At kF ~ 65 the slope of the BLcode log-linear behavior changes, corresponding to the value,
at which the Van Driest formulation (see eq. (7.38) in section 7.7.1) is switched to the one
by Krogstad (see eq. (7.39) in section 7.7.1). It is visible that augmentations level-off close to
kF > 100 to values of approx. 2.6 or 2.7 for compressible and incompressible formulations. IR
data of both campaigns with slightly different resolutions are shown (1.1 pix/mm for first PIV
campaign and 0.9 pix/mm for second PIV campaign). The symbols represent mean augmentations
averaged within 0.5 m< z, < 0.6 m (see also figures 4.48 and 4.49) where both horizontal and
vertical error bars show minimum/maximum variations in mean augmentation and roughness
Reynolds numbers, respectively. It is visible, that the IR data points fall in between the different
predictions of which the one after Seidman come closest.

To put the current data into context of data from literature, figure 4.57 shows the same plot as
before with additional experimental data from Hill et al. [101] for Ma = 8.1 flow along sand grain
roughness, Young [294] for Ma = 4.9 flow along v-grooves, and Holden [104] for High-Enthalpy
flow along sand grain and sphere roughness. All shown data were extracted from Bowersox [32].
Additionally, data gathered during the ESA ExoMars campaign along square bar roughness with
the same topology as the current technical roughness model (A\/k = 4) in a flat plate model at
Mae = 4.2 Re = 8.5-10° 1/m (FCII, red symbols), Ma, = 4.2 Re = 23.5-10° 1/m (FCIII, green
symbols) and Ma, = 5.3 Re = 17.5-10° 1/m (FCV, red symbols) are included (see e.g. [167]).
All prediction methods were calculated for the four different flow conditions and are indicated by
corresponding line colors in the plot.

In case of the ExoMars data (blue, green and red symbols) two sets of symbols are shown. Here,
the filled symbols represent values if a (incompressible) literature value of ks/k = 6 were to be
used. This was the initial assumption within the project, to use a conservative EQSR value
from previous incompressible investigations. No attempt was made to extract the value directly
from measurements. The hollow symbols represent roughness Reynolds numbers if a value of
ks/k =1 were to be used, being closer to values in this thesis and according to Berg [24]. Based
on these lower EQSR, ExoMars and current data correspond closer to each other and form,
together with other literature data, a broad value band, closely around values calculated with the
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Figure 4.56: Rough wall heat flux augmentation from computations (lines) and current data
(symbols).

Seidman correlation but below the widely used Powars correlation. Also, numerical predictions
by the BLcode are higher than experimental data, as was discussed before. So it seems that
analytical and numerical models tend to over-predict the heating augmentations, except the
model according to Seidman [223].

Although the current data points align with heritage data, it needs to be mentioned again that in
case of the current data (k1 ~ 50 — 60) as well as Berg’s data (k} = 44) the roughness Reynolds
numbers are slightly below the fully rough limit for sand grain roughness, typically given with
kF =60 — 70. Therefore, transitional roughness effects cannot be excluded completely and the
derived kg/k values, or k} values via eq. (3.74) for that matter, need to be taken with some
caution. However, current values with k™ ~ 30 — 40 and & &~ 50 — 60 are above the fully rough
limit according to previous work by Bandyopadhyay [19] on a similar transverse bar roughness
topology in incompressible flow with &+ & 10 and k} = 30.

Additionally, as discussed in section 2, there have been suggestions for compressible flow to
scale not only the roughness function (intrinsically performed via the velocity scaling to an
effective velocity AUjf ) but also the roughness Reynolds number 7. Modesti et al. [162]
argued that Berg might erroneously have incorporated compressible effects into the derivation of
ks/k and they suggested that a proper compressible transformation of the roughness height & is
necessary before an EQSR is extracted. He suggested transformations via Trettel and Larsson
[256], Volpiani et al. [269] or an alternative own formulation (see eq. (2.14)) to account for density
and viscosity differences between the trough and crest of the roughness. An effort was made to
apply this scaling on data of this thesis. But due to the resolution of the IR camera, there is only
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Figure 4.57: Rough wall heat flux augmentations from computations (lines) and experimental
data of previous and current investigations (symbols).

one mean wall temperature value, which include information from both the channels (troughs)
and crests of the roughness topology. Also, there is only one wall pressure value taken close the
roughness topology. This inhibits the extraction of locally resolved density and viscosity at the
trough and crest of the roughness. A way to approximate values at a wall distance of k is to use
a velocity-temperature relation, like the one by Crocco-Busemann, fed with information of locally
resolved PIV velocity profile together with the mean wall temperature from IR. This procedure
was performed exemplary with eq. (2.14) on data of Run3006 with an TW 48x48 pix? which
resulted in k:f 5 = 36.42 and therefore with a factor of 0.96 smaller than the value extracted
without scaling by Modesti et al. (see table 4.3). This would change the EQSR to ks/k = 1.4
instead of ks/k = 1.35 and is therefore not substantial under current conditions.

In contrast to the heat flux rebuilding, it was seen that the BLcode was able to rebuild w, or kf
values from PIV closely (see figure 4.20 and 4.23) when EQSR values were used which were in
good agreement with values extracted directly from PIV data via eq. (3.74). Several potential
influencing factors can be discussed in the following.

On the measurement side, potential reasons for the bad agreement could be connected to
either uncertainties for the measured EQSR, values or uncertainties for the measured heating
augmentations Ste /St s.

Addressing the first, even if the very conservatively estimated uncertainties of Uy, /, = £50 %
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(see section 3.12.2) would be applied to the mean of the extracted EQSR range ks/k = 1.1 to 1.4,
the resulting ks/k = 1.25 £ 0.63 and therefore at minimum k;/k = 0.63 would still be larger than
the ks/k =~ 0.25 necessary for rebuilding. Also, if the full reported spread due to uncertainty of
the shift of origin and ultimately from the skin friction uncertainties of the integral approach
were accepted (see section 4.2.2), it would result in ks /k = 0.4 to 1.9 and therefore above the
rebuilding value.

The second aspect is the uncertainty for the measured heating augmentations which were
estimated to Usy, | ... /Ste. 0. = 3-6 % (see section 7.1.1). This translates into an uncertainty for
the rebuilding EQSR of ks/k ~ 0.26 to 0.36 and is therefore still below the experimental mean
value.

Apart from that, there might still be inherent uncertainties for heat flux measurements which
were not fully captured. As outlined in this thesis, efforts have been made to carefully consider
possible influences along the complete measurement and post-processing chain, but one might
argue e.g. that 3D effects, like lateral heating, might influence the 1D post-processing of IR data
via the pyHeatflow tool. But, as was discussed for the CT sensors within PEEK material (see
section 7.6.7), a positive lateral heat flux typically results in an over-prediction of 1D heating
rates which would make the difference between experiments and rebuilding even worse. Instead,
negative lateral heating scenarios would lead to an under-prediction of 1D heating but it is hard
to imagine scenarios where only negative lateral heatings along the complete roughness topology
were unrecognized. Apart from that, measurements with two different resolutions showed an
overlap of averaged heating augmentations (see e.g. figure 4.53) due to the effective averaging of
the IR technique. This was also supported by data of previous measurements in H2K within the
ExoMars campaigns [168].

Additionally, the aforementioned practice of re-scaling 3D heat fluxes with the wetted-to-planform
area ratio according to [27] would result in a decrease of heat fluxes and therefore lead to even
worse agreement to correlations.. Lastly, if instead of IR, augmentations from local sensors were
considered, agreements to correlations would also be worse since they were lower than from IR
and also affected by larger uncertainties.

To summarize experimental uncertainties, bringing together the lower worst case scenario from
EQSR extraction uncertainty with ks/k = 0.4 and the upper worst case scenario from heating
augmentation measurement uncertainties with ks/k = 0.36, would at least bring predictions and
observations closer to each other. Nevertheless, the observation that the experimental data align
with other heritage data within a band of approx. £20% (see figure 4.57), would hint more
towards modeling uncertainties, which will be discussed next.

On the computational side, there are some modeling uncertainties and insufficiencies already
known which have been discussed (see e.g. [32]) with different suggested adaptations (see e.g.
[176], [17]). Some aspects to discuss with the focus on the current rebuilding are the following.
The strategy of using a BLcode with its approximations might be insufficient, especially in case
of rough wall modeling with larger roughness effects which can protrude into the conical flow
field above the TBL. Additionally, a two-layer algebraic turbulence model might be insufficient,
since it ignores any anisotropic effects due to the Boussinesq approximation with its scalar eddy
viscosity. On top of that, the approximations of turbulent heating via constant Prandtl number
might be insufficient to capture relevant physics. This was already discussed by Wérz [291]
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for incompressible cases of ribbed cooling passages within turbine blades and might also be
applicable here.

There are different possible steps to leverage computations. Firstly, a full CED solver instead of
the BLcode would be not restricted to the TBL but also include possible couplings with the outer
(conical) flow field. E.g. there are existing roughness models implemented in TAU but none is
adapted to compressible flow to the knowledge of the author. Additionally, this step would enable
the inclusion of anisotropic Reynolds stresses via RSM models. But, all of the above methods in
TAU still typically use a constant turbulent Prandtl number assumption to calculate turbulent
heat fluxes. Instead, models are available to calculate varying turbulent Prandtl numbers (see e.g.
[291], [17]). Several variable turbulent Prandtl number models have been tested in the BLcode
but it had only minor impacts on the results (see section 7.6.6 figure 7.80).

Instead of modeling the roughness topology via a sand-grain roughness approach, there are other
options, like so-called Direct Element Methods [249]. Although there are models for compressible
flow [75], there are challenges in applying this method on TSB roughness used in this thesis.
Another option are direct simulation approaches, in which the actual roughness topology is
resolved by the grid, like [115] for an incompressible rough-wall channel flow calculated with
a RANS solver. But here, questions persist with respect to the ability of RANS solvers to
accurately resolve flow detachments and Reynolds stresses. The ultimate computational approach
would be to directly simulate the roughness topology in scale resolving methods like LES or
DNS. Although already common practice for some flow regimes (incompressible low to moderate
Reynolds number flow, like e.g. [143]), there have been only limited efforts towards high-speed
flows in the past (e.g. [22], [162]).

Another point to discuss is that a single scalar parameter like k" might be not sufficient to capture
all physical aspects along a rough wall. This was already discussed based on insufficiencies to
capture “only” friction augmentations on different roughness topologies (see e.g. [118], [45]). But
this might be even more relevant for heating predictions, if the friction and heating augmentations
have different driving physical mechanisms, as outlined in section 2.

One final remark to the discussion on figure 4.57: it is common practice e.g. by NASA for the
creation of aerothermal databases (ATDB) to use skin friction velocities derived from smooth
wall CFD computations u, s to calculate corresponding k;fs and to extract augmentations based
on these Reynolds numbers (see e.g. [280]). This introduces a bias towards lower roughness
Reynolds numbers at the same augmentation levels. This might lead to a better agreement with
e.g. the Powars correlation but is based on non-physical arguments. In case of data in this
thesis, such a rescaling would have no large effect and all four cases end up within 30 < k& < 50.
Therefore, corresponding augmentation levels would still fall somewhere between the Powars and
Seidman correlation.

As final comparison of data of this thesis , combining both, friction and heating, augmentation
data (from figure 4.24 and 4.57) to a rough wall Reynolds analogy efficiency, current data result in
(St/Sts)/(cs/cy,s) = 1.19/1.37 =~ 0.87 at MS1. Together with the frontal solidity Ay = 1/ = 0.25
we can add current data to the plot in figure 4.58 according to [45]. It includes incompressible
data from DNS along transverse circular rods and square bars with roughness Reynolds number
k;" ~ 40— 150 according to Leonardi et al. [147] and along irregular roughness with k. ~ 16— 31

according to Forooghi et al. [79]. DNS data show minima in the range 0.1 < Ay < 0.3, which
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coincide with corresponding maxima in drag. Instead, the current compressible data point lies
above the incompressible data, where error bars represent data spread combined from both, PIV
and IR data.

Potential reasons for the difference might be e.g. compressibility or transitional roughness effects.
As was mentioned before (see e.g. section 4.2.2), data of this thesis might still be influenced by
viscous effects in the transitional rough regime, whereas incompressible data are shown for the fully
rough regime. Apart from these differences to incompressible data, the compressible correlation
after Nestler et al. [172] (see eq. (3.68) in section 3.11) results in (St/Sts)/(cs/cys) ~ 0.88, based
on smooth wall results of Run3014 (see also figure 4.58). This is in close agreement and therefore
supports the results of this thesis.
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Figure 4.58: Rough Reynolds analogy efficiency (St/Sts)/(cf/cy,s) from DNS data for transverse
circular rods and square bars with roughness Reynolds number &;~ ~ 40 — 150 according to [147]
and irregular roughness with k== 16 — 31 according to [79]. Plot and data extracted after [45].
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In this thesis, measurements along a 7° sharp cone at Mas, ~ 6 and Re,, = 16+ 10° 1/m with
and without roughness were discussed. The rough wall consisted of two-dimensional transverse
square bars with A\/k ~ 4 |, k/6 ~ 0.1. Selected measurements were also performed along
Carborundum sand-grain type roughness. The corresponding Reynolds numbers varied between
Reg = 2770 to 6689, Reso = 793 to 1288 and Re, = 212 to 384. Complementary techniques
were used to measure turbulent boundary layer velocity profiles and heat flux augmentations
along the cone. For the first, Pitot pressure and PIV measurements were performed. For the
heat flux, IR thermography and local sensors were utilized. Additionally, PIV measurements
enabled cauterization of turbulent stresses and large scale coherent structures. All measurement
techniques and corresponding post-processing have been thoroughly checked and characterized.
With this setup the following key aspects were found.

PIV and Pitot pressure measurements were used to extract mean velocity profiles with the
assumption of a Crocco-Busemann-temperature model. Initial analysis focused on smooth wall
experiments as reference. Both measurement techniques agree well within their uncertainty bands.
The mean velocity profiles agree favorably with numerical data of a boundary layer code and CFD.
The data was also in excellent agreement to DNS profiles of a flat plate flow at comparable Mach
number and slightly higher Reynolds numbers [56], [296]. Three different approaches were applied
to extract skin friction velocities to enable inner scaling. First, a fitting approach was used based
on the incompressible law-of-the-wall. Furthermore, an integral approach was used which utilized
two subsequent profiles and the corresponding loss of momentum. Finally, highly resolved PIV
velocity data enabled a gradient approach which approximated the velocity gradient close to
the wall. All smooth wall values derived by the different approaches correspond within their
uncertainties to each other and to data from analytical, BLcode and CFD computations. The skin
friction velocity was used to analyze the velocity profiles in inner and outer scaling according to
AGARD suggestions [73]. Applying the van Driest transformation, compressible velocity profiles
collapse with the incompressible law-of-the-wall. As in several previous investigations, this result
shows further support for the applicability of this scaling in case of current boundary conditions.
Also in outer scaling, data collapse in the range of validity with corresponding theories. The
kinetic shape factor at the first measurement section lies with Hy ~ 1.5 well within the range for
a fully turbulent profile after natural transition along the cone [73]. Both, outer scaling and shape
factor, are biased in case of the Pitot profiles due to their lack of resolution close to the wall.
The same effects could be rebuild with artificially cut theoretical profiles. The resulting Coles
wake parameters correspond well to previous investigations and are in a value range expected
from fully turbulent profiles in the corresponding Reynolds number range.

In the flow field along the transverse square bar (T'SB) roughness topology, only negligible
streamwise mean velocity gradients from PIV as well as Schlieren gradients could be observed.
A potential reason for the absence of any disturbances penetrating the TBL is the observation
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that roughness crests are submerged within the subsonic portion of the TBL (see figure 4.4c).
This skimming behavior was previously used as argument for a “d-type” roughness [185], [118]
although it can be categorized as “k-type” roughness based on the geometrical topology.

The rough wall velocity profile fitting poses challenges, already recognized by multiple previous
investigators. In case of this thesis, it was challenging mainly due to the considerable influence
of the shift of origin, most likely due to the k/0 value range of the current data. Methods from
literature, typically used to estimate the shift of origin, were largely inconclusive and made a
different approach necessary. A combination of the integral and fitting approach was used to
bound the shift of origin and at the same time quantify the friction velocity for the rough wall
profiles. The combined approach resulted in inner scaled profiles with the characteristic roughness
shift AUQ s in the order of 6 with roughness Reynolds numbers in a range of kt ~ 30 — 40. Tests
along the Carborundum sand-grain type roughness segment showed comparable values, which
confirms the design of the model for reaching a comparable roughness effect. At the same time,
the agreement gives confident in the extracted EQSR value for the technical roughness. Although
small, the resulting TSB roughness Reynolds numbers kT are in a range sufficient for the fully
rough flow regime based on incompressible tests by Bandyopadhyay [19]. The resulting EQSR
Reynolds numbers with &} = 38 — 59 fall slightly below the fully rough value of k} = 60 — 70 for
sand grain roughness, but are above the limit for transverse bar roughness by Bandyopadhyay
[19] with &} ~ 30 (k* & 10). If assumed fully rough, EQSR values of ks/k = 1.1 to 1.4 can be
extracted. A suggested compressible scaling by Modesti et al. [162] was tested on the current
results but showed only minor differences for the extracted EQSR. When results of this thesis are
scaled and plotted as assumed to be valid for either d-type or k-type roughness, the data show
neither of the assumed behaviors of both types. However, since such scaled data agree well to
experimental results of other (compressible) studies, questions arise to whether these scalings or
concepts are applicable to (compressible) data. In contrast to the smooth wall values, Coles wake
parameters were larger along the rough wall, comparable to previous investigations [135], [186],
[38]. Rough wall rebuildings via BLcode, utilized with a modified Krogstad roughness model,
show the same trend as experimental values for k', u, and ¢f.. For these friction augmentation
rebuildings, EQSR values of ks/k ~ 1 — 2 were necessary as input to the BLcode, which are in
agreement to results from fitting Pitot and PIV data directly.

The smooth wall turbulence profiles in outer Morkovin scaled form agreed to previous experimental
data and artificially filtered DNS in case of the streamwise component, if the corresponding
resolution of the PIV data for potential sub-grid filtering is considered. Profiles closely agreed
to TAU RSM calculations in the upper parts of the boundary layer, if typical turbulence
inflow intensities of the H2K wind tunnel between Tu = 1 — 2 % were used as input. This is
also in agreement with estimates from PIV random error estimates via a method suggested
by Scharnowski et al. [211]. The wall-normal component, together with the Reynolds shear
component, showed the largest underpredictions compared to DNS data, similar to previous
hypersonic TBL investigations [285], [289]. Both components also fall short of artificially filtered
DNS data, hinting at other relevant contributions besides sub-grid filtering like particle slip
effects [285] or PIV resolution effects [15]. Different scalings of the turbulent stress profiles were
tested, due to on-going debates about the most suitable one [287]. Outer Morkovin scaling
showed best agreement with DNS for the outer layer, whereas inner mixed scaling agreed best in
the vicinity of the buffer layer peak. Overall, the profiles of this thesis are comparable to data
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from incompressible boundary layers, providing further experimental evidence that Morkovin
scaling is valid for the streamwise turbulence at the tested Mach number.

Turbulence profiles above the smooth and rough wall agree to each other within measurement
accuracies, supporting the outer layer similarity argument after Townsend [255], despite the
rather large values of £/ and observed differences of Coles wake parameter in the mean velocity
profiles.

The empirical diagnostic plot, typically used to bypass challenges in experimentally finding the
skin friction velocity and shift of origin, was successfully applied to the current data. Despite the
compressibility of the profiles, it showed good agreement of both smooth and rough wall data
with empirical predictions, when the roughness scaling according to Castro et al. [39] was used.
Since this scaling utilizes the roughness function, extracted in this thesis by the fitting approach,
it indirectly gives further confidence in the used procedures and results.

Two-point correlation results of the streamwise velocity fluctuation component showed that the
general TBL structure along the smooth wall is comparable to incompressible and compressible
data of previous investigations. Data of this thesis support the notion from previous comparable
investigations that correlation lengths are only moderately decreasing with Mach number. Also,
structure angles show little or no change with Mach number within scatter of the data. Both of
the above observations support previous conclusions [287], [288], that correlation lengths and
structure angles are only moderately affected by Mach number, in contrast to data which relied
on hot-wire measurements, influenced by density. The largest length-scales and structure angles
in the outer layer were observed to be similar above the smooth and rough wall within the scatter
of the data. This would further support the assumption by Townsend, that the outer flow is not
drastically affected by roughness. Only in close vicinity to the rough wall, length-scales decrease
below the smooth wall data, comparable to results from other investigators.

Previous evidence for the existence of uniform momentum zones (UMZ) along smooth wall
hypersonic turbulent boundary layers, attributed to the general concept of hairpin vortex
structures, could be confirmed in this study. To the knowledge of the author, this experimental
evidence could be extended to hypersonic TBL along rough walls for the first time. Statistical
analysis of the mean number of zones throughout the TBL showed similar values compared to
previous investigations and only negligible differences between both wall conditions. Due to the
assumed connection to hairpin vortex structures, this would further support the notion that
outer layer flow is not drastically affected by the investigated roughness.

All the above observations support the outer layer similarity argument, despite the rather large
values of k/¢ and low Reynolds numbers in this work. It is important to know the applicability
and limits for this argument, since it is a basic assumption on which most roughness modeling rely.
A possible explanation for the observation that Coles wake parameters don’t agree but turbulence
data do collapse in the outer layer was given by Castro et al. [39] with potential transitional
roughness effects, which cannot be excluded here completely due to moderate roughness Reynolds
numbers. To clarify potential impacts of compressibility or roughness regimes and due to on-going
debates about the applicability of the outer layer similarity (e.g. [227], [183], [56], [296]), more
data is necessary.

Smooth wall heat flux distributions extracted from IR data were in good agreement with numerical
data within their corresponding uncertainties, if a proper scaling via the edge based Stanton
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number St, was used. Although the cone represents a generic shape, CFD results differ by ~ 9 %
from each other, depending on the applied turbulence model. This underlines the necessity for
accurate data to verify computational methods like RANS. Independent measurements of heat
flux and indirect assessment of skin friction data enabled a consistency check via the Reynolds
analogy and comparison to different approximations from literature. The experimental data
agreed with all applied correlations but no clear statement could be made which of the theoretical
Reynolds analogy factors is more applicable due to the level of combined uncertainty. Local sensor
data showed different heating rates compared to IR, which was expected due to different materials.
However, for the following analysis it was assumed that roughness heating augmentations were
less impacted, since it was derived for each measurement technique separately.

Rough wall heating augmentations from IR data showed consistent results with approx. 20 %
above the smooth wall level, independent of camera resolutions. For augmentations from local
sensors slightly lower rates were observed. HFM data augmentations overlap with IR data within
the scatter of the data, whereas for CT data this is not the case with resulting augmentations of
approx. 10 — 15 %. Potential reasons are relaxation effects of the boundary layer approaching
a rough-to-smooth transition, due to the used strategy of implementing the larger sensors into
the smaller roughness topology via local smooth wall plateaus. To investigate this argument,
mean velocity profiles from Pitot data above a smooth wall plateau were compared to fully rough
data. These velocity profiles also show minor differences in inner scaled form whereas direct
pressure profiles do overlap. Another potential reason for lower CT signals might be attributed
to observed lateral heating rates.

Heating augmentations along the Carborundum sand grain type roughness could only be investi-
gated by local sensor data. Here, heating augmentations were only above one (i.e. above smooth
wall values), if the sensor plateaus were fully covered by Carborundum (including sensors). In
this case, comparable levels like along the technical roughness of approx. 10 — 15 % could be
observed.

To rebuild the IR Stanton number augmentations via the modified Krogstad roughness model,
an EQSR of ks/k =~ 0.25 was necessary as input to the BLcode. This is much smaller compared
to values necessary to rebuild friction augmentations. Variable turbulent Prandtl number models,
typically used to account for observed lower heating augmentations, showed no improvements
when implemented in the BLcode. Also, the widespread used Powars correlation showed higher
augmentations than experimental data. Only one analytical model via Seidman-Fenter-Nestler
showed surprisingly good agreement, despite its derivation and adaptation from simple incom-
pressible arguments. The drawback of the analytical Seidman model like for any analytical
models are tunable model constants, which makes it prone to uncertainties.

To summarize the findings, in the following the research questions posed in section 1 are addressed.
The intended goal to enable measurements of EQSR and heating augmentation in one experimental
setup could be accomplished. Particle Image Velocimetry (PIV) was successfully applied to study
the large scale structure of the TBL and the effects of roughness. The goal to enable outer layer
similarity detections was accomplished and multiple indications existed that it holds under the
current setup so that it should not interfere with typical assumptions for roughness models. The
targeted uncertainty analysis for the extraction of EQSR was performed on selected literature
cases and for the setup of this thesis. In general, with Uy ;, ~ 5 — 20 % partly substantial
uncertainties need to be accepted, even in incompressible experiments. In case of compressible
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studies, uncertainties are even larger with Uy, = 20 — 50 %. But this uncertainty range still
does not cover the observed scatter in reported values (over 70 % based on a mean of ks/k = 3.5
for a range of ks/k =1 — 6, see e.g. figure 2.8). With k,/k = 1.25 + 0.63 data of this thesis is
comparable to other compressible data according to Berg [24] and hint at the lower end of the
incompressible EQSR spectrum, reported in the literature. Combining worst case scenarios from
estimated uncertainties of EQSR extraction and heating augmentations would bring observations
closer to numerical predictions applying the same models as used during the ExoMars campaign.
As a consequence, there are indications that EQSR might be influenced by compressibility effects,
but it is not completely conclusive. Further data is necessary, also since transitional roughness
effects cannot be neglected completely.

As an outlook and suggestion for future investigations, in the following several final remarks are
listed. It would be highly desirable to test the same smooth and rough wall model together with
the same proper measurement approach for a range of driving parameters, like Ma, Re, kf, k/d,
etc. Some attempts have already been performed in the past. E.g. testing the same roughness at
different low to moderate Mach numbers (see [195], [139], [33]) or testing in incompressible flow at
different Re, k', k/d (see e.g. [240]), but bringing together all parts in case of high-speed, highly
compressible flow, including heating augmentations, has not yet been performed. There are still
open points regarding potential compressibility effects for kg/k and k7 (see e.g. [32], [258], [162])
and although k/k data from the current thesis together with other compressible values (e.g.
[24]) lean towards the lower end of the spectrum for this particular roughness topology there is a
necessity to test the sensitivity to the complete parameter range.

One of the major challenges in ground-based hypersonic flow testing is simultaneously enabling
high Reynolds number turbulent boundary layers (6%, k) with low blockage ratios (k/d) along
generic models like plates or cones (see e.g. figure 3.2) to fulfill parameter guidelines as suggested
by Jiménez [118]. This was previously only achieved when one test section wall was used as
model, due to much larger running length of the approaching boundary layer and therefore
achievable boundary layer thickness . One of the disadvantages of this set-up are so-called
“history effects”, i.e. potential influences that can emanate from the entire passage upstream of
the test section (e.g. in the nozzle with corresponding pressure gradients) and its effects on the
state of the boundary layer (see e.g. critical discussion in [73]).

Efforts should be made to further reduce measurement uncertainties, which would further reduce
corresponding uncertainties for derived quantities, like roughness function and EQSR. For PIV
measurements, seeding should be optimized for spatial density, homogeneous distribution in
space and time and to reduce potential slip effects. This would increase the acceptable count
of images per run and therefore statistics of resulting mean and fluctuating velocities. For IR
measurements, the resolution along the small scale roughness patterns could be increased to add
the capability of estimating potential 3D conduction effects.

Local sensors should be better integrated into the roughness patterns than the smooth wall
plateaus used in this thesis. Previous studies along sand grain and technical roughness showed
potential to integrate sensors which came at the price of substantial efforts (see e.g. [104], [105],
[106]). In our approach, there would be additional challenges due to the used low-conductive
material PEEK, which, together with potential glue, would complicate post-processing and
increase uncertainties for deduced heat flux rates.
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Furthermore, state-of-the-art manufacturing techniques like 3D printing could be used to apply
different types of technical roughness directly on a PEEK model. This was already evaluated
during the course of the ExoMars project but was discarded at that time due to insufficient
resolutions. Due to on-going advancements, better resolutions are possible to be manufactured
today and have already been tested in recent investigations (see e.g. [280]).

As a final remark, due to the experiences gained during the course of this work, the general
approach to extract EQSR via fitting inner scaled velocity profiles to the theoretical law-of-the-
wall is put foreward for discussion. A new combined approach, based on profiles at two different
positions, was suggested in this thesis which somewhat relaxed the procedure, but still brought
burden to the user and made the procedure very delicate and intricate (see the above reported
resulting uncertainties). Rebuildings of heritage incompressible data in the framework of the
uncertainty estimations (see section 7.3.2) showed that these challenges of the procedure are
not limited to compressible data, for which additional steps like velocity transformations are
necessary. During the course of this thesis, efforts to rebuild reported values like shift of origin
or EQSR from published data of different authors were not successful. Although this effort
might be influenced by inaccuracies from scanning data to digital formats or differences in the
exact procedures for post-processing, it nevertheless underlined how delicate the procedure is.
It could be informative to collect data from multiple different sources and try to streamline
post-processing with a consistent approach to enable better comparability and consolidate huge
data scatter. An attempt to at least collect data was initiated by the University of Southampton
[237]. Additionally, if it would be possible to substantially lower uncertainties for the small
valued wall-normal velocity fluctuations in hypersonic TBL measurements and therefore enhance
detections of Reynolds shear stress profiles (see e.g. figure 4.25 and [287], [15]), additional
methods would be available. For example methods to exploit the full momentum equation based
on two profiles [36], [35], [91] or only one profile [159] could be used to extract u, based on
Reynolds shear stress measurements. The optimum would be a direct measurement of the skin
friction and recent developments in the field of MEMS (Micro-Electro-Mechanical Systems) could
be an option for the hypersonic TBL research [81], [174].

The experimental data in this work was collected at low Reynolds numbers, which makes it
accessible for DNS calculations. The applied experimental set-up with its capabilities and
uncertainties was characterized and reported based on existing data. It would be interesting to
have further comparison and insides based on data from DNS and therefore being able to extract
further physical understanding of hypersonic turbulent boundary layers above smooth and rough
walls.
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7 Appendix

7.1 Additional General Investigations

Test Matrix:

Table 7.1 contains detailed information for every reported run in this thesis. The reservoir
conditions of the conducted runs typically differ by less than approx. 1% from the nominal
values. Only runs with sufficient quality with respect to inflow conditions and boundary layer
measurements were chosen and included in the analysis. The table contains the actual inflow
Mach number May,, Reynolds number Res,, reservoir pressure pg o and temperature 7 o, static
pressure ps, and temperature T, and velocity Us,. Additionally, the streamwise location for
boundary layer profile measurements is given with measurement section MS1 or MS2 for runs
of corresponding measurement techniques (MT). Both sections are defined in table 3.3 with
the axial and the surface running length x, and z, respectively, for both applied measurement
techniques. The numbering of runs is grouped into three blocks with a leading one thousand
for the first PIV campaign, two thousand for the Pitot and three thousand for the second PIV
campaign.

7.1.1 Measurement Uncertainties

In this section measurement uncertainties of all relevant parameters are summarized. First,
general parameters of the wind tunnel inflow are listed. Then, details about pressure and heat
flux uncertainties are given. Finally, velocity and skin friction velocity uncertainties are reported,
which, in contrast to the other uncertainties, differed between the campaigns. If not otherwise
noted, for combined uncertainties linear propagation of uncertainties is assumed. This uncertainty
value represents a maximum level considering the most unfavorable and improbable case when
all independent influencing variables reach their minimum or maximum uncertainty value.

General:

The uncertainties of the inflow conditions are based on calibrations of the corresponding instru-
mentation and can be given with U,, = £0.1% (full scale of py = 70bar), Uy, = £1.1°C or
+0.4 %°C (whichever is higher) and Uz, = £0.04.

Pressure:

In case of the surface and Pitot pressure measurements, uncertainties were derived by calibration
of the corresponding ESP modules (see chapter 3.2). For the wall pressure, calibration of a
5 PSI module (345 mbar) resulted in a maximal uncertainty of U,, = £0.28 mbar. For the Pitot
pressure, calibration of a 15 PST module (1034 mbar) up to max. pressures of 900 mbar resulted
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7 Appendix

Table 7.1: Test matrix (s: smooth wall, r: rough wall, s(m): metallic smooth wall, r(SG): sand
grain type Carborundum rough wall).

Run Mag Res Poco 10,00 Poo Too Usx MS MT wall

No. []  [10°1/m] [bar] [m/s] [bar] [K] [m/s] [] [] [

1003  6.06 15.7 20.0 500 0.0119 60 940 1 PIV S
1004  6.06 15.6 19.9 500 0.0118 60 940 1 PIV S
1005  6.06 15.8 19.9 495 0.0118 59 935 1 PIV S
1006  6.06 16.0 20.1 494 0.0120 59 934 1 PIV s
1007  6.06 15.7 20.1 500 0.0120 60 941 1 PIV s
1008  6.06 15.8 20.0 497 0.0119 59 937 1 PIV s
1009  6.06 15.9 20.0 494 0.0119 59 935 2 PIV s
1010  6.06 15.6 20.0 501 0.0119 60 942 2 PIV s
1011 6.06 15.7 199 498 0.0119 60 938 2 PIV S
1012 6.06 15.7 19.8 497 0.0118 60 937 1 PIV T
1013 6.06 15.7 199 499 0.0119 60 940 1 PIV T
1014  6.06 15.3 20.1 511 0.0120 61 951 1 PIV T
1015  6.06 15.6 20.1 501 0.0119 60 942 1 PIV T
1016  6.06 15.1 20.0 511 0.0119 61 951 2 PIV T
2013 6.06 15.9 19.5 486 0.0116 58 927 2 Pitot S
2023  6.06 16.0 19.0 475 0.0113 57 917 2 Pitot S
2024  6.06 16.0 19.0 477 0.0113 57 918 2 Pitot S
2025 6.06 16.0 187 471 0.0111 56 913 2 Pitot S
2032 6.06 16.0 19.0 475 0.0113 57 917 1 Pitot s
2033  6.06 15.8 188 477 0.0112 57 918 1 Pitot S
2039  6.06 16.0 189 475 0.0113 57 916 1 Pitot s
2052 6.06 15.9 18.8 475 0.0112 57 916 1 Pitot S
2072 6.06 15.9 19.1 479  0.0113 57 920 1 Pitot r
2073 6.06 15.7 189 481 0.0113 58 922 1 Pitot r
2074 6.06 15.9 19.0 478 0.0113 57 919 1 Pitot r
2085 6.06 16.2 18.6 466 0.0110 56 907 1 Pitot r
2086  6.06 16.2 18.7 466 0.0111 56 908 1 Pitot r
2087  6.06 15.7 187 476 0.0111 57 917 1 Pitot T
2091  6.06 15.8 18.8 477 0.0112 57 918 1 Pitot T
2092 6.06 15.8 187 474 0.0111 57 915 2 Pitot r
2093  6.06 16.0 188 474 0.0112 57 915 2 Pitot r
2094 6.06 15.8 187 476 0.0111 57 917 2 Pitot T
2095  6.06 15.7 187 476  0.0111 57 918 2 Pitot r
2116  6.06 15.7 187 469 0.0111 56 911 2 Pitot s(m)
2117 6.06 15.7 186 463 0.0111 55 905 2 Pitot s(m)
2118  6.06 15.7 18.5 460 0.0110 55 902 1 Pitot 1(SG)
2119  6.06 15.7 187 453 0.0111 54 895 1 Pitot 1r(SG)
2120  6.06 15.7 18.6 468 0.0111 56 910 1 Pitot 1r(SG)
3006  6.06 15.6 20.0 501 0.0119 60 942 1 PIV T
3007 6.06 15.8 20.2 500 0.0120 60 941 1 PIV T
3008  6.06 15.2 19.9 507 0.0118 61 947 1 PIV T
3009  6.06 15.8 189 479 0.0112 57 920 1 PIV T
3010 6.06 15.4 19.8 502 0.0118 60 942 1 PIV T
3014 6.06 15.5 20.1 504 0.0119 60 945 1 PIV s
3015 6.06 15.6 18.8 481 0.0112 58 922 1 PIV s
3016 6.06 15.4 20.2 508 0.0120 61 948 1 PIV s
3019 6.06 15.5 20.1 506 0.0120 61 946 2 PIV S
3020  6.06 15.7 20.1 500 0.0119 60 940 2 PIV r
3023 6.06 15.9 189 477 0.0112 57 918 2 PIV T
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in a maximal uncertainty of U, , = £1.12mbar. Due to the necessity of ¢, normalization for
the combination of multi-run Pitot profiles, the final Pitot pressure uncertainty increased to

Uppiree = £15.82mbar due to the propagation of inflow parameter uncertainties.
Heat flux:

The uncertainty of the IR measurement according to the manufacturer as input to the heat
flux calculation according to chapter 3.4.2 was U, = +1K. The uncertainties of the absolute
convective heat flux via IR thermography were derived from calculations using the numerical
method described in chapter 3.4.2 with perturbed input parameters within their uncertainty
limits (e.g. the temperature dependent material parameters of PEEK within Ug, ppprx = £2.5%,
U, peex = £1.0% and Uy pppx = £5.0%). To determine the maximum absolute uncertainty of
the Stanton number, a linear propagation of uncertainties was applied. The influencing parameter
to consider for the Stanton number were the convective heat flux ¢, the upstream density po
and velocity V., which are calculated with pg, Ty and gas dynamic equations, and the wall
temperature Ty,. The uncertainties of these parameters were defined by the accuracy level of
the corresponding sensors. For the applied flow conditions and test environment this resulted
in a final uncertainty of U; = +5.1% and Us; = £9.9%. Single run heating augmentation
uncertainties are then Ugy, /g, =~ 19.8% Due to ensemble averaging for the augmentation
extraction, the corresponding uncertainties are relaxed to Usgy, .. /St . .40y = 3-3% and 3.6% for
the first and second PIV campaign, respectively.

In case of the local heat flux microsensors (HFM), the manufacturer Vatell states a measurement
uncertainty of 5%, combining repeatability and calibration accuracy. In contrast, several past
wind tunnel tests showed an increased uncertainty of up to U; = £10% (see [253]). Therefore,
this more conservative uncertainty was also used in this thesis. In case of the CT sensors, an
uncertainty of up to U; = £10 % was assumed, due to prior experiences (see [253]). For both
local sensor types this resulted in Ug; = +16 %

Velocities:

The relevant uncertainties for the flow velocities derived by PIV differed slightly between the
campaigns due to changes in the corresponding hardware (see section 3.3). Also the velocity
uncertainties derived from the Pitot pressure are reported.

First PIV campaign:

In case of flow velocities derived by PIV, uncertainties resulting from typical set-up and analysis,
lens distortion effects, laser pulse timing influences and calibration image were included with
the general procedure aligned to [141]. A typical set-up uncertainty (su) is approximated by
Us, = £0.1 pix, as usually given in the literature e.g. [275]. The lens distortion influence was
approximated with analysis of synthetic images via synPIV (see chapter 7.5.3). For this purpose
nominal synthetic images were artificially modified via pincushion distortion (di) to result in a
displacement of approx. 10 pix close to the image corners, described as typical values for the used
lens in [123]. This result in a particle displacement difference of Ug; = 0.2 pix. Furthermore,
the laser pulse timing influence (Ip) was based on the standard deviation derived by the laser
characterization Sy, = £1.1ns described in section 7.5.1. This resulted in U;, = K - S, = £2.2ns
for a 95% confidence interval. Additionally, a typical reading error of +5 pix for the calibration
images was used, which resulted in a magnification uncertainty (ma) of U,,, = +0.625 pix/mm for
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Table 7.2: PIV velocity uncertainties (second PIV campaign)

parameter nominal uncertainty comment

l 25 mm 0.01 mm from PIV calibration

L 2560 pix 1.5 pix from PIV calibration

At 250 ns 1.5 ns from diode

dx 26 pix 0.1 pix general setup

U (averaging) 0-926 m/s 7.4 m/s using value after [23] at profile
position of where u'u’ is maxi-
mum

U (E0.95) 0-926 m/s 9.9 m/s (IW 512x16 pix?), 95% CI

8.1 m/s (IW 64x64 pix?)

our set-up. The uncertainties for averaging over the available instantaneous velocity vectors were
based on the work of [23]. The total uncertainty resulted in Uy = 22.85m/s or Uy = £2.47%
based on the reference Taylor-Maccoll edge velocity at FCI of U = 926 m/s. Although the laser
pulse deviation seems to be quite small, with U;, = £1.8 % the laser pulse uncertainty has the
biggest impact on the total uncertainty Uy, which is a great challenge in hypersonic high velocity
flows.

In case of the the detailed analysis of viscous sublayer velocities (see e.g. figure 4.10) an additional
uncertainty of Uy, = 0.5 % was added due to the effects of non-constant wall temperature during
the wind tunnel runs. Outside this region this effect was neglected (see chapter 7.5.2).

Second PIV campaign:

In case of the second campaign, uncertainties resulting from typical set-up and analysis, calibration
quality and laser pulse timing influences were included with the general procedure aligned to
[141] (lens distortions were covered by the corresponding optical calibration procedure). Again, a
typical set-up uncertainty is approximated by Uy, = +0.1pix, as usually given in the literature e.g.
[198]. The calibration quality resulted from the rms deviation of calibration points from DaVis
to Ueq = 1.5pix. Furthermore, the laser pulse timing influence was estimated to Uy, = +1.5ns
based on the readings from the diode measurements. The uncertainties for averaging over the
available instantaneous velocity vectors were based on the work of [23]. The total estimated
uncertainty wih 95% confidence interval, derived by propagation of all above given deviations,
resulted in Uy = 9.9m/s or Uy = £1.1% based on the reference edge velocity. A representative
breakdown and summary of the relevant uncertainties is given in table 7.2.

Pitot campaign:

The uncertainty of the velocity derived from Pitot pressure was estimated at two different wall-
normal positions based on linear propagation. Uncertainties for Pitot and wall pressure as well
as wall temperature were included. The first point was located at y = 0.57mm (y™ = 35) in the
log-layer and one outside the TBL at y = 6.8mm (y* = 414). A difference of Appjior = 15.82 mbar
translated into AMa = 2.56 % and 0.9 % or AU = 2.25 % and 0.25 % for the lower and upper
wall-normal position, respectively.

Velocity fluctuations:
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In both PIV campaigns, the uncertainties for the turbulent fluctuations U, and U, were based
on the work of [23]. Three different approaches were applied and compared. Two approaches
were based on statistical assumptions for either normally or arbitrarily distributed fluctuations
for all images. The third approach applied a re-sampling algorithm via the bootstrap method.
The resulting uncertainties are directly given in the corresponding graphs in section 4. The
uncertainties of the values in scaled form were derived by linear propagation and are stated in
the corresponding chapters.

Skin friction velocity:

In the following the uncertainties of skin friction velocity u, are listed, derived by the different
applied methods i.e. the fitting approach (see chapter 3.10.2), the gradient approach (see chapter
3.10.3), the integral approach (see chapter 3.10.4).

To determine w, and II via the fitting approach, the equations need to be solved iteratively. In
case of the integral approach, differential equations need to be integrated numerically. Therefore,
classical uncertainty propagation methods, based on Taylor series expansion (TSM), are not
applicable. Therefore, in case of both approaches, the uncertainties were determined by a
Monte-Carlo method (MCM) (see e.g. [48]). This method samples errors drawn from assumed
distributions for every input parameter (measurement) and simulates running the complete
analysis process chain many times, each time with a different set of sampled errors. The
advantage of MCM is that it is not restricted to analytical functions in the process chain and to
small input uncertainties, since no linearization like in case of TSM is necessary. The challenge
for MCM is that the distribution for each input uncertainty and eventual inter-dependencies
between different input uncertainties need to be known and considered (see [48]).

Fitting approach, first PIV campaign:

For the fitting approach, additionally to u, also the uncertainty of the second fitting parameter,
the Coles wake parameter 11, is reported. In case of the PIV data, input parameters were the
reservoir temperature Ty and pressure pg, inflow Mach number Ma,, wall temperature T,,, wall
pressure p,, (equivalent to edge pressure by assuming constant pressure throughout the boundary
layer) , the wall-normal distance y and mean velocities U. These parameters were intentionally
biased by their corresponding uncertainties (according to the previous paragraphs) and seeded
for N = 8000 samples applying a uniform distribution. This is a conservative approach, since
no statistical information is given e.g. in the corresponding sensor data sheets. For the wall
temperature T, instead of the IR camera specification an increased uncertainty of Up, = £5K
was used to cover the differences in mean wall temperatures from run to run and run to numerical
data. For the wall-normal distance y, in case of PIV the error was estimated to 44 pix, resulting
in our set-up to U, = £0.02998 mm. The resulting values of the Monte-Carlo analysis can have
arbitrary distributions. The representative uncertainty of each resulting value is extracted to
represent a 95.4% confidence interval (CI) of the distribution, equivalent to a 20 uncertainty, if
the data would be normally distributed (which is the case for selected parameters). This resulted
in U, = +3.4% and Uy = +£10.2% based on mean values for run 1007 of u, = 53.6 m/s and
IT = 0.28, respectively. To show convergence of the MCM, the number of samples were stepwise
reduced to 4000, 2000, 1000 which changed the mean of u, by only 0.02%. The resulting 95.4%
uncertainty of the skin friction velocity changed by 0.8%, showing a clear convergence with only
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Table 7.3: Input to MCM uncertainty estimation for fitting approach for smooth wall Run3014
and ITW 512x16 pix? (rec.: rectangular distribution, norm.: normal distribution)

parameter uncertainty comment

Mas, 0.04 from nozzle calibration, rec.
Do 7000 Pa 0.4% FS, rec.
Ty 2 K 0.1% FS, rec.
Ty 5 K rec.
Pw 28 Pa rec.
Y 1.3e-02 mm from DaVis calibration, rec.
U 5.1 m/s 1 standard deviation, norm.

a 0.07% change between 4000 and 8000. Therefore, 8000 samples were assumed to be sufficient
to extract reliable statistics from the data.

Fitting approach, Pitot campaign:

In case of the Pitot data, the input parameters were the same as for the PIV data, except the
velocity is exchanged by the Pitot pressure pp;r and its corresponding uncertainty together with
a different U, = £0.05 mm, based on reference measurements [52]. The same MCM approach with
N = 8000 samples and equally distributed input uncertainties lead for a 95.4% CI to U, = £0.4%
and Uy = £11.5 % based on mean values for Pitot runs 2032&2033 of u, = 52.9m/s and IT = 0.18,
respectively.

Fitting approach, second PIV campaign:

For the second PIV campaign, most of the above stated input uncertainties apply as well, so only
the differences are mentioned in the following. Besides the different values for Uy as stated above,
the uncertainty of wall-normal distances U, was estimated from DaVis calibration, resulting in
our set-up to U, = £0.013mm. An exemplary table with the input is shown in table 7.3. MCM
analysis resulted for IW 64x64 pix? in U, = +£1.4% and Uy = £4.6% based on mean values
for Run3014 of u, = 51.6m/s and II = 0.39, respectively. For IW 512x16 pix? this resulted in
U., = £1.6% and Uy = £5.3%.

Gradient approach, first PIV campaign:

The maximum uncertainty of the gradient approach skin friction velocity is derived by linear
propagation of uncertainties with the following influencing input parameter uncertainties for
wall-distance Uy, edge pressure U, , wall temperature Ur, , wall density U, , wall viscosity U,,,
and velocity gradient close to the wall U () - This resulted in U, = £9.1%.

0y Juy

Integral approach, first PIV campaign:

In both cases, Pitot and PIV data, the biased input parameters were the edge temperature 7,
velocity U, and Mach number Ma., wall temperature T;,, boundary layer momentum thickness
# and distance in between the two input profiles Ax,. The uncertainties of the wall and edge
temperature, velocity, Mach number and momentum thickness were taken from the results
of the Monte-Carlo uncertainty analysis of the corresponding fitting procedure. The distance
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Table 7.4: Input to MC uncertainty estimation for integral approach for rough wall Run3014
and IW 512x16 pix? (rec.: rectangular distribution, norm.: normal distribution)

parameter uncertainty comment
U 5.1 m/s 1 standard deviation, norm.
T, 48 K 1 standard deviation, norm.
0 6.4e-3 mm 1 standard deviation, norm.
Tw 5 K rec.
As 1.3e-02 mm from DaVis calibration, rec.

was biased by uniformly distributed uncertainties for 8000 samples within their corresponding
uncertainties.

In case of the PIV data the analysis resulted for a 95.4% confidence interval in U, = £33.5%
based on mean values for run 1007 of u, = 51.2m/s. The uncertainty for the difference quotient
approach resulted in U, = 4+28.9%.

DQ

Integral approach, Pitot campaign:

In case of the Pitot data Monte-Carlo analysis resulted for a 95.4% confidence interval in
Uy, = £5.7% and U, ,, = £4.6 % based on mean values for run 203242033 of u, = 51.4m/s.
The higher uncertainty values in case of the PIV results can be attributed to higher input
uncertainties (from the fitting procedure) of edge Mach number, temperature and momentum
thickness with Upz,, = £6.5%, U, = +41.7% and Uy = +5.7 %, respectively. In contrast, the
same input values in case of the Pitot data are much smaller with Upz,, = 0.6 %, Ur, = +1.2%
and Up = +3.9%

Integral approach, second PIV campaign:

For the second PIV campaign, the input uncertainties changed slightly according to the hardware.
An exemplary table with the input is shown in table 7.4. In case of the IW 64x64 pix? data
the analysis resulted in U, = +11% based on mean values for Run3014 of u, = 48m/s. The
uncertainty for the difference quotient approach resulted in Uy, ,, = £9.5% . In case of the IW
512x16 pix? data the same analysis resulted in U, = £15% based on mean values for Run3014 of
ur = 47.8m/s. The uncertainty for the difference quotient approach resulted in U, ,, = £12.4%.
An overview of uncertainties for the second PIV campaign is given in table 7.5.

A few additional comments to the MCM uncertainty analysis: The fitting approach MCM can
be performed either with independent or dependent uncertainties for y and U (i.e. seeded
uncertainties for each wall-normal position). Here, independent seeding typically leads to lower
uncertainties, including U, _, except for II. Typically, the more conservative values are reported.

To wrap up the skin friction velocity uncertainty analysis, the above stated values do include only
procedural and no methodical uncertainties for the friction velocity. Methodical uncertainties can
only be determined by comparing the results to a reference value of higher accuracy, either from
experimental, numerical or analytical prediction. Most often, only cross-checks between different
methods or comparison to analytical predictions are given in the literature. For the comparable
Clauser chart method, which utilizes the velocity data and its slope only in the logarithmic
layer, typical uncertainties of approximately 5% are given in the literature for incompressible
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Table 7.5: u, and II MCM uncertainty estimations for fitting and integral approach for smooth
wall Run3014

U II
fitting integral fitting
avg + 95%CI MS1 MS1 MS2 MS1

iw64x64 51.6 £ 0.7 48.0 =+ 53 47.0+4.8 0.39 +£0.02
iwd12x16 51.8 £ 0.8 478 £6.9 46.9 +6.3 0.41 £ 0.02

95%CI [%]
iw64x64 1.41 11.04 10.20 4.59
iwb12x16 1.64 14.51 13.46 5.30

investigations (e.g. [197], [236], [274]). Squire et al. [240] states that the incompressible smooth
wall Clauser fit approach can be conservatively estimated to have < 8% uncertainty and his
own data shows deviations within < 2.5% in direct comparison to oil-film interferometry. For
compressible investigations, the performance is typically stated within approximately 10%
compared to analytical predictions like van Driest (e.g., [24], [236], [184], [289], [287]). This is in
agreement with observations in this thesis.

A further check to approximate methodical uncertainties at the test conditions of this thesis can
be made by applying the same analyses tools on computationally derived data from CFD. For
this purpose, smooth wall data for the FCI at T, = 360 K using the k-w turbulence model were
used. Keeping the wall-normal resolution as calculated by TAU, the fitting approach resulted in
deviations of Au, = 0.6 % compared to the friction derived by the solver. The integral method
led to deviations of Au, = —1.5% and Au, pg = —0.8%. All of the above values are within the
reported methodical uncertainties in the literature. Further checks have been performed (e.g.
wall-normal resolution) and are reported in section 7.2.1.

Wall temperature:

Due to the choice for PEEK as wind tunnel model with its low thermal conductivity, the
wall temperature changed during a wind tunnel run by approximately 3-10% , corresponding
to a viscosity change of approximately 2-9% .The corresponding impact on TBL velocity
measurements were based on numerical simulations, described in [171]. For larger wall-normal
distances, including the logarithmic layer, the difference is in the order of AU/U =~ 0.02% and
was neglected.

Particle slip:

The impact of particle lag is addressed in section 7.5.2 (see also [171]) for the current flow
conditions. Possible deviations on the mean velocity up to 2% of U, were approximated. For the
velocity fluctuations Stokes numbers in the order of 0.1 to 1 were estimated.

Model:

Uncertainties due to model manufacturing uncertainties were already addressed in section 3.1.
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Table 7.6: Coefficients for Antoine’s equation (eq. (7.1)) [41]

Oxygen Nitrogen
Validity 54.00K < T < 154.15K b54.15K < T < 125.712K
Coefficient A,, —3.4087E 4 00 —4.5048F 4 00
Coefficient B,, —1.0984F + 03 —9.7605E + 02
Coefficient C, 3.1801F + 01 3.6323F + 01
Coefficient D, 4.1906FE — 05 8.3635EK — 05

7.1.2 Condensation Analysis

Despite checks by other authors, a thorough check of Berg’s wind tunnel inflow conditions revealed
that there was an increased risk for local condensation in the flow. According to Berg [24], the
nominal inflow conditions were set to pg = 15.7 bar and Ty = 428 K. Via 1D isentropic equations
the resulting static pressure and temperature in the test section were caluclated to ps, = 0.009 bar
and T, = 51.2 K, respectively. This state is included in figure 7.1 together with different lines
representing critical conditions for either Nitrogen (N2) or Oxygen (Oz) condensation. Limits for
both constituents are included via the vapor pressure curves from the Chemical Engineering &
Material Research Information Center (CHERIC) [41]. The curves were derived by an Antoine
equation with four coefficients according to

log (pup) = Avplog (T') + BypT + Cyp + DW,,T2 (7.1)

and the coefficients listed in table 7.6.

Additionally, in figure 7.1 an additional is included, representing a condensation boundary
typically used for H2K tests, which combines the onset of condensation for different constituents.
Additionally to the conditions of Berg, the test conditions within this thesis (RC2014: FC1,
RC2015: FC2) and test conditions of Young [294] and Peltier et al. [182] are included in figure 7.1.
It is visible that Berg’s conditions are past the theoretical limit for Nitrogen condensation.

These vapor pressure curves are applicable if the flow conditions are in thermodynamic equilibrium.
This is not necessarily the case for high Mach numbers in Laval nozzles, where gases can occur in
a supersaturated state [175]. Here, the flow velocity counteracts droplet formation rates, which
are usually required as condensation nuclei. Therefore, in general the vapor pressure curve is
a conservative approach for the determination of the onset of condensation. In case of Berg’s
experiments, condensation might not have occurred but the risk was increased due to the choice
of inflow parameters.
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Figure 7.1: Condensation with data from [24], [182], [294]

7.1.3 Model Surface Scans

The model parts (smooth wall, technical roughness and Carborundum roughness) were measured
via an optical chromatic distance measurement device (see section 3.1). The 20x20mm? mea-
surement sectors were distributed at four circumferential positions at two streamwise positions,
corresponding to FOV1 and 2.

Figure 7.2 shows an exemplary 20x20mm? measurement scan of the technical square bar roughness
results.

Figure 7.3 shows an exemplary 20x20mm? measurement scan of the Carborundum sand grain
type roughness results.

The conical scans were post-processed to consider the conical contour and after that statistically
evaluated. Table 7.7 summarizes statistics of relevant parameters for the Carborundum sand
grain type roughness according to Bons [28]. Here, the nomenclature according to Chung et al.
[45] was used with additional information about corresponding names according to Bons [28]
in brackets. The table contains the total number of available points N, the mean 7 [-], the
median med(y) and the standard deviation std(y) of measured wall-distances y, the average
roughness height k, (Ra in [28]), root-mean-square roughness height k,,,s (Rg in [28]), maximum
peak-to-trough roughness height k; (Rt in [28]), the mean of the peak-to-trough roughness height
k. (Rz in [28]), the skewness SK and the kurtosis KU.
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mm ;
20 o

Figure 7.2: Exemplary 3D scan of square bar roughness

Mim

Figure 7.3: Exemplary 3D scan of sand grain type roughness
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Table 7.7: Statistics of 3D surface scans of Carborundum sand grain type roughness.

Field 1 4 5 8
N[ 117712 119429 113548 111750
7 [ 0461 0319 0436 0.365
med(y) [] 0469 0349 0444  0.385
std(y) -] 0.193 0236 0.185  0.202
ko [ 0461 0319 0436 0.365
kems [ 0500 0.397 0473 0.417
ke [ 0454 0458 0411  0.454
k. [ 1160 1.017  1.005  0.938
SK[] 3078 4690 3.336 4171
KU[-] 4904 9.023 5434  7.506
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7.2 Additional Skin Friction Velocity Investigations

7.2.1 Skin Friction Velocity Methods Validation

The different methods to derive skin friction velocities (see section 3.10.2 to 3.10.4) were validated
against different data which is summarized in the following.

7.2.1.1 Fitting approach

The fitting approach was tested with heritage data and artificial velocity profiles. First, the
fitting approach utilizing eq. (3.47) is addressed. After that, the second approach utilizing eq.
(3.52) is analyzed.

First, eq. (3.47) was tested on smooth wall data (e = Omm, AUT = 0). Figure 7.4 shows results
from the fitting approach on DNS data according to [296] (M6Tw076 condition, which is close to
the condition tested in this thesis). The results of this procedure are shown in the different inner
and outer scaling plots and list of parameter values given in the inset in the upper left corner.
In general, all fited data agree closely to the theoretical curves (see also description in section
4.2.2). The skin friction velocity u, = 45.37 is very close to the value u, = 45.1 from DNS. The
resulting IT = 0.36 cannot be compared directly to input from DNS but a good agreement of the
fit (red line) to the data (symbols) is visible in the inset in the inner scaled plot (upper right,
which shows a zoomed view with reduced data points).

Second, artificial velocity data of representative smooth and rough wall profiles in the form
U = f(y) via eq. (3.53) were created for FC1 with input of Ma = 6.06, py = 20bar, Ty =
500K, T,, = 360K, p, = 2362Pa, 6 = 4mm, ¢ = Omm and AUT = 9. The impact of Pitot and
PIV resolution near the wall was estimated with artificially under resolved profiles from the
artificial data. Figure 7.5 shows exemplary artificial data in inner and outer scaling according to
[73] of a full profile in figure 7.5a and cut by five near wall points (y™ (1) = 65) in figure 7.5b.
Table 7.5 contains a summary of this resolution sensitivity study. It is visible that the method is
very stable, even for poor near wall resolution (tested up to y™(1) = 187), since it takes data in
the wake part into account.

Furthermore, the fitting approach was used on the k¥ = 1.27mm and k£ = 1.65mm transverse
square bar roughness data according to [288] at Ma. ~ 7.2 and Re, = 715. The results for
k = 1.27mm are visible in figure 7.6a with u, = 88.2m/s, Il = 0.53 and AU = 9.26. The
reported data was u, = 92m/s, II = 0.38 and AUT = 9.3. It is visible that the velocity shift is
well captured whereas the skin friction velocity and wake component values differ slightly. As a
counter example in figure 7.6b it is visible that the reported values with w, = 105m/s, IT = 0.38
and AUT = 11.4 are not well captured by the fitting approach with w, = 71m/s, IT = 0.98 and
AU = 8.5 on the k = 1.65mm roughness. One observation for the experimental data of the
latter case is a non-monotonic and non-continuous slope of the profile, which complicates the
analysis with any chosen method, so that a clear result is not expected.

An additional comment to the above comparisons to data by Williams. In both of the above cases
the shift of origin € was kept as reported by Williams et al. [288], based on a method by Perry
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Figure 7.4: Test data in inner and outer scaling according to [73] with DNS data according to
[296].

Table 7.8: Results of test of fitting approach along 7° cone at FC1 with changing simulated
wall normal resolution according to PIV
yt (1) u, I AU*
/) [
input 74.49 0.80 9.00
25 7417 080 894
34 7445 0.80 8.99
41 74.18 0.80 8.94
49 7418 080 8.94
57 7415 080 894
65  74.01 0.80 8.90
110  75.05 0.81 9.20
148  74.52 0.81 9.06
187 74.33 0.81 9.01

and Joubert [185] (see section 7.2.2). It needs to be mentioned that with their reported negative
values for €, the resulting origin would lie above the roughness crests. Although not uncommon,
this is in contrast to the acceptable value range of the majority of previous investigations, for
which the origin is located between the floor and the crest of the roughness elements (see e.g.

238



7.2 Additional Skin Friction Velocity Investigations

kappa_LawOfTheWall)=0.4
Biats Borghitinge74.16675557 30 : data
pi_bar BergFitting=0,.8025609728 — theory
Du+_BergFitting=8.936156468
epsilon_BergFitting=-6.341310471E-006 25
325333'%3%3?352133
f—— 20
. 0.6 o
\w [ + 5 15
S5 04 =)
[ o 10
0.2} 5
% 002z 004 006 008 0.1 HEEETOUNET
y/8[-]
8
= ef=, =
3.4 nuu =p
DE 47 :"u E_ fﬂﬂ‘
IE | ﬂnu :|==
&) + ' o
0—3 2.5 -2, -1.5 -1 0 0.2 0.4 0.6
In(y/A) [-] y/5[-]
(a)
e 0 . ama
:ifggrfeBrgrg;F;R?n};:d.8035660447 theory
Du+_BergFitting=8.902316918 [
epsilon_BergFitting=-1.022790971E-005 25
s |
e 20
T 0.6 - /
> [ ty 15
S 0.4 =) / i
i 10 y 28
0.2} 5 3
% ~002 004 006 008 oA CREEETNNET:) .. Jo> 10° 10
y/8 [-] Yy [-]
8 o e
= 6} =
3 Fe s
:% 4'_%“ 54 /
- S =)
R s
2 2 %o 2-15
0—3 2.5 -2, -1.5 -1 0O 0.2 0.4 0.6 0.8 1
In(y/A) [-] y/5[-]

(b)

Figure 7.5: Streamwise mean velocity from artificial data in inner and outer scaling according
to [73] with full profile in a) and cut by five near wall points in b).
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Table 7.9: Validation results for the calculation of u, via (3.52) (*: fitted values).

ot Utj}f,e II AUT Ur Ur
(3.52)
0 HH s s [y
artificial profiles
smooth 226  20.6 0.4 0 52.3
rough 322 144 0.8* 9 74.49  74.49
after [145] - -
smooth 378 226  0.58* 0 0.0446
rough 0.33* 9.86 0.0737 0.0766
after [7] Ma2.5
smooth 361 199 0.13* 0 35.04
rough 689 - 4.7 40.94  40.71
after [7] Ma5.0
smooth 269 19.2  0.14* 0 80.77
rough 500 - 2 84.03  83.63

[24], [25], [152]). An own assessment would probably end up in a different € which would most
likely change also the resulting roughness parameters. Unfortunately, Williams didn’t report a
second profile downstream from the first, so that the reported approach in this thesis cannot be
applied directly.

As a general comment, it needs to be mentioned, that the above observation, that some data
can be rebuild with good agreement whereas others of the same author might not, was not an
uncommon experience and should highlight how delicate the analysis is.

The second, new fitting approach utilizing the formulation for u, via eq. (3.52) was tested with
three different sets of data. First, artificial velocity profiles were used to test eq. (3.52). Second,
DNS data of incompressible TBL along square bar roughness was used, where all parameters can
be independently derived from the data set [145]. Third, DNS data of compressible TBL along
3D block roughness was used [7]. Additionally, the complete fitting procedure, by applying (3.48)
and (3.52), was tested on the first two. All results can be found in Table 7.9.

For the artificial velocity profiles, equation (2.7) was used to create representative profiles with
input of Ma = 6.06, pg = 20bar, Ty = 500K, T,, = 360K, p, = 2362Pa, 6 = 4mm and varying
AU™ (see section 3.10.2 for AU :} ;= 9). Table 7.9 shows relevant parameters of the profiles and
the Asterisk in the column for the wake parameter Il indicates that the value was fitted and
was not independently given in the publication. The resulting u, from Eq. (3.52) is in excellent
agreement to the input value. This is also the case for the incompressible TBL data along TSBR
with A/k = 8 according to [145] and compressible TBL along (non-staggered) block roughness
(k/L=0.16, k/W=0.16) with \/k = 6.25 according to [7].
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Figure 7.6: Streamwise mean velocity from artificial data in inner and outer scaling according
to [73] with a) £ = 1.27mm and b) k = 1.65mm transverse square bar roughness profile according

to [288).
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7.2.1.2 Integral approach

Within the derivation of equations for the integral approach, it was assumed that /0 = const.,
which was expected to be an acceptable approximation along a cone, apart from the region close
to the nose. This is visible in Fig. 7.7 which shows BLcode calculations of smooth and rough 7°
cone simulations at FC1, where the differences in the region of interest (MS1 to MS2 marked
with orange rectangular) is below 1%.
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Figure 7.7: Ratio of boundary layer thickness to momentum loss thickness along smooth and
rough 7° cone from BLcode at FC1

The integral approach was tested and validated with numerical data along a flat plate (second
term in equation (3.57) is omitted) and cone derived by the codes described in chapter 3.9 and
3.8. Lines in figure 7.8 show results for the BLcode data along a 7° cone at FC1 with a smooth
wall and three different EQSR values. Symbols represent the corresponding calculations via
integral approach, which used the 67 at x1 from the BLcode as input and stopped at x5, where
x1 and 9 correspond to MS1 and MS2 as in the experimental setup. For these test cases the
resulting percentage deviations of the skin friction coefficient is typically |Acye| < 1.2% (see
table 7.10). Additionally heritage data from other investigators were used as test cases, which
partly show larger deviations (see table 7.10).

The impact of PIV resolution was estimated with artificially under resolved profile data from
CFD to result in typically |Acs.| < 6% for IWs of 64 pix or less (see table 7.11).
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Table 7.11: Results of test of integral approach along 7° cone at FC1 with changing simulated wall normal resolution according
to PIV

Ay Ay AyT 01 02 ¢f1,0DE Cf1,Fenter Acf1,0DE Acfi Fenter B’ kT Ur1 [Acyi 0DE [Act1 Fenter!
[pix] [mm] [-] [mm] [mm] -] -] [%] %] L] - [m/s] [%) (%]
0 0.000E+00 0 0.177  0.213  1.217E-03 1.214E-03 0.41 0.17 15.39  5.96  49.19 0.41 0.17
8 7.080E-05 4 0.172  0.207  1.188E-03 1.185E-03 -1.97 -2.19 15.75  5.30  48.61 1.97 2.19
16 1.416E-04 8 0.171  0.206  1.185E-03 1.182E-03 -2.18 -2.41 15.79  5.24  48.55 2.18 2.41
32 2.832E-04 17 0.168  0.203  1.175E-03 1.174E-03 -3.00 -3.14 15.93  4.82  48.37 3.00 3.14
64 5.664E-04 34 0.159  0.194  1.148E-03 1.185E-03 -5.29 -2.19 16.33  4.85  48.61 5.29 2.19
128 1.133E-03 67 0.141  0.176  1.082E-03 1.212E-03 -10.69 0.06 17.30  4.92  49.16 10.69 0.06
256 2.265E-03 134 0.104  0.139  9.555E-04 1.281E-03 -21.14 5.70 19.49  1.70  50.53 21.14 5.70

244



7.2 Additional Skin Friction Velocity Investigations

0.008

0.006

]

20.004

c

0.002

smooth

ks=0.500mm - ks/k=1.00
ks=1.000mm - ks/k=2.00
ks=1.500mm - ks/k=3.00

squares - Fénter
deltas - ODE

0.4 0.6 0.

x [m]

0.0004

6 [m]

0.0002

Figure 7.8: Test of integral approach along 7° cone at FC1 (only every 100th point shown for
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Figure 7.10: Effect of the shift of origin € on the theoretical curve from the law-of-the-wall for
rough flows according to [110].

7.2.2 Role of Shift of Origin

The shift of origin is sometimes denoted with €, d, dO or other entities. Also the definition
may change, depending on the author. E.g. the top of the elements can be used as reference,
especially if the general origin or bed on which the roughness elements are mounted cannot be
determined [45]. Both options are visualized for the case of a transverse square bar rough surface
in figure 7.11 with € as the shift of origin as measured from the top of the elements and dO as the
one from the ground level or bed of roughness. If not otherwise noted, € denoted in this thesis
refers to the definition shown in figure 7.11. In the following and in the general context of rough
wall TBL equations (like e.g. eq. (3.73)) y indicates y = yr+e€ and § = dr + € where the subscript
T indicates the top (crest) of the roughness element (see also figure 3.3, figure 7.11 in case of
transverse square bar roughness). Especially the second condition to scale also the boundary
layer thickness is not indicated by every author and might lead to erroneous results, especially
once k and therefore € is a relevant portion of §. Typically, it is assumed that 0 < e/k < 1.

To visualize the general effect of € on the inner scaled velocity profile, figure 7.10 shows the
logarithmic portion of the smooth wall (eq. (3.73) with AU = 0) and rough wall law-of-the-wall
(eq. (3.73)) where the latter is plotted with and without the effect of introducing e. It is visible
that points of constant velocity are shifted along the y* axis by the amount €™ (see point 2 to 1
in figure 7.10). The effect of introducing e for the complete profile is visible with the departure of
the slope from the smooth wall value 1/x for the curve including € compared to the one without
(here the nominal slope is encountered for € = 0 whereas along real roughness topologies it would
be the other way around). Apart from this effect, € also enters the wake formulation via the term
y/0 and therefore effects also the profile outside of the log-region (see eq. (3.73)).

There are a multitude of different approaches to extract e. A selection of methods is discussed in
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7.2 Additional Skin Friction Velocity Investigations

the following, which are categorized in different groups.
mean velocity fitting type:

One group is termed mean velocity fitting type, since it exploits the measured mean velocity
profile to fit a certain theoretical slope or distribution in specific boundary layer regions via
the necessary parameters, including e. This group can be further sub-divided according to the
layer from which the velocity profile is exploited. All of the fitting approaches do need further
parameters like the skin friction velocity u,. If there is no independent measurement, this
parameter need also to be fitted. Therefore, the search for € has some overlap with the search
for u, (see chapter 3.10.2). The most widely used approach exploits the mean velocity in the
logarithmic portion of the TBL. One of the first to use this method was Moore [164] for TBL
along TSBR, where he was able to rebuild the smooth wall 1/ slope if he added ¢ = 2/3k
to his data (some authors remark the rather small values of §/k [110]). This approach is also
sometimes labeled modified Clauser method by Perry and Li [186], refined from an earlier version
in [185]. Some authors also term it error in origin method [185], [10]. The underlying intention of
modifying € is to maximize the extent of the logarithmic region of the mean streamwise velocity
profile. This method is applied in some variations by e.g. [219], [221], [209]. All these methods
assume a constant smooth wall 1/ slope. One challenge of this method is the ambiguity of
results for a fitting of several different parameters at the same time. Another drawback is to
identify beginning and end of the logarithmic portion of the profile and the corresponding data
points. Even for smooth walls the limits of the log-layer are blurry and at the same time, both
u,; and € modify the corresponding y* values of a data point and therefore may change its
position to different layers. This approach was tested on selected data of this thesis and is labeled
“pseudoPerry” (see section 4.2.2).

Apart from the logarithmic layer, there are methods to fit the outer layer mean velocity via the
velocity-defect law [135], [35], [83], [19]. This method usually has the advantage of exploiting
more data points of a larger portion of the TBL and typically measurements of mean velocity
in the outer layer are less demanding than in the very near-wall logarithmic layer. Another
advantage is that due to the formulation of the defect law, less parameters than in the log-region
need to be fitted. This can be seen by formulating the equation according to [135] starting from
equation (2.7) to get

UF U+ =
( log (6%) + B + —w (1) — AU+>
- ( log (y*) + B + %W (g) AU+> - (7.2)

where W (y/d) is again the (smooth wall) wake function of choice (eq. (2.11)). As visible, by
formulating the difference for the velocity-defect formulation, on the right hand side of eq. (7.2)
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the viscosity, B, AU™ are eliminated. In contrast to fitting eq. (3.73)a functional dependence
of f = (y,U0,ur,11,e,B,k, 1y, AUT) is reduced to f = (y,U,d,u,,ILe€ k,1,). This is a reduction of
only two parameters but may ease the challenges for multi-parameter fitting. This approach was
tested on selected data of this thesis and is labeled “Krogstad” (see section 4.2.2).

A special kind of the outer layer fitting is the approach introduced by [83] and also used e.g.
in [19]. It used a graphical method via the velocity defect profiles but plotting it against a
term yru, /(65Ue), where 07 represents the displacement thickness in a coordinate system with
origin at the top of the elements (see e.g. figure 3.3). This plot is overlaid with the following
expression

Uf —Ut =

—1
€ ur\ [ yr ur 1 oF (7.3)
14+ (=) (£ “log (142 ) —o.
*(%Ue) (we) n°g< +5;) 06]

where y = yr + € and 0* = 0} + §7, so that 7 is the difference in displacement thickness in
the y and yp coordinate system. By tuning the parameters € is found if both eq. (7.3) and the
data points agree in the described plot. One obvious challenge of this method is the necessary
near-wall resolution of data points due to the integration for the displacement thickness. This
approach was tested on selected data of this thesis and is labeled “Furuya” (see section 4.2.2).

+

Apart from the above, there are methods to fit (only) the wake portion of the velocity profile.
E.g. [185] describes an approach where the wake function and its value of f(y/d) = 2 is exploited
but which is only recommended for a large wake strength II > 1. This approach was tested on
selected data of the current thesis and is labeled “Perry wake” (see section 4.2.2).

volume aspect type:

Another group is termed volume aspect type, since it tries to keep the volume of flow the same
between smooth and rough wall. It is based on the early work by Schlichting [212], which argued
that the shift € reflects a height a hypothetical smooth wall should have as origin to bound the
same fluid volume than the rough surface. Another explanation argues with the height which the
surface would possess if the material would be melted at constant volume, therefore sometimes
called melt down height. This approach can be applied easily on technical rough surfaces with a
defined topology. Figure 7.11 shows a sketch of a TSBR with definition of the shift of origin
and two areas Al and AII, necessary to define the melt down height.

With AT and AII one can derive € based on geometrical grounds via

Avough = AT+ AIT = (A~ 1) + (i - k)
Asmooth - (/\ : (h + 6))

A'rough ; Asmooth = (74)
ik ik
N 4w
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Figure 7.11: Sketch of a TSBR with definition of shift of origin ¢ and melt down height

Coleman et al. [49] noted that Schlichting’s displacement height is logical but criticized that
it is unrelated to any characteristics of the rough wall velocity profile. Apart from that, there
have been suggestions for extensions to include flow separation regions [87], [110], [244]. The
idea behind the extensions were that besides the volume of the roughness topology also the
added volume of separated regions near the roughness elements needed to be included. Stewart
and George achieved fairly good agreement with the estimation of € using the idea of the mean
separated flow region acting as an approximate mean roughness height for determining e.

pressure contribution type:

Another group is termed pressure contribution type, since it exploits forces and moments (pressure
and friction) acting on the roughness elements. Jackson [117] argued that the shift represents
the mean height of momentum absorption by the surface and therefore the centroid of the drag
profile is necessary to evaluate e. This is only possible if the complete skin friction and pressure
distribution along the rough surface is know. This is available in computational analysis but
seldom in experimental studies. Therefore, several computational investigations applied this
analysis, e.g. using DNS [148], [150], [145], [143]. If roughness elements allow the implementation
of pressure taps along relevant surfaces of the elements, authors have derived wu, for single
roughness elements with the assumption of negligible skin friction contribution, based on an
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integral momentum balance (e.g. [187], [10], [83]). The assumption of a dominant pressure drag
is equivalent to assuming fully rough flow. Although the skin friction is not dominant in this
case, it will have some amount of contribution and therefore this assumption will also affect the
derived u, [125]. Once a pressure distribution is known and the assumption of negligible friction
is accepted, one can also apply Jackson’s method to experimental data [125], [10]. Experimental
comparisons between € extracted by the method of Jackson against a fitting procedure resulted in
a difference of ~ 30%. In contrast Leonardi et al. [150] compared the same methods along TSBR
in turbulent channel flow computed via DNS and reported that results of both methods agree for
small values of A\/k = 1/\s but larger differences occur when A\/k = 1/\; 2 6. Although widely
applied, especially in numerical studies, the method according to Jackson is not free of criticism
(e.g. [45]). Chung criticizes that the method typically assumes zero pressure gradient and fully
developed flow, which seldom are perfectly satisfied in either TBL or internal pressure—driven
flows like pipe or channel flow [45].

mixing length type:

Another group is termed mixing length type, since it uses a modified mixing length model, defined
by a characteristic length scale of roughness and e [110]. This approach lends from the classical
smooth wall turbulent mixing-length idea of Prandtl and introduce a characteristic roughness
length scale, like k, comparable to other approaches, e.g. [260], [71], [136].

zero velocity type:

Another group is termed zero velocity type, since it uses the location where the mean velocity is
zero to define e. This was applied e.g. in [222] along sand grain and sprayed epoxy surface. The
challenge for this method is not only to measure the velocity profiles below the elements crest
reliably to identify possible zero velocities but also that U(yr + €) is not necessarily zero above
rough walls [45].

alternative type:

Another group is termed alternative type, since it makes use of alternative scaling laws. E.g.
Huang[112] proposed an alternate scaling for the mean velocity in the roughness sublayer with
U~ =Ut—-U} and y~ = y/e, where U, is the spatially averaged (temporal) mean slip velocity
at the wall distance corresponding to the top (crest) of the roughness elements, which is typically
non-zero, depending on the roughness configuration [112]. Based on this formulation, the author
is able to scale the velocity profiles of a variety of computational and experimental studies along
different technical roughness topologies (2D and 3D). This scaling includes the roughness sublayer
in the immediate vicinity of the roughness elements, additionally to the log-layer.

To wrap up the different types of methods to extract e, Hopkins [110] compiled a comparison
between some of these different methods. They performed LDV measurements in a TBL along
sand grain, grid and hemispherical roughness topologies and tested some fitting and the mixing
length approaches. In general all fitting approaches were evaluated problematic. The outer layer
fitting according to Krogstad et al. [135] was deemed insufficient due to unrealistic values. The
mixing length method gives realistic values except for the sand grain roughness. Other than that,
the resulting values were not further evaluated.

For the special case of TSBR, figure 7.12 gathers selected shift of origins ¢/k and show a plot
against A\/k = 1/As. It includes values via the method by Jackson from surface pressure data
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Figure 7.12: Shift of origin €¢/k against wavelength A/k for TSBR from different authors

reported in [10] and by the method of Huang et al. [112]. On the one hand it shows a general
tendency of increasing e with increasing wavelength of elements A\/k = 1/),. This is anticipated
since for increasing wavelength the single elements exhibit more and more of the external flow
and tend toward the isolated flow regime. On the other hand, huge scatter is visible. This is
true for different methods e.g. between values derived by the Jackson method (Leonardi2003
(DNS) data points), meltdown height (corresponding label) and Huang’s method. And it is also
true for different datasets at the same wavelength. E.g. at A\/k equal 4 or 5 a scatter in between
¢/k = 0.2 —0.9 is visible. This huge range of values was even extracted along the same roughness
(TSBR) from the same author with the same methodology [209], [208]. This gives an indication
of the inconclusive situation about the shift of origin. The major challenge is that the shift
of origin parameter depends on the flow and roughness topology, as the equivalent sand grain
roughness [45]. Besides the already challenging endeavor for incompressible flows, in compressible
flow even further challenges exist (see chapter 4.2.2).

7.2.3 Shift of Origin Analysis

Selected methods of the previously described methods to derive the shift of origin e (see sec-
tion 7.2.2) were tested on data of this thesis.

Exemplary results are shown in figure 7.13 for data of run 3007. In figure 7.13a the profile data
(symbols) are shown to be fitted with good agreement to the outer layer formulation according to
Krogstad et al. [135] (line labeled “Krogstad”). In figure 7.13b the data is fitted in the log-region
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according to the method labeled “pseudoPerry” (after Perry and Li [186] or Schultz and Flack
[219], see section 3.12) and in the wake part to “Perry wake” (after Perry and Joubert [185], see
section 3.12).

Also in this plot, the agreement of the log-fit (blue dashed line) as well as the wake fit (not directly
visible) is in good agreement to expected behavior. Other profile data show comparably good
visual agreements between correlation and data. Despite this apparent success of the approaches,
the derived values for € showed large scatter, if results from different selected extraction methods
and different runs / different averaging regions for the profiles were compared. This was presented
visually in figure 4.14 of section 4.2.2 and can also be found in the following table 7.12, which
contains extracted shift of origin €/k (all for IW 512x16 pix? of second PIV campaign).

Table 7.12: Shift of origin €/k determination via different methods described in chapter 7.2.2
(all for TW 512x16 pix? of second PIV campaign).

run avg. pseudoPerry  Perry wake Krogstad Furuya
m] H g B H
3006 0.496<x<0.500 0.4 0.6 0.9 0.0
3006 0.498<x<0.500 0.4 0.8 0.0 0.0
3006 0.496<x<0.498 0.3 0.5 0.5 0.0
3007 0.496<x<0.498 0.2 0.2 0.4 0.1
3007  0.498<x<0.500 0.3 0.7 0.8 0.3
3007 0.496<x<0.500 0.2 0.4 0.4 0.2
3008 0.496<x<0.498 0.1 0.1 0.4 0.3
3008 0.498<x<0.500 0.2 0.2 0.5 0.1
3008 0.496<x<0.500 0.1 0.2 0.5 0.2
3009  0.496<x<0.500 0.2 0.4 0.4 0.5
3009 0.498<x<0.500 0.3 0.4 0.4 0.4
3009 0.496<x<0.498 0.2 0.4 0.3 0.6
3010  0.496<x<0.500 0.2 0.4 1.0 0.1
3010  0.498<x<0.500 0.3 0.6 1.0 0.2
3010 0.496<x<0.498 0.2 0.0 0.4 0.2
3020 0.626<x<0.628 0.2 0.7 0.6 0.0
3020 0.628<x<0.630 04 0.6 0.7 0.2
3020 0.626<x<0.630 0.2 0.5 0.8 0.1

As visible by the spread of resulting €, run-to-run and also the range and size of the mean velocity
averaging had a sizable effect without a converging answer. Therefore, a different approach
was used to define ¢ was used in this thesis, described and corresponding results reported in
section 4.2.2.
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Figure 7.13: Example plots for the extraction of shift of origin € for data of rough wall Run3007
following a) the “Krogstad” (see [135]) and b) the “pseudoPerry” (see [186] or [219]) and “Perry

wake” approach (see [185]).
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7.3 Additional EQSR Investigations

Table 7.13 and 7.14 summarizes additional parameters for selected roughness topologies.
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Table 7.14: Selected compressible roughness studies, topology parameters; Topology parameters: A: Danberg and Sigal [51],

ADvorak: Dvorak [60], Ag: Sigal and Danberg [226], A\o: Huang et al. [112]; Roughness types: TSB: Transverse square bars

Main Roughness A/k=1/\,=1/As k w ) ADvorak A A X2 Dpyorak  Dpanberg Reference
investigator type (-] mm] [mm] [mm] [-] e O e O [-] (-]
Berg1977(Ma6.0) TSB 4.0 1.27 1.27  3.81 4.00 4.00 4.00 0.19 —0.38 —0.28 [24]
Sah002009(Ma7.3) TSB 5.0 1.65 1.65  6.60 5.00 5.00 5.00 0.14 2.36 2.20 WOB
Sah002010(Ma7.3) TSB 5.0 1.65 1.65 6.60 5.00 5.00 5.00 0.14 2.36 2.20 [208]
Sah002010(Ma7.3) TSB 8.3 0.75 0.75 5.50 833 833 833 0.08 —0.09 2.20 [208]
Latin2000(Ma2.9) TSB 3.9 056 0.56 1.62 3.89 389 3.89 020 -0.71 —0.62 [139]
Pritchet2001(Ma0.22) TSB 3.9 0.56 0.56 1.62 3.89 389 3.89 020 -0.71 —0.62 [195]
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7.3.1 Alternative EQSR Extraction Method Validation

Table 7.15 shows relevant parameters of the profiles and the resulting fitted values of the equivalent
sand grain roughness k; ¢ which show deviations below 0.2 % to the values calculated via eq.
(3.74) based on given input AU, ., v, and k7.

Table 7.15: Comparison of EQSR approaches according to method in section 3.10.2 via eq.
(3.74) and eq. (3.76).
wall ot Ue‘;ﬁ6 I1 AUg}f Ur ks ks, it
o H [ m/s] [m/s]  [mm]  [mm]
smooth 226 20.6 0.4 0 52.3 - -
rough 236 19.7 0.8 3 54.7  0.2280 0.2285
rough 273 17.0 0.8 6 63.2 0.6554 0.6563
rough 322 144 0.8 9 74.5  1.8453 1.8461

7.3.2 Literature EQSR Uncertainty Investigations

This chapter contains the EQSR uncertainty estimates of selected literature cases, based on
the described method in section 3.12.2. The representative literature cases include the already
mentioned case from Bhatt and McClain [26] for technical roughness data originally from
Schlichting [212] of plate No. XXV at 20 m/s. This represents an incompressible case with
the benefit to enable a comparison to derived uncertainties from [26]. Table 7.16 contains the
assumptions for the corresponding input uncertainties. Another incompressible case is analyzed
with the high Reynolds number hot-wire anemometry data along sand-grain roughness for case
1 (x=21.7m, U=30.4m/s) data by Squire et al. [240] with the corresponding assumed input
uncertainties in table 7.18. A supersonic case is studied with the first PIV profile measured along
the square roughness from [69] with the corresponding assumed uncertainties in table 7.17. A
hypersonic case is studied with the PIV data along the k=0.75mm square bar roughness from
Sahoo et al. [208] with the corresponding assumed input uncertainties in table 7.19. Finally, a
further hypersonic case is studied with the profile for the smooth-to-rough case at x=47.4 inch
along the k=0.05 inch square bar roughness from Pitot data by Berg [24] with the corresponding
input uncertainties in table 7.20.

If available, the input value uncertainties were taken as published or an educated guess was made
otherwise (marked in the comments column). The profile data are either digitized from plots or
from tabulated data of the corresponding references (e.g. Berg’s data from [74]). The digitization
is a source for additional error, which is accepted here. The input uncertainties are sometimes
reported as absolute sometimes as percentage values. Before fed into the calculation for UPCs
and UMFs, the percentage input uncertainties were re-calculated based on relevant scales. This
included e.g. the wall-normal uncertainty U, being based on 0.39, representative of largest
log-layer extent (see section 1) instead of the mean value. Also, the shift of origin uncertainty U,
was based on corresponding roughness heights k. The latter was especially necessary, since for
some authors the assumed nominal € was zero. A different choice for these values would change
the percentage partition between the inputs and so an optimal choice is a matter of discussion.
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During data collection, several discrepancies were encountered. E.g. in Ekoto [69], [66], [68]
and [67] different inner scalings and roughness parameters are reported, although it seems as
though the same data sets are discussed. This is also the case for data reported in Sahoo et al.
[209], [208]. These differences give already a hint about the sensitivities of the EQSR extraction
process.

First, the percentage partition of the input uncertainties are shown in figure 7.14a. For that, all
input percentage uncertainties are re-scaled to add up to 100%, i.e. for inflow Mach number,
reservoir pressure and temperature, wall temperature and edge pressure, (edge) velocity, wall-
normal position, skin friction velocity and shift of origin. It should give a qualitative reference
about the different contribution of input uncertainties. It is visible that usually the main
contributions come from uncertainties in y, u, and in case of compressible cases also p., which
are important due to their role in the van Driest transformation. It should be mentioned that
in Berg’s case [24], with approx 1 % a rather small uncertainty is reported for the skin friction
velocity measurements (measured by a floating balance).

In 7.14b, the final EQSR extraction result uncertainties are given, represented by the Coles wake
function II (“Pi”), the roughness function AU (“DU+") and the normalized EQSR « = k;/k
(“alpha”). All three values come out of the analysis framework, presented in 3.10.2 and 3.12.
In case of Bhatt and McClain [26] no value for II is given since it is based on Schlichting’s
channel flow data. In general, the percentage error for the normalized EQSR « (alpha) is larger
than for the corresponding roughness function AU (DU+) uncertainties, since the mean «
values are smaller (approx. 0.8 —4.0) than the mean AU values (8.6 — 12.9). In general, for
compressible data ([24], [69], [208]) both the roughness function and the EQSR are prone to
higher uncertainties than for incompressible data ([240], [26]). This was expected due to e.g.
partially higher uncertainties in measurement quantities as well as additional uncertainties due to
e.g. van Driest transformation. For the EQSR up to Uy—g, /1 = 10 % and up to Ua=k,/x =~ 30 %
need to be taken into account for incompressible and compressible investigations, respectively.
As already stated, these values do not represent exact uncertainty predictions for the heritage
data but can act as an order of magnitude reference for data in this thesis.

The results of the quasi UPC for all literature cases are shown in figure 7.15 and the quasi
UMF in figure 7.16. In both cases the EQSR uncertainty results are again represented by the
three parameters IT (“Pi”), AUT (“DU+") and o = k,/k (“alpha”). It is visible in figure 7.15
that for investigations up to supersonic velocities ([240], [26], [69]), the main contributor to the
EQSR uncertainty (AU™T or «) is the uncertainty of the skin friction velocity .. For hypersonic
cases ([24], [208]) also the velocity, pressure and Mach number uncertainties can play a role.
There are differences in between data by Berg [24] and Sahoo et al. [208], since the first of
both is based on Pitot pressure whereas the second is based on PIV data. Therefore, slightly
different post-processing is necessary (see sections 3.2 and 3.3) which can be prone to different
uncertainties.

The UMFs in figure 7.16 show that for the incompressible case by Squire et al. [240] the uncer-
tainties in the wall-normal distance U, has the largest lever on the resulting EQSR uncertainties.
This is because the corresponding input uncertainty is quite small (due to the large boundary
layer thickness of the high Reynolds number wind tunnel) with a value of ~ 0.02 %. For the other
cases, the velocity uncertainty Uy has a considerable lever together with the skin friction velocity
Uy, . For the Pitot pressure analysis ([24]), also the edge pressure U, has a sizable lever.
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So, for compressible cases, it is most beneficial to increase the accuracy of velocity and skin
friction velocity measurements. This was the goal in this thesis by transitioning from the first to
the second PIV campaign.
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Table 7.16: Input for MCM EQSR uncertainty analysis with data according to Bhatt and McClain [26] for data originally from

Schlichting [212] of plate No. XXV at 20 m/s

measured variable nominal U U [%] comment

Ah [mm] 2.00 Assuming to be measured with scale (Table 1)

Az [mm] 1.00 Assuming to be measured with scale (Table 1)

Urs (m/s] 5.00  Assuming standard uncertainty due to lack of information (Table 1)

w [mm] 170.00  1.00 0.59  channel test section spanwise width (just stated in text, Appendix F)

b [mm] 38.80 1.00 2.58  channel test section height (just stated in text, Appendix F, although [212] reports
about a minimum requirement of Db=1/20mm to full-fill accurate static pressure
measurements which he succeeded to accomplish, so Db<=1/20=0.05mm)

Ahpitor [mm] 0.25 Assumed to be measured with slanted manometer (Table 1)

y [mm] 0.03 just stated in Appendix G (very small!! 0.0254mm)

€ [mm]

k [mm] 3.75 ? [26] used example data for Schlichtings XXV Kegelrauhigkeit, in [26] a fixed value
is used and also [212] does not comment

K [-] 0.40 ? in [26] a fixed value of 1/kappa*In(10)=>5.75 with kappa=0.4 is used

Ury [m/s] 0.22 [26]

Ty [K] 1.00 nominal value guessed via excel. UT0 estimated for typical high-quality TC

p [bar] 1.00 nominal value guessed via excel. Up estimated from Omegadyne PX309-005A5V
spreadsheet

Pitot

d [mm] 22.96 rebuild

k/o [-] 0.16

3/k [-] 6.12
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Table 7.18: Input for MCM EQSR uncertainty analysis with data according to Squire et al. [240], Squire [239]

measured variable nominal U U [%] comment

Urs [m/s] 0.90 0.02 230  only for the profiles where direct drag balance measurements are available, for other
profiles indirect modified Clauser fitting with +5% and total shear stress method
+2% are used (here data atx=21.7m used)

y [mm] 0.02 due to aluminium tooling plate, probably larger

€ [mm] 0.02 same as y, probably larger

k [mm] 0.90 0.15 16.67 sand-grain roughness, nothing stated directly about uncertainty, but at least krms
given with 0.15mm, but difficult to assess since sand-grain

K [-] 0.39

B [-] 4.30 rather low, but I have checked it against data points

Ury [m/s] 1.23 0.03 230  only for the profiles where direct drag balance measurements are available, for other
profiles indirect modified Clauser fitting with +5% and total shear stress method
+2% are used (here data atx=21.7m used)

Tw,r [N/m?] 2.41 0.11 4.60 estimated

Ma [-] 0.09 0.00 2.11  estimated

U [m/s] 30.40 0.15 0.50

po [bar] 1.37 0.00 0.03  nominal value estimated from [240], and uncert. for a 30psid (2bar) ESP DTC
scanner

Ty K] 300.00 1.10 4.10  nominal value estimated from [240], and uncert. for TC Special Limits of Error:
+/- 1.1C or 0.4%

HWA

U [m/s] 1.00  [246]

Ue [m/s] 30.40 0.30 1.00  Talluru2014

U Mw&m [m/s] 24.72 0.62 251  estimated from combined U, uncertainties

d [mm] 388.00

k/o |-] 0.00

d/k [-] 431.11
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Table 7.20: Input for MCM EQSR uncertainty analysis with data according to Berg [24]
measured variable nominal U U [%] comment

y [mm]

Uryp [m/s]
Tw,r [N/m?]

Ma [-]
U [m/s]
po [bar]
Ty [K]
p [bar]

Pitot
Dpitot [Dar]
@Ewg\@o T_
QM@ [m/s]
U, [m/s]
Ul /s
d [mm]

X [mm]

pw [Pa]

Ty [K]

k/6 [-]

6/k [-]

0.64
1.27
0.40
5.00
53.60
28.26

6.02

865.40
1600160.26
423.94
979.60

46224.39
0.03

865.40
16.15
27.84
1.20
979.60
347.00
0.05
21.92

0.13

0.13

0.63
0.66

0.06

3200.32
2.12

462.24

1.10

20.00

1.17
2.33

1.00

0.20
0.50

1.00

0.32

"Estimates of the probe position (with respect to the flat plate) accuracy under
tunnel operating conditions vary from + 0.002 inch at the aft end of the test
section to 4 0.005 inch at the maximum probe extension of 28 inches"

U. estimated, based on U,

AGARD-AG-263 [73] run 770.50412, U,,. [24] p.14/19, seems optimistic
estimated

AGARD-AG-263 |
AGARD-AG-263 |
AGARD-AG-263 |

AGARD-AG-263 [73] run 770.50415, Ur, as stated in [24] p.8

AGARD-AG-263 [73] run 770.50415, no U, given, since not measured, only calu-
lated based on p = f(Ma,po)

run 770.50412, Uy, [24] p.23
run 770.50412

73]
73]
73] run 770.50413
73]
3]

[24] p.11
reconstructed from [73]

reconstructed from [73], but it is y = f(U = U,) instead of 0.99U,!

no Up given, since not measured, only calulated based on p = f(Ma,po)
UTO estimated for typical high-quality TC
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Figure 7.14: a) Quasi UPC of input uncertainties and b) uncertainties of resulting IT (“Pi”),
AUT (“DU+”) and a = kg/k (“alpha”) from MCM EQSR uncertainty analysis of literature data
according to Berg [24], Ekoto [69], Squire et al. [240], Sahoo et al. [208], Bhatt and McClain [26].
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Figure 7.15: Quasi UPC of resulting a) IT (“Pi”), b) AUT (“DU+”) and ¢) o = ks/k (“alpha”)
from MCM EQSR uncertainty analysis of literature data according to Berg [24], Ekoto [69], Squire
et al. [240], Sahoo et al. [208], Bhatt and McClain [26].
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Figure 7.16: Quasi UMF of resulting a) IT (“Pi”), b) AUt (“DU+") and ¢) a = ks/k (“alpha”)
from MCM EQSR uncertainty analysis of literature data according to Berg [24], Ekoto [69], Squire
et al. [240], Sahoo et al. [208], Bhatt and McClain [26].
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Figure 7.17: Roughness function AU against k™ for Nikuradse’s sand grain and an exemplary
artificial technical roughness with its equivalent sand grain roughness transformation with
parameters inspired by [185]

7.3.3 Role of Law-of-the-Wall Constants

To be fully consistent with the data by Nikuradse for the derivation of ks/k, the parameters x
and B in eq. (3.75) need to be chosen according to the original work of Nikuradse to x = 0.4
and B = 5.5 [173]. In the following, own estimates are reported on which this argument was
based on, together with similar findings from previous authors.

From the two mentioned parameters, especially the slope of the roughness function in the fully
rough regime with 1/x is decisive. With a different choice for x than k = 0.4, applying eq. (3.75)
to a measured AUT would result in a biased k;/k. This is shown in figure 7.17 for an exemplary
artificial technical roughness which possesses a B, = 5 and was created via kK = 0.41 and B = 4.9,
B, =51 (AU" =1/k-log (k") + B — B, = 1/0.41 - log (k™) — 0.2), inspired by the data and
parameters in Perry and Joubert [185]. The red line indicates the sand grain data by Nikuradse
[173]. The yellow and orange line indicate a calculation of k7 according to eq. (3.75) by using the
parameters of Nikuradse (k = 0.4 and B = 5.5) and Perry (x = 0.41 and B = 4.9), respectively.
It is visible that only the parameters according to Nikradse project the artificial roughness data
points successfully onto the sand grain roughness curve. If the parameters according to Perry
would be chosen in eq. (3.75), the projected data would visibly result in an offset to the sand grain
curve. This offset is even increasing with increasing k% (hardly visible), due to the difference
in slope 1/k. Additionally, even with the correct choice for £ and B in eq. (3.75), the resulting
ks/k =k} /k™T is not constant for the current example, as usually assumed, but changes with k™.
This is because the artificial technical roughness data points exhibit a 1/0.41 slope instead of
1/0.4 (see [185]). In the shown example, inspired by the data points of Perry and Joubert [185],
the change is in the order of Aky/k ~ 10% within 100 < k™ < 10000, typical for a fully rough
flow in a laboratory setup (atmospheric flows can be orders of magnitude larger). For the actual
data points in Perry and Joubert [185] the difference even ranges up to Aky/k ~ 50%.

Own estimates show that with a choice for Kk = 0.39 or kK = 0.41, a range which can typically be
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found in the literature, the AU differs by ~ 3% for the range 100 < k™ < 10000. The resulting
error in kg/k due to this difference in AUT would be up to +27% within this range of k™. One
possible work around would be to modify the B, ; parameter according to a different x based on
the data by Nikuradse. This means, that you would assume Nikuradse would have used another
fit to his data points, according to a different x (which is obviously less accurate but can be
done). This would result in B, ~ 8.3 and B, = 8.7 for k = 0.39 and x = 0.41, respectively.
This would reduce the error in kg /k to £7%.

Nikuradse’s data was re-evaluated by different authors in the past. Tani [247] performed a
re-evaluation of Nikuradse’s data and he came to the same conclusion as outlined above, to
modify B, s according to the choice for parameters x and B. Based on his choice for k = 0.41
and B = 5.0, Tani used another approach where he used the formulation of the log-law together
with an own definition for the wake component and the mean pipe velocity to find an analytical
equation to compute the B, ; = f(k,B) based on tabulated measurements of Nikuradse. With
this approach he did not need to include a potential shift of origin and resulted in B, ¢ = 8.6 for
his choice of parameters. With the same equation one can also compute the resulting B, s with
the above mentioned parameter combinations, which result in B, ; ~ 8.45 and B, ¢ ~ 8.55 for
k = 0.39 and k = 0.41. This parameter span is close to the own estimates but is much closer to
the unbiased value of Nikuradse with B, s ~ 8.5 for k = 0.4. This is because our own estimation
above was performed for a range of k" < 10000, whereas the approach by Tani [247] is restricted
to data points with Re < 3¢% or k7 < 2200, where Nikuradse performed direct measurements of
the mean pipe velocity.

A more recent DNS study on a realistic grit-blasted surface mimicking Nikuradse’s sand rough-
ness, showed excellent agreement to Nikuradse’s data in the transitionally rough regime [251].
Unfortunately, not enough data points were available to reliably extract the slope of the fully
rough regime AU' = f(k) from the DNS data.

So, the question for a “true” value of x for Nikuradse’s sand grain roughness is a challenging or
even ill-posed one. It would be interesting to evaluate the uncertainties for x and ultimately the
roughness constant B, ; for Nikuradse’s data based on estimates for the measurement uncertainties
of the initially measured quantities, comparable to [126], [26]. Either way, besides the fact that
B, s = f(k), what must be kept in mind is that the choice for B, s = f(k) is not only decisive in
the derivation of ks /k from the measurement of AU (as shown above) but also for the later
use of the corresponding ks/k or ks. If the EQSR ks is used e.g. as input to a calculation based
on the sand grain roughness approach (analytical, CFD, etc.), the corresponding B, s in the
applied computational method would need to correspond to the modified parameter according to
B, s = f(k) as well. Otherwise there would be a mismatch of slope and therefore a roughness
Reynolds number dependent EQSR ks/k = f(kI) effect in the corresponding results of the
computation.

To add further complexity, a large variety of values exist in the literature for the law-of-the-wall
parameters k and B, assumed to be universal, and a discussion was included in section 2.1 and
3.12.1. Even the same authors may choose different values in different publications (see e.g.
Perry and Joubert [185] k = 0.41, B = 4.9 for \/k = 4.0 TSBR and Perry et al. [187] x = 0.4,
B = 5.1 for \/k = 3.6 TSBR, both probably in the same experimental setup). This choice is
purely data driven, to fit the experimental data as best as possible. Even the resulting roughness
functions AUT = f(k™) were presented with the differing slopes, corresponding to the respective
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Figure 7.18: Centerline displacement effect: a) displacement due to averaging [92], b) displace-
ment due to streamline displacement [158].

k used. Figure 22 of Perry et al. [187] compares the results of both investigations together with a
corresponding suggested log-fit of AU = 1/0.41-log (k*) — 0.2 and AUt =1/0.4-log (k) +1.2
for Perry and Joubert [185] and Perry et al. [187], respectively.

A further challenge is the typically small range of k™ which can be accomplished in a single
measurement campaign and therefore the choice for £ within AU' = f(k*) may be become
inconclusive or subject to large uncertainties. At least within a single publication, the x for
plotting/correlating U™ = f(y™) and AUT = f(k™) need to be the same, otherwise the use of
equations (3.72), (3.73) and (2.8) and its combinations in the derivation are inconsistent. If it
would be the case that the extracted AU is showing a different slope than the used & in the
plot via eq. (2.5) or (2.7), then the parameter B, is not independent of k™ and therefore would
not show Reynolds independence, which is typically assumed for fully rough regime.

All challenges listed above contribute to the reason why the analysis of roughness results in
general and especially the comparison between different authors is a delicate endeavor.

7.4 Additional Pitot Pressure Investigations

Various effects can influence the measured pressure from a Pitot probe which have been encoun-
tered in both subsonic and supersonic flows. E.g. the “centerline displacement” effect, which
describes the displacement of the centerline of the Pitot probe. This occurs due to the violation
of the assumption that only a single streamline approaches the probe [257]. This causes two
different effects, which are shown in figure 7.18.
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First, since the diameter of a Pitot probe cannot be infinitely small, the measured pressure is an
average over the corresponding cross-section of the pressure profile. Since the pressure in the
boundary layer is typically non-linear, the averaged value over a finite section does not exactly
correspond to the value in the middle of this section, but is somewhat higher (see figure 7.18a
after Grosser [92]). Second, due to the finite size of the probe, the stagnation point line is
shifted, as shown in figure 7.18b after McKeon et al. [158]. Grosser [92] was able to identify
the Mach number gradient 0Ma/0y and the inflow Mach number Mas, as main influencing
parameters and to determine a correlation for the displacement A depending on the external
outer diameter D of the probe. She also found that the displacement A/D was insensitive to
the boundary layer thickness ¢, the probe diameter D/d, and the Reynolds number Re. In
subsonic conditions, this shift §/D < 1. The range of validity for their correlation is within
0.031/mm < OMa/dy < 0.11/mm, whereas in the present study corresponding Mach number
gradients in the order of 1.21/mm occur. Therefore, this relationship cannot be used for the
present measurements.

Moreover, in turbulent flow, an increase in the measured total pressure can occur due additional
contributions of the velocity fluctuations. However, this effect can be ignored for a turbulence

intensity Vu'2/U < 10% according to [257]. This is applicable for the H2K flow at Mao, = 6
with a turbulence intensity of Vu'2/U ~ 1% (see e.g. [171], [94]).

Additional aspects were considered by Berg [24], who performed Pitot pressure measurements in
a comparable flow regime to this work. He applied corrections according to Ramaswamy [201],
who established an own empirical correction for supersonic and subsonic conditions based on
Sherman [225] and Potter and Bailey [192] to correct for viscous effects and curved shock effects
within a Mach number range of 0 < Ma < 6. Literature review of more recent publications show
that data by Sherman [225] is still baseline for corrections today [31], [257]. This correlation is
split into a part considering the viscous subsonic portion of the flow behind the shock and a
supersonic part considering the effect of a curved shock. The subsonic part is formulated with a
dependency on Reynolds number based on the probe diameter. This should include the effect
of viscous flow for which the Bernoulli equation is not valid anymore. In the latter case the
stagnation streamsurface may extend forward of the probe tip which can lead to significantly
different pressures, known from other investigations (see e.g. [257]).

Ramaswamy [201] reformulated the corrections as additive terms. For axisymmetric open-ended
probes it can be given with the measured pitot pressure ppjor,m, the “ideal” pitot pressure ppisor.,
as calculated by e.g. eq. (3.1) and the Reynolds number Res,, based on the probe radius, where
all parameters with the suffix 1 and 2 indicate the condition upstream and downstream of a
normal shock in front of the Pitot tube, respectively, to

L pou? 0.5
itot,m 3 3.14
(M B 1) S 7 (pQ) 01136 (7.5)
DPitot,i sup  PPitot,i Res, (% ) 1
PPitot,m F
PR - 7.6
< Dpitot,i >shock |:80 + 0.536F2'1336:| ( )
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Figure 7.19: Viscous and shock correction to measured Pitot pressure in supersonic flow ac-
cording to [201].
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Some authors suggest to use the inner instead of the outer Pitot tube radius (or diameter). In
this work the inner radius was used, since it is conservative with respect to the lowest encountered
Reynolds numbers for viscous corrections. In line with Berg, also in this work, only the viscous
part of the correction was applied (eq. (7.5)) (see [24], [74]).

Figure 7.20 shows relevant plots for the viscous correction of measured Pitot pressures. In
figure 7.20a the wall-normal position 3/ against the driving parameter for the correction with
Rey, (p2/p1)" is shown for data from Berg (profile at # = 39.4in and smooth-to rough case
with £ = 0.05in according to [24]), TAU (profile at = 0.5m smooth surface for FC2) and
experimental data (Run 2024&2025). The region below Res, (pa/p1)*° < 100 is highlighted,
since it is the value regime where viscous corrections start to become relevant (see figure 7.19).
It is visible that approx. 60 % of the the experimental boundary layer profile by Berg falls within
this region. This is different for data of this work, where only the wall nearest 10% of the CFD
profile is in the relevant value range for correction. Due to the finite Pitot tube dimensions, the
experimental data is only above the range deemed relevant for correction.

This is also visible in figure 7.20b, with actual amount of correction as calculated by the correlation
of Ramaswamy, represented by ppitot.m/Ppitori- In case of Berg’s data, the correction peaks
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at almost 10%, whereas for the current experimental data no correction is necessary. This is
mainly influenced by the difference in density and tube dimensions. Berg used Ty ~ 420 K and
po ~ 16 bar with an inner tube opening height (used here as diameter) of 0.004in ~ 0.1 mm,
whereas in H2K it is Ty =~ 475 K and pg =~ 18.9 bar with an inner tube diameter of 0.2 mm. This
resulted in larger Reynolds numbers not prone to relevant viscous effects.
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Figure 7.20: Viscous correction to measured Pitot pressures. a) Wall-normal position y/d
against driving parameter Res, (p2/ ,01)0'5 and b) ppitot,m/Dpitot; against driving parameter
Rey, (pa/p1)?” for data from Berg (profile at 2 = 39.4in and smooth-to-rough case with
k = 0.051in according to [24]), TAU (profile at x = 0.5 m smooth surface for FC2) and experimental
data (Run 2024&2025)

7.4.1 Pitot Sensitivity Studies

In the following several different additional sensitivity analysis based on the Pitot pressure data
are reported.

Run-to-run repeatability:

In general measured Pitot profiles showed good run-to-run repeatability, represented in figure 7.21
with the agreement of two smooth wall datasets at FC2 and MS2.

Velocity-temperature correlations:

To study the impact of considered velocity-temperature correlations (see section 3.2.3), figure 7.22a
shows comparisons of temperature and in figure 7.22b velocity profiles with the nominal Crocco-
Busemann velocity-temperature correlation (black symbols) against Walz correlation (red symbols)
and the correlation according to Duan and Martin [58] for smooth runs at FC2 and MSI.
Only small differences, all within corresponding uncertainties, are visible between the different
temperature correlations.
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Figure 7.21: Repeatability of Pitot pressure coefficient profiles of smooth runs at FC2 and MS1.

Pitot rake tube influence:

Additionally to the nominally used five tube Pitot rake (see section 3.2.2 figure 3.8) a single tube
Pitot probe was manufactured. Only the boom of the Pitot measurement setup needed to be
exchanged with a single probe device (see CAD in figure 7.23a). Selected tests were performed to
cross-check with the Pitot rake results. Figure 7.23b shows a comparison of Pitot profile results
from both measurement devices at FC2 and MS2 above the sand grain type roughness. It is
visible that only negligible influences are visible, if all uncertainties are taken into account.

Measurement plateau influence:

Selected tests were performed with the Pitot rake positioned at half the streamwise extent of
one of the smooth wall measurement plateaus within the technical rough wall (see section 3.2
figure 3.6 and figure 3.15). Figure 7.24 shows Pitot pressure coefficient profiles above the plateau
(orange symbol, Run2072-2074) in comparison to a typical profile above the technical roughness
(red symbol, Run2090&2091). The plateau has only negligible influence on the Pitot profile as
visible by the agreement between the red and orange symbols.

If the data above the plateau is processed to inner scaled profiles, in general comparable behavior
as corresponding profiles above the roughness (Run2084-2086 and Run2090&2091) can be observed
in figure7.25. Although, if closely inspected, small deviations for the wall nearest points are
visible in inner scaling in contrast to the small differences in Pitot pressures (figure figure 7.24).
This resulted also in small differences in the corresponding fitting results with e.g. a smaller
AUT, visible in table 4.3. But a statement about an influence of the plateau is challenging since
these differences still fall within corresponding uncertainties.
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Figure 7.22: Comparison of a) temperature and b) velocity profiles with nominal Crocco-
Busemann velocity-temperature correlation (black symbols) against Walz correlation (red symbols)
and the correlation according to [58] for smooth runs at FC2 and MS1.
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Figure 7.23: a) CAD of single Pitot probe and b) Pressure coefficients of Pitot rake vs. single
Pitot probe measurements at FC2 and MS2.
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Figure 7.24: Pitot pressure coefficient profiles along rough wall (red symbol, Run2090&2091)
and smooth measurement plateau within rough wall (orange symbol, Run2072-2074).
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Figure 7.25: Inner and outer scaled van Driest transformed mean velocity profiles along technical
square bar rough wall including data above the smooth measurement plateau within rough wall
(orange symbol, Run2072-2074) together with the law-of-the-wall and DNS data according to
[296].
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7.5 Additional PIV Investigations

7.5.1 Laser Characterization Studies

During the first PIV test campaign, a difference in pre-set and actual laser pulse time interval with
laser power level was noticed. A comparable influence was also reported in [285]. A dedicated
laser characterization was performed after the test campaign. The hardware (laser system plus
trigger unit) was the same as during the test campaign but with an additional photo-diode (pin
photodiode Thorlabs 201/579 — 7227) to measure the actual laser pulse time interval. The power
levels of the laser were changed between 2 and 10 and the pre-set pulse interval between 130
and 4000 ns, which covered the setting conditions during the measurement campaign. A series
of 20 tests was performed for each combination to enable statistical characterization. Due to
the shape of the pulse peaks without a well defined maximum (see figure 7.26), the laser pulse
interval was determined with several different detection algorithms. This included a Gaussian fit
to each peak, determining the centroid of each peak above a normalized voltage and determining
the first slope of each peak above a normalized voltage. The results of all algorithms overlapped
within the uncertainties of the measurements (see figure 7.27).

A pre-set pulse interval of 140 ns resulted in a deviation in between 5 to 20 ns by changing the
laser power level in between 4 to 6. This characterization resulted in corrected pulse intervals for
all combinations of pre-set pulse interval and power level used during the test campaign. The
standard uncertainty of the extracted deviations was in the order of 1ns or below.
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7.5.2 PIV Sensitivity Studies
7.5.2.1 Methodological Sensitivities

In the following several sensitives for the PIV methods and post-processing are reported. Results
presented in this chapter have previously been published in part by Neeb et al. [171], [169)].

For the measurement of mean and turbulence quantities via PIV, different additional random and
bias errors may affect the data (see e.g. [4]). Selected impacts, deemed to be most relevant, are
investigated and reported in the following for both PIV campaign setups. The measurement of
velocity fluctuations, or turbulent intensities, is sensitive to the choice of IW size. Choosing the
size too small for a given data quality increases the random noise whereas choosing it too large
increases the amount of sub-grid filtering. Both influences can compensate each other so that
care must be taken for the choice of a proper IW. In this study, both influences were addressed
based on different IW sizes.

First PIV campaign:
First, selected impacts on the mean velocity results were analyzed.
interrogation window:

Sensitivity studies were performed with synthetic PIV images based on TAU RSM data of the
cone flow to test the influence of the interrogation window size on the mean velocity profiles (see
section 7.5.4). Especially the impact of stretched, high aspect ratio, interrogation windows was of
interest. This type of window was selected to increase the wall normal resolution but at the same
time ensure an acceptable amount of particles per interrogation window. This window shape is
supported by the nature of the boundary layer with a much higher streamwise than wall-normal
velocity magnitude. Interrogation window sizes were selected according to the analysis of the
experimental data with 512x64 pix?, 512x32pix?, 512x16 pix?> and 512x8 pix? and multi-grid
analysis with 256x256 to 96x64 pix? (published in [170]). Valid results could be extracted from
the synthetic images for all tested interrogation windows. Only in the immediate vicinity to the
wall (y/d < 0.1 or y* < 20), differences of pixel shift above Adz = 0.1 pix (corresponding to 0.7%
of the edge velocity) were detected which were mainly caused by increased velocity gradients in
this regions (see e.g. figure 7.62). The drawback of using the aforementioned high aspect ratio
interrogation windows is a limited resolution in streamwise direction. But estimations based on
TAU simulations resulted in an uncertainty below AU/U, ~ 0.3%.

After utilizing synthetic images, the same interrogation windows were applied on the experimental
data of run 1007. Profiles in wall-normal direction were extracted at the mid points in streamwise
direction of the corresponding 2D vector fields. All experimental profiles nearly collapsed,
independent of interrogation window size, and the differences fell well below the corresponding
uncertainties (see figure 7.43a). Therefore, the interrogation window 512x8 pix? was chosen to
perform all mean velocity analyses due to its high resolution in wall-normal direction (see section

42).

wall temperature:
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Due to the chosen wind tunnel model material PEEK, the wall temperature rose during a wind
tunnel run by approx. 3 — 10 %, corresponding to a density change and a viscosity change of
approx. 2 — 9%. The dynamic viscosity in this thesis was calculated via Sutherland’s law,
extended for low temperatures according to [1], with

Co s, if T < 120K
p= (7.9)

15
Cy T :
Csries & (—CG ) , otherwise

with C1 = 120 K, C = 8.33107% kg/(m s), C3 = 17.89107% kg/(m s), C; = 398 K, C5 = 110 K,
Ces = 288 K.

This influence was analyzed based on numerical calculations with changing wall temperatures,
according to the wind tunnel tests. For this, the temperature profiles T,, = f(z,) of N time
points with a frequency of approx. 27 Hz from IR data were used as input to simulate N cases
with the BLcode. The boundary layer profile at MS1 of all N simulations was then used for
further post-processing. An ensemble averaged velocity field from all temperature computations
was compared to the velocity from a single calculation with a mean wall temperature. This
resulted in an estimated maximal difference at MS1 of AU/U ~ 0.5 %, limited to a region close
to the wall for approx. y* < 20 (y/0 < 0.1). This difference was included in the uncertainty for
the detailed analysis of viscous sublayer velocities (gradient approach for the friction velocity).
For larger wall normal distances, including the logarithmic layer (relevant e.g for the fitting for
the friction velocity, see chapter 4.2), the difference dropped below AU/U = 0.02 % and was
therefore neglected.

particle slip:

The finite particle response can have a major influence on velocities measured via PIV, especially
in low density, hypersonic flows [199], [285]. Simulations were performed with the particle module
described in chapter 3.9.2 to approximate the impact on the velocity profiles in the boundary
layer under given experimental conditions. Since only manufacturer data for the used particles
and no in-situ measurements were available, sensitivity studies were performed to investigate the
impact of these parameters on the particle response. On the one hand the manufacturer values
of the applied KRONOS 1002 particles for diameter and density were taken with d,; = 0.23 ypm
and p,1 = 3800 kg/m?, as representative values for a state without any agglomeration. On the
other hand approximating an agglomerated state, particle parameters with dp = 2.0 pum and
pp2 = 800 kg/m? were used according to Williams [285], who derived these values experimentally
for comparable 170y particles at comparable particle Mach and Reynolds numbers.

The particles were seeded into a TAU RSM flow solution at FC1 and T, = 360 K (see chapter 7.7.2).
Figure 7.28 contains variations of different parameters for a single particle particle trajectory
through the flow field along the cone, exemplary chosen with po. It is visible that upstream of
the oblique shock in front of the cone (for the particle at = &~ 0.22m), all parameters except the
Knudsen number and the scaled drag coefficient are zero, since particles were seeded into the
free-stream without any relative velocity. This assumption neglects particle slip throughout the
nozzle flow which was unknown at the time of writing. The estimated Knudsen numbers with
Kn = 0.3 are non-negligible, so that the calculated drag coefficients are only approx. half the
corresponding value from Stokes (see drag model descriptions in section 7.7.3). Immediately
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Figure 7.28: Variations of different parameters for a single particle trajectory through the flow
field along the cone for particle ps in a TAU RSM flow solution at FC1 and T, = 360 K

downstream of the shock, the relative particle velocity increases but the corresponding relative
Mach number stays below approx. 0.4. Therefore, particles are in subsonic regime but may be
affected already slightly by compressible effects. As the particle flows further along the cone, it is
visible that the relative values like velocity decrease again, so that the particle is slowly adapting
to the surrounding flow field (which is also changing along the trajectory).

The same CFD flow field was used to seed a number of particles (with identical properties
for density and size) which were then caught in a plane, corresponding to MS1. With this
procedure, particle velocity profiles can be extracted and compared to flow velocity profiles at

—

vrel

)0'5 (where U,¢ = U, — U), based on the streamwise edge velocity component U, to

MS1. Figure 7.29 contains the modulus of all relative particle velocity components
(U2, + V2

_'rel rel
‘V;"el
local boundary layer thickness . The collected particles show negligible particle slip outside and
near the boundary layer edge, whereas an increase towards the wall is visible. The maximum
Vil Vil JUe = 2.1% for particle py. The
difference in velocity is mainly driven by only weak successive deceleration of high-speed particles
through the low-density boundary layer region. Although first decelerated by passing the bow
shock in front of the cone, high Knudsen numbers and inertia effects lead to a persisting higher
velocity than the surrounding fluid. This difference decreases with increasing running length,

visible in figure 7.29 for the second measurement section MS2. Here the maximum relative

/Ue for each caught particle p; and ps against the wall normal distance, normalized by the

values are reached with /U = 1% for particle p; and
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Figure 7.29: Relative velocity difference of particles p; and py along the 7° cone at FC1 at
measurement section MS1 and MS2 (shaded region corresponds to PIV set-up velocity uncertainty)
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velocity drops to /U = 1.5% for particle ps.

Although on a noticeable level, the difference due to slip is not included in the general PIV
uncertainty but kept in mind for later discussions. This decision was mainly based on the fact
that only sensitivity values for the particle parameters were available and so only a tendency
could be estimated. Additionally, previous PIV measurements using comparable particles in a
Ma =~ 7 boundary layer flow showed no signs of slip influence on the mean velocity profiles [286],
[287].

image number convergence:

To check the convergence of the mean velocities, the cumulative mean of the streamwise velocity
for different amounts of images N was analyzed at three positions outside the boundary layer.
The extracted data between y/d = 1.59 — 1.72, including its uncertainties, showed an agreement
with the corresponding Taylor-Maccoll edge velocity as reference for image numbers approx.
N > 25 and nearly constant behavior above N 2 150.

In the following, selected impacts on the velocity fluctuation results are reported. Several
different influences can affect the extraction of turbulence intensities via PIV measurements (see
e.g. [4]). The influence of peak-locking, random errors, spatial resolution, particle lag filtering
and convergence with image number was analyzed and is discussed in the following.
peak-locking:

Peak-locking is another potential uncertainty for PIV results, where the displacement vectors are
biased towards integer values. This phenomenon has only limited effect on mean properties but
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can have sizable impact on first order variances [285]. According to Williams [285] peak-locking in
hypersonic PIV can be attributed to three different origins. One common reason is when particle
images are too small and the sub-pixel accuracy is not accomplished by typical post-processing
routines. To counteract, the particle image size should exceed two pixels. A second reason might
be through pixel saturation leading to a top-hat profile of the correlation peak and which also
corrupts sub-pixel accuracy. CCD cameras are known to suffer from pixel “blooming” which
means that charge can bleed from saturated to neighboring pixels. The third reason stated is
high shear in the flow field. Locally high shear can cause particles to move at different speeds
within one IW. This can lead to a broadening of the corresponding correlation peak. If this
broadening is wider then expected by the post-processing algorithm, this can lead to peak-locking.
Figure 7.30a shows an exemplary pdf of a smooth wall run (Run 1007), which shows no signs of
peak-locking.
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Figure 7.30: Global displacement histograms, illustrating that no peak-locking occured in PIV
results of a) first (Runl007, IW 256x256 pix?) and b) second PIV campaign (Run3007, IW
64x64 pix?)

random error:

There are different options to characterize PIV data with respect to random errors, of which two
were chosen for this thesis. One is based on the two point-correlation results and the other by
changing the laser pulse time interval. Only the first one was applied for data of the first PIV
campaign, whereas both were applied for data of the second campaign. The first approach will
be introduced in the following, whereas the second one will be introduced in the description of
the second campaign.

The first approach utilizes two-point correlations in the streamwise direction derived from the
instantaneous velocity vectors of all recorded images according to Williams [285], originally based
on a work by Discetti et al. [54].

The two-point correlation for the streamwise velocity fluctuations R, can be defined by eq. (3.13).
The approach is based on the assumption that random PIV measurement noise is statistically
uncorrelated between non-overlapping interrogation windows. Therefore, information from the
correlation curve of R, with a distance Az greater than the overlap can be used to extrapolate
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an unbiased value at zero distance. For this, in equation (3.13) y is set to y,.s to reduce it to
the one-dimensional correlation. Typically, the correlation curves describe a parabola shape for
small distances and transitions into an exponential decay for larger distances (see e.g. [190]). For
highly resolved data, a parabola fit to the data could be used to identify random noise. Instead,
in this work a linear fit was used according to Williams [285], which tends to underestimate
the error but is a viable alternative to a parabolic fit in case it is not feasible due to spatial
resolution.

The corresponding Signal — to — Noise — Ratio(SNR) can be derived via

Ruu lin (070)
SNR= —————— 7.10
1-— Ruu,lin(()vO) ( )
where [y 1im corresponds to the linear regression of the nearest, non-overlapping data points to
the origin position at Az/J = 0. An exemplary fit to data of Run1007 with IW 128x128 pix?
from the second PIV campaign is shown in figure 7.40a.

Unfortunately no random error could be extracted directly for the high aspect ratio interrogation
windows with a streamwise extent of 512 pixel, since no non-overlapping points are available
for the two-point correlation within the current ROI. Instead, a multi-grid approach starting
from 512x512 pix? to a final size of 256xiy pix?, with iy for different wall-normal dimensions, was
used to approximate the error. Due to non-consistent two-point correlation curves, the results
for windows with 256x8 pix? and therefore also 512x8 pix? were discarded for further turbulent
analyses.

At the boundary layer edge, windows with 256x16 pix?, 256x32 pix? and 256x64 pix? resulted
in random errors of approx. 27%, 28% and 12% of the local turbulence intensity, respectively.
For the same interrogation windows, the analysis for points in the boundary layer resulted in
random errors of approx. 27%, 19%, 13% at y/0 ~ 0.8 and 65%, 67%, 27% at y/d ~ 0.5 . For a
reference value, a large interrogation window with final size of 256x256 pix? was used, restricted
to the boundary layer edge due to its size. This window resulted in a random error of 5%. This
decrease of error with increasing window size could imply that the amount and distribution of
particles in the flow was only sufficient for a moderate quality of turbulence data. Before a final
decision for a suitable window size was made, the sub-grid filtering was also analyzed.

sub-grid filtering:

The drawback of using larger interrogation windows to reduce random errors is an increase of
sub-grid filtering. There are different approaches to address this effect, i.e. making filtering
estimations based on the IW sizes [284], [238], based on the IW and FOV size [80], based on
frequency spectrum analysis (for channels [160], [61]) or deriving parallels based on filtering
of different measurement techniques, like Hot Wire Anemometer (HWA) [287]. We chose two
approaches for the data of this thesis. First an approach by Spencer[238], who used the IW size
on synthetic and experimental data to derive estimates for the amount of filtering. And second
by Lee et al. [144], who created a database approach based on DNS data of an incompressible
turbulent boundary layer which uses the inner-scaled interrogation window size and the laser
sheet thickness as input.
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Spencer approach:

In the first approach, Spencer and Hollis [238], performed analyses with synthetic and experimental
data and compared the results to theoretical curves by Host-Madsen and McCluskey [111], who
based their work on the assumption of homogeneous isotropic turbulence for particles within a
single interrogation window. Both works investigated the impact of interrogation window size,
but exclusively for an aspect ratio AR = 1. Since in this paper stretched windows with an aspect
ratio AR # 1 were used, the approach needed some extensions. For this, the same synthetic data
approach by Spencer and Hollis [238] was used, as described in the following.

Synthetic velocity fields with pre-defined mean velocities, Reynolds stresses and two-point
correlations were created by applying digital filtering based on a technique introduced by Klein et
al. [130] (see section 7.5.6). The sub-grid filtering is then approximated by spatial averaging the
synthetic velocity field, where the corresponding spatial box represents a simplified approximation
of an interrogation window. This approach just simulates the filter characteristics without
being influenced by typical additional factors of PIV analysis like e.g. particle density or size
distribution. See [238] and [130] for further details of this approach.

At this point, the symmetrical spatial box filter was extended to an asymmetrical box, approxi-
mating interrogation windows with different aspect ratios. The approach was first validated for
windows with AR = 1 with data by Spencer and Hollis [238].

For the validation, Case 2 point A from [238] was used which intended to simulate homogenous
(isotropic) turbulence with an exponential two-point correlation incorporating prescribed integral
length scales and assumed constant mean and fluctuating velocities throughout the field with
v /U = 0.2705 (Table 1 in the corresponding publication). The synthetic field in our case had a
size of MyxM, = 30x40 pix? and the integral length was fixed to n, = n, = 5 pix. Additionally,
values for mean velocities, Reynolds stresses, field size and number of fields were varied and the
influence on the results was found to be negligible.

To derive the synthetic fields, the kernel to derive the filtered velocities u was defined by

Y+ry 247,

wi(y,2) N N DD uily.2) (7.11)

yrzrz

with the size N, = 2r, + 1 and half lengths r, with o = y,z. The local averaging applied by
Spencer and Hollis was rebuild with N, = N, from 1 (unfiltered) to 17, which corresponds to
ry = 1, ranging from 0 to 8. We extended the synthetic data by using the same filtering Kernel
(eq. 7.11) but let r, # 1., so that each varied from 0 to 8, to simulate IW with non-unity aspect
ratios. The ensemble average mean and rms velocity as well as integral length scale are evaluated
based on s = 2000 images with the above filters applied. This was sufficient to derive reliable
statistics.

Figure 7.31 shows the expected effect of spatial filtering on the synthetic rms velocity compared
to theory according to the original publication by Spencer and Hollis [238]. Here “HMN” means
Hoest-Madsen and Nielsen and corresponds to theoretical work by the same authors in [111].
“Synth” means the synthetic data Spencer derived with the above described DFM. “Integral” and
“Taylor” corresponds to the two different characteristic turbulent length scales and “Expon” and
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Figure 7.31: Effect of spatial filtering on synthetic rms velocity compared to theory according
to [238].

“Quad” (exponential and quadratic, respectively) to the shape of the corresponding correlation
functions, which are intended to artificially approximate the former. The plot shows the general
trend that increasing IW size (Ax) leads to increasing filtering of the velocity fluctuations (here
represented by the rms velocity u').

Generally, the analyzes by Host-Madsen and McCluskey [111] and Spencer and Hollis [238]
assume homogenous turbulence for the scales of one IW. In this case, it can be assumed that
integral length scales in the lateral direction is half the value of the one in longitudinal direction
[191]. Nevertheless it needs to be mentioned here that Spencer used anisotropic length scales
only for the quadratic form of the correlation for his synthetic data (page 18 in [238]). Therefore,
in case of his synthetic data from the exponential correlation form, the results do not actually
correspond to the assumption of homogeneous flow. First, for validation purposes, synthetic
data was analyzed based on his strategy with n, = n,. After that, the impact of assuming
homogenous turbulence is analyzed (n, # n.).

Figure 7.32 shows exemplary two-point correlations of the derived synthetic data in this thesis and
visualizes general effect of spatial filtering. Here, the red line shows the reference input correlation
that was fed into the DFM framework. The symbols correspond to the different combinations
of filter widths and heights and are summarized as N, /n, x N./n, plot in figure 7.33a with a
value range of 0.2 to 3.0. The corresponding IWs with AR = 1 are indicated with larger symbols
(diagonal in figure 7.33a). As a sanity check, in figure 7.32 the blue line with sphere symbols
shows the extracted two-point correlation from the synthetic data without filtering (r, = r, = 0,
Ny, = N, =1, Ny/ny, = N./n, = 0.2). A good agreement with the input correlation can be
realized. By increasing the size of the filter window, the width of the correlation peak widens, as
visible in figure 7.32. This leads to an erroneous increase of the extracted integral length scale,
previously noted by [238].

This trend is also visible in figure 7.33b, which plots the resulting effect of spatial filtering on the
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1.2

Ay/ L true

Figure 7.32: Effect of spatial filtering on synthetic two-point correlation compared to reference
case (red line, for symbols see figure 7.33a).

extracted rms velocity of the synthetic data. It is represented as ratio of filtered to true value,
marked as u), .../ Use and is compared to theory by Host-Madsen and McCluskey [111] for both
unity and non-unity aspect ratio IWs. The z-axis uses the same scaling as Spencer and Hollis
[238] with (Az/L7rye)eff = Ny/ny. The larger symbols, reflecting AR = 1, follow closely the
theoretical curve by Host-Madsen and McCluskey [111], in agreement to the corresponding plot
in Spencer’s publication (replotted in figure 7.31). This confirmed that the implemented DFM

framework worked nominally.

If now data of non-unity AR IWs is investigated in figure 7.33b, it is visible that the data
deviates from the theoretical curve. This deviation can also be interpreted as failing of the scaling
according to Spencer and Hollis [238] with (Az/Lpyye)ers = Ny/ny. If instead an alternative
scaling, including both filter scales N, and N,, with (Az/Lryue)efr = (Ny/ny - N./n;)%5 is
assumed, figure 7.33c¢ shows that the non-unity AR collapse much better to the theoretical curve.
However, for larger AR Z 5 the agreement gets worse. Therefore, another scaling is suggested
which still includes both length scales but added vectorially together with an extra term which
emphasizes the impact of non-unity AR according to

(Az/Lrrue) g = \}5 ((gj) + (g:) ) ARTO1 (7.12)

where AR = min(N,/N,, N,/N,). Here the factor 1/v/2 ensures that eq. (7.12) reduces to the
formulation by Spencer and Hollis [238] with N, /n, in case of Ny = N, n, =n, and AR = 1.
With this scaling the investigated data collapse to the theoretical curve within +10% (indicated
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with thinner lines) as visible in figure 7.33d and the theoretical curve by Host-Madsen and
McCluskey [111] is still applicable.

3.5

3.0 1.0 .
25 0 8 . \.\ °
v N ’ N Y ° °
.20 £ VoG
£ > <06 . Vst
= o TN
15 Py < BER
‘\
0.4
1.0
0.5 " 0.2
°
08, 0.5 1.0 15 2.0 25 3.0 35 0002 107t 10° 10!
N, /n, (AX/ Liue)res = Ny/my
a) b)
| S ° 0] S s
. RN
0.8 e 0.8 NN
° %, N ¥
£ . g = I
= o0s %, =06 .
=, L
; X E] \:.
0.4 0.4
0.2 0.2
0.0 0.0
1072 107 10° 10* 1072 107 10° 10!
(AX/Lirue)res = (N, /n,N. /n.)"? (AX/Lirue)res = 1/V2((N,/n,)? + (N./n.)?) "5 AR01
c) d)

Figure 7.33: Effect of spatial filtering on synthetic rms velocity compared to theory according
to the method by [238] for unity and non-unity aspect ratio IWs. a) shows legend of symbols used
in plots b) to d) with their corresponding combination of (Az/Lpyye)ersr = (Ny/nyNs/n,)%5 , d)
(Az/Lpyrye)efs according to eq. (7.12) (thinner lines show £10% of theoretical line according to
[111])

To analyze the impact of assuming homogenous turbulence (see discussion above), Spencer’s DFM
approach was repeated with an exponential correlation form but with a lateral to longitudinal
integral length scale ratio of ¥ Ly, /* Ly, = 0.5, i.e. with n, = 10 and n, = 5. The results with
the same scalings applied as before are contained in figure 7.34. Additional data with r, and 7,
from 0 to 16 are included, resulting in the same N, /n,, range as before and extending the N, /n,
range up to above 6.

To compare to the approach by Spencer, we can first investigate the unity AR IW data in
figure 7.34b (large symbols) applying the same scaling as Spencer with (Ax/Lpyye)efs = Ny/ny.
It is visible that the filtering impact is now larger than the theoretical curve for increasing filter
width Ny/n,. This is due to the additional impact of the now relevant ratio of N,/n., not
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reflected in Spencer’s scaling. This shows that with the scaling according to Spencer the amount
of rms velocity filtering of truly homogenous synthetic data is underpredicted. Figure 7.34c
and figure 7.34d show the alternative scalings previously described. It is visible that the scaling
including both filter and length scales according to eq. (7.12) are capable of collapsing the data
in case of homogenous turbulence assumption to the theoretical curve by Hoest within 10 %.
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Figure 7.34: Effect of spatial filtering on synthetic rms velocity compared to theory according
to the method by [238] for unity and non-unity aspect ratio IWs and length scales according to
homogenous turbulence. a) shows legend of symbols used in plots b) to d) with their corresponding
combination of Ny/n, x N,/n.. Rms velocity plotted against b) (Az/Lryue)efs = Ny/ny as used
238], ¢) (Az/Lryue)ess = (Ny/nyN./n2)%% | d) (Az/Lirye)ers according to eq. (7.12) (thinner
lines show +10% of theoretical line according to [111]).

To check the very large AR used in the analysis of the H2K data (512x8 pix?, 512x16 pix2,
512x32 pix? and 512x64 pix?) corresponding to AR up to 64 , additional synthetic data was
created with the described DFM approach, since the above data set to rebuild Spencer’s results
included only AR up to 29. This made additional DFM fields necessary with M, x M, of 140
x 64 and integral length scales of 7, x r, of 32 x 32 and r, x 7, of 32 x 16 for the non- and
homogenous turbulence case, respectively. It could be shown that the scaling according to eq.
(7.11) still holds for these large AR data.
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With the above described framework it was possible to approximate the sub-grid filtering effect
in case of the H2K setup. One missing piece was the necessary true integral length scale Ly, to
calculate (Az/Lpyye)ers together with the known size of the IWs for Az. A value for this length
was based on literature data, since the limited PIV ROI and resolution of the first PIV campaign
data prohibited an extraction from the data directly. In general, an extraction of a “true” value
is challenging in both experimental and numerical work. Experimentally derived values may
suffer from combined temporal and / or spatial filtering and random errors. Numerically derived
values may suffer from a limited domain size due to computational costs. This has an impact
especially on large scale structures known to be existent in the outer layers of the TBL (see
e.g. [2]). Therefore, it was decided to use a lower and upper estimate to investigate a range of
possible values for the integral length scale in this work.

First, a lower value with L, = 0.50 was assumed, based on data by Peltier [183]. The author
investigated a Ma = 4.9 turbulent boundary layer via PIV measurements at a higher Reynolds
number Rey = 23000 (Res2 = 5300) than H2K data but comparable wall temperature with
Tw/Taw = 0.93. The author approximated the area below the two-sided two-point correlation
curve assuming an exponential behavior and extracted the length where this curve falls below a
value of 1/e. Second, an upper value with L, = 30 was used, based on data by Ringuette et al.
[204]. The authors investigated turbulent boundary layers from Ma = 3 — 5 at Reynolds numbers
ranging from Reg = 2390 — 6225 and adiabatic wall temperatures via DNS computations. The
integral lengths for all Mach numbers are reported throughout the boundary layer, extracted by
integrating the corresponding two-point velocity correlation curves. At the boundary layer edge
Ly, = 1.5 and L, ~ 1.256 can be extracted for Ma = 3 and Ma = 5, respectively. For the
lower Mach number case, the authors investigated the influence of domain size by increasing the
streamwise extent by a factor of 2.6, which resulted in a similar increase of the corresponding
integral length scale. This indicates a length scale truncation due to limited region for integration.
Therefore the latter Ma = 3 value from the increased domain was chosen as upper value, although
a moderate decrease of length scale with increasing Mach number is expected (as visible for the
nominal domain size in [204], discussed in [59] and based on data of this thesis with figure 4.40).
The extracted length scales used as input are shown in figure 7.35.

With values to approximate Ly, to calculate (Ax/Lpyye)ers, the sub-grid filtering analysis was
first performed at the boundary layer edge. Here a rough estimate for a reference turbulence
intensity (without filtering) value could be used for comparison, based on the L2F measurements,
previously mentioned.

Based on the lower estimate for a length scale of L, = 0.5, the filtering analysis resulted for
the investigated interrogation window sizes of 512x16 pix?, 512x32pix? and 512x64 pix? in a
resolvable content of 77 %, 72 % and 71 % of the local turbulence intensity at the boundary layer
edge, respectively (see also table 7.21). If these interrogation windows were characterized based
on the original square window data by Spencer and Hollis [238], the resolvable content due to
filtering would erroneously result in 53% for all above stated windows, since the streamwise extent
of 512 pixel would be the only decisive parameter. A control interrogation window with final size
of 256x256 pix? resulted in resolvable content due to sub-grid filtering of 72 %. If instead the
upper estimate for the integral length scale with L., = 30 is used, all above stated interrogation
windows (except the 256x256 pix? window) resulted in 94 — 95 % resolvable content.
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Figure 7.35: Longitudinal integral length scales in the TBL according to Peltier [183], Ringuette et al. [204]

So far, the analysis was restricted to the boundary layer edge and therefore most likely underesti-
mate the sub-grid filtering within the boundary layer. If the length scale distribution throughout
the boundary layer according to Peltier [183] is used in the modified Spencer approach, as
described above, a difference of only 5% compared to the edge value would be determined for
y/0 > 0.1. This is mainly due to only small changes in the length scale data, which is most likely
also biased since the corresponding values were derived from PIV investigations, which are also
affected by resolution and filtering effects.

Since the method by Host-Madsen and McCluskey [111] and Spencer and Hollis [238] makes the
assumption of homogenous turbulence, the question arises whether this holds true for the largest
investigated IW dimensions. Therefore, another method is also applied on data of this thesis,
described in the following.
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Lee approach:

The second approach to estimate sub-grid filtering is a method according to Lee et al. [144].
The authors derived a database for the attenuation of the streamwise and wall-normal Reynolds
stress, which uses the inner-scaled interrogation window size and the laser sheet thickness as
input. This database is based on reference DNS data of an incompressible turbulent boundary
layer at Re; = u;d/v,, = 1500 according to Sillero et al. [227]. The idea behind this approach
was to use the attenuation database (e.g. AuW" for the streamwise stress) derived from a “low”
Reynolds DNS solution to reduce the resolved content of a higher Reynolds number DNS solution
which can then be compared to a corresponding PIV dataset. This way, DNS data are reduced
by the small-scale energy which the PIV is not able to resolve.

Unfortunately, the database is limited to a streamwise interrogation window size which corresponds
to 238 pix under H2K set-up conditions. Therefore a window of 238x64 pix? was used to estimate
the streamwise Reynolds stress attenuation according to the procedure described in [144]. Since
the database only contains attenuation in form of a difference term (e.g. AWJr) to calculate a
percentage filtering like Wt/ meqs /Wt rue = (W}, — AWW ") JWd,.,.. another reference value
for W;ue e.g. from DNS need to be found. Here, the Ma = 4.97 turbulent boundary layer DNS
data according to Duan et al. [56] was used. For this approximation inner-scaling of the wall
normal distance and Morkovin’s scaling of the Reynolds stress of the Duan data was applied.
The following assumptions need to be accepted in order to apply this method:

o General structure of turbulence and coherent structures are comparable between incom-
pressible and compressible flow, including decisive length scales, although a dependence on
Mach number of the latter is a matter of discussion ([59], [287])

¢ Morkovin’s scaling is accepted to hold in order to bring the data from the incompressible
database together with compressible DNS data

o Inner scaling of the wall normal distance is accepted to hold in order to bring e.g. stress
peak locations together, although still a matter of discussion if other scalings are more
appropriate (e.g. [287], [256])

Figure 7.36 shows the corresponding unbiased DNS stresses plotted against inner scaled wall-
normal distance y* from Duan et al. [56] together with two incompressible datasets by Jiménez et
al. [119] and Sillero et al. [227]. The corresponding Reynolds numbers Re, of the data are given
in the legend with Re, = 434, Re, = 386 for the M5T4 and M5T5 case of Duan, respectively,
and Re,; = 580 , Re,; = 1500 for the incompressible cases of [119], [227], respectively. In general,
it is visible that the stresses do collapse to a certain degree. Especially the peaks in the buffer
layer do not collapse exactly in position and level. The difference in level is known to be an
effect of Reynolds number (see e.g. [113]). The difference in position is known to be an effect of
proper compressible-to-incompressible scaling, where different scalings are discussed (e.g. [256]).
Another Reynolds number influence is visible in figure 7.36 with the increase of turbulent energy
in the outer layer in case of the incompressible higher Reynolds number case of Sillero, compared
to the other lower Reynolds number cases. This difference will become important for the filtering
analysis and it is visible with the data by Jimenez that it is independent of compressibility
effects.
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Figure 7.36: Morkovin scaled streamwise Reynolds stress in the TBL according to Jiménez et al. [119], Sillero et al. [22

If the above three assumptions are accepted, sub-grid filtering was estimated by the method
of Lee et al. [144] based on the following procedure. First, a filter kernel was estimated
with an inner-scaled interrogation window of 238x64 and a laser sheet thickness of 1.0 mm
(and additionally 0.5 mm to show a sensitivity) to (z*,y*,2") = (100,27,56). The result-
ing AW from Lee’s database was used to calculate WU eas /WU e = ((p/ prJr) Duan —
AW}, (100,56,27)) /((p/ puw’t ) Duan ). The results of measured to true streamwise Reynolds
stress are plotted in figure 7.37. The curves are all plotted in outer scaled wall distances y/d and
as reference, the corresponding y* for case M5T5 is shown as well.

In general, an expected increase of filtering with decreasing wall distance is visible for all cases.
For values 4y < 14 no data is available since it is below half the size of the filter kernel. Therefore,
also the effect on the Reynolds stress peak is masked, since it is located close to this y™ region.
An expected increase of filtering with increasing laser sheet thickness is visible (by 35% at
maximum). The largest loss of resolvable content due to filtering of < 40% is visible for the
M5T5 case with 1 mm laser sheet at y™ =~ 20. Somewhat unexpected, but not of great concern
here, is the apparent increased filtering towards the boundary layer edge (for y* > 200). Usually,
at this position larger length scales and therefore less filtering would be expected. The effect is
most likely attributed to the lower Reynolds number of the Duan data (Re, ~ 400) compared
to the filter database (Re, ~ 1500). As was seen before, larger Re, lead to higher Reynolds
stress levels in the outer layer, independent of compressibility (see unbiased Reynolds stress
comparison in figure 7.36 for Sillero and Jimenez data). Therefore, the level of filtering can
reach the order of the unfiltered stress levels and is not representative anymore. To highlight
that this is not attributed to compressibility effects (or a breakdown of corresponding distance
scaling), the graph in figure 7.37 also shows the filtered incompressible data by Jimenez (only

295



7 Appendix

y/3
0.0023 0.023 0.23 2.3 23
1.2
1
0.8 2 \ e W64x238_0p5_M5T5_Re_tau386

/ e iW64x238_1p0_M5T5_Re_tau386
e jW64X%238_0p5_M5T4_Re_taud34

e W64X%238_1p0_M5T4_Re_taud34

uu meas/u u true
o o
IS o

e i\W64x%238_1p0_Jimenez_Re_tau580

—
—_—

L

1 10 100 1000 10000

Figure 7.37: Effect of PIV IW filtering on streamwise Reynolds stress in the DNS TBL from
Duan et al. [56] and Jiménez et al. [119] according to method of Lee et al. [144].

for a laser sheet thickness of 1 mm). The same increase of filtering close to the boundary
layer edge is visible for the incompressible low Reynolds number data set (see line with label
“iw64x238 1p0_Jimenez_Re_ tau507).

Additionally, the method according to Lee enables an approximation of the impact of laser sheet
thickness on the sub-grid filtering. A maximum further decrease of resolvable rms velocity content
of approx. 19 % was estimated for a laser-sheet thickness of 1.0 mm compared to 0.5 mm in the
H2K set-up. To summarize, close to the boundary layer edge, a resolvable content of approx. 80
% can be estimated by the method of Lee. This is a bit larger than previously estimated by the
method of Spencer, but for Lee’s approach values were derived based on the Duan DNS data and
an interrogation window of 238x64 pix? which therefore represent most likely only a lower limit
for the larger 512x64 pix? windows.

Please note that the filtering approximation according to Lee et al. [144] is based on inner (e.g.
interrogation window sizes) and the one according to Spencer and Hollis [238] was used with
outer scaled relevant length scales (e.g. integral length scales). Therefore, a direct comparison
between results of both methods is challenging, if the Reynolds numbers Re, are not comparable
for data sets, from which relevant length scales are used.

particle slip:

Independent of the post-processing, the measurement of turbulence intensities is influenced by
particle slip for tracer based techniques. This slip can have a bigger impact on the turbulent part
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than on mean velocity results (see e.g. [285]). To estimate this impact in H2K conditions, repre-
sentative Stokes numbers Sj, were approximated, defined by Sy = 7, /7, with the characteristic
flow time constant 7y and particle time constant 7,.

To estimate the particle time constant in super- and hypersonic flows the response through
an oblique shock is typically investigated (e.g. [199]). However, Williams showed that results
from these tests may overestimate the capability of particles to follow turbulent disturbances
[285]. Instead, Williams performed simulations, based on the equation of particle motions, for
pre-defined wall normal positions and their corresponding local flow parameters in the boundary
layer. The equation of motion of a particle in a fluid can be simplified based on assumptions like
high particle to fluid density ratio and small, spherical particle dimensions (see section 7.7.3 or
[285]). The resulting equation may be integrated numerically, assuming suitable drag models for
the corresponding flow regime.

In this thesis, William’s approach was adopted and the drag models stated in chapter 3.9.2
and 7.7.3 were implemented (dubbed “1D approach” based on a Python script). The numerical
integration was typically performed with a step size At of 1% of the corresponding Stokes
relaxation time. Representative particle relaxation times 7, for all applied drag models were
extracted where the normalized velocity ratio drops to 1/e [285]. The integration tool was
validated with literature data. The required input parameters like mean velocity, density,
temperature and viscosity were extracted from a TAU RSM boundary layer profile at T3, = 360 K
(MS1, see table 3.3). To be comparable with Williams [285], a simulation with a representative
turbulence level of 0.05U, for 40 equidistant wall-normal locations was performed for both
particles p; and po, defined above. Compared to actual PIV results, this turbulence level should
give a reasonable estimate.

The fluid time constant 7/ is typically chosen to represent a characteristic length scale, e.g. the
large eddies in the turbulent boundary layer. For the current analysis, a value with 7y = 105/U,
was used according to [286] or [287].

The results for particle p; and p, are contained in figure 7.38 as Stokes numbers along the
wall-normal distance in the boundary layer. The corresponding particle relaxation times 7, were
derived by the described simulations for the Stokes and Tedeschi/Henderson drag model (see
chapter 3.9.2). For the latter two a mean value is given and the error bars represent the differences
between both. For the Stokes drag model, figure 7.38 contains only one representative curve for
particle py, just to show the difference in slope and level, erroneously resulting in S, < 0.1, if no
Mach and Knudsen effects are considered. If compressible and rarefied influences are included
the results for the Tedeschi/Henderson models span a range between 0.4 < Si < 1.5, depending
on the particle type. These values violate the limit of approx. S; < 0.1 which is considered to
be adequate not to filter large scale turbulence based on LDV measurements according to [210].
Based on the estimated Stokes numbers, with data from the same authors an estimate for the
amount of turbulent intensity filtering is possible. This results in a streamwise rms turbulence
intensity reduction of approx. 8% and 15% of a reference velocity U,, for particle p; and po,
respectively. The latter value is similar to predictions published for comparable particle and
Stokes numbers by Williams et al. [287]. In contrast, although experimental data by Williams
indicate a clear particle lag effect for the wall-normal turbulence intensity only limited effects are
visible for the streamwise counterpart (see also discussions and comparisons in chapter 4.3.1).
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Figure 7.38: Variations of Stokes numbers due to turbulence motion across the boundary layer
for FC1

image number convergence:

The uncertainties of the turbulent fluctuations due to convergence followed a procedure by Peltier
[183] which used a re-sampling algorithm via the bootstrap method according to Benedict and
Gould [23]. Due to the limited number of approx. 200 images per run, data of run 1007 and 1008
were combined by applying a weighting based on the corresponding amount of images per run,
according to Sahoo et al. [209]. The estimated convergence resulted in approx. 8 % of the local
streamwise turbulence intensity for the total of 429 images, independent of the used interrogation
window.

Summary first campaign:

Based on the analysis above, IW 512x8 pix? was deemed acceptable for the mean velocity analysis.
Based on the collected data for random error and sub-grid filtering, IW 512x64 pix? was selected
for the turbulence intensity analysis of the first PIV campaign (see section 4.3.1).

Additional influences to the above discussed may affect the measurement of turbulence intensi-
ties.

Second PIV campaign:

Also for the second campaign several different influences potentially affecting the extraction of
turbulence intensities via PIV , like random errors, spatial resolution, particle lag filtering and
convergence with image number were analyzed and are discussed in the following.

random error:
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As mentioned before, additionally to the two-point correlation method, during the second PIV
campaign runs were foreseen to enable an approach according to Scharnowski et al. [211]. This
approach incorporates tests with different laser pulse intervals At, at the same flow conditions.
Longer pulse intervals result in larger pixel displacements Ax and therefore larger signal-to-noise
levels, if a fixed random error is assumed. Presumptions are that out-of-lane motions and
flow gradients lead to only small amounts of loss-of-correlations. The measured mean pixel
displacement fluctuations (Ax/2) can be formulated dependent on the turbulence level Tu (based
here only on the streamwise component) and the standard deviation % ,.via

A$/2 0.2
—m 24 Az 7.13
G T ey (7.13)

with the mean pixel displacement (Ax). It assumes that the random noise can be assumed
Gaussian distributed which is shown to be valid for data of this thesis (figure 7.39a). With
Run3010, 3007 and 3008 mean pixel shifts of Az =~ 15,26,36 pixel have been realized with
At, = 150 ns, 250 ns, 350 ns, respectively. All data were used to fit equation (7.13) by optimizing
the unknowns 7w and ¢% . For this, data at y/d ~ 1 and within —1 < 2/§ < 1 have been used.
The results are shown in figure 7.39b and table 7.22. The last column in table 7.22 shows the
percentage error based on the edge velocity in the nominal setup with At, = 250 ns.

The figure shows the expected trend of increasing total measured fluctuation levels with decreasing
mean pixel displacement and / or smaller IW sizes. For increasing mean pixel displacements
and / or larger IW sizes, an asymptotic behavior towards a value of Tu = 0.8 + 0.1% is visible.
This value is well within the expected range for H2K wind tunnel inflow turbulence intensities of
approx. Tu = 0.83 £0.11% (95% CI) from Laser 2 Focus measurements [94]. Random errors
of 0.41 +0.01 pix, 0.44 £+ 0.01 pix and 0.55 £ 0.01 pix for an IW of 64x64 pix2, 48x48 pix? and
512x16 pix? (corresponding to inner scaled dimensions of r* ~ 30230 ,22x22,237z7) can be
estimated, respectively. For the nominal setup with At, = 250ns this translated into 1.6 %, 1.7
% and 2.2 % of U,, respectively.

Table 7.22: Estimated turbulent levels and random errors for different interrogation window
sizes by applying method according to [211].
W Tu OAx OAz
[%] [pix] %]
iwl128x128 0.84+0.1% 0.31+£0.01 1.2+0.04
iwd6x96  0.840.1% 0.34+0.01 1.3+0.04
iw64x64  0.8+0.1% 0.41+0.01 1.6+0.04
iwd8x48  0.840.1% 0.44+0.01 1.7£0.04
iwb12x32  0.840.1% 0.44+0.01 1.740.04
iwb12x16  0.8+£0.1% 0.5540.01 2.24+0.04

As for the first PIV campaign, also random errors via the two-point correlation method have
been estimated, which are shown in figure 7.40b. By comparing values from figure 7.40b and
table 7.22 it is visible that the values extracted by the correlation approach are below the values
(at y/d =~ 1). This was expected due the linear approximation of non-overlapping IWs [285].
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Figure 7.39: a) Histogram of the velocity fluctuations for different particle displacements, b)
Estimated turbulent levels as a function of particle displacement for different interrogation
window sizes by applying method according to [211].

sub-grid filtering:

Sub-grid filtering was again estimated based on the work by Spencer and Hollis [238] and Lee et
al. [144]. Results of both approaches are summarized in figure 7.41. Figure 7.41a shows results by
the modified method of Spencer (described above), where the left and right columns correspond
to results based on the lower estimate for integral length scales by Peltier and upper estimate by
Ringuette, respectively (see also corresponding paragraphs for the first PIV campaign). In both
cases three different wall normal positions are investigated at y/d = 1,0.8,0.5. Since Peltier’s
length scales do not differ much with wall-normal height (see figure 7.35), also the filtering is
almost constant. In contrast, in case of Ringuette’s scales always data at y/0 = 0.5 closest to
the wall shows the highest filtering due to the decrease of length scales (see again figure 7.35).
Figure 7.41b shows results by the method of Lee, where the resulting level of streamwise Reynolds
stress attenuation at a representative wall-normal distance of y/J = 0.5 is in the order of approx.
10 % for all IWs in this work with 8.5 %, 7.6 % and 10.7 % for an IW of 64x64 pix?, 48x48 pix?
and 512x16 pix2, respectively.

wall temperature:

See corresponding section for first PIV campaign.
particle slip:

See corresponding section for first PIV campaign.

image number convergence:
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Figure 7.40: a) Exemplary two-point correlation of streamwise velocity fluctuations above rough
wall (symbols) and a corresponding exponential fit (solid line) and linear fit (dash-dotted line) to
points in the vicinity of the coordinate of interest, b) Estimated random noise within the TBL
for different IW sizes by applying method according to Williams [285]; both plots for data of
Run3007.

Also for data of the second campaign, a re-sampling algorithm via the bootstrap method according
to Benedict and Gould [23] was used.

peak-locking:

Figure 7.30b shows an exemplary pdf of a smooth wall run which shows that peak-locking effects
can be neglected.

Summary second campaign:

Based on the above analysis, the IW 64x64 pix? (sometimes labeled in the graphs with
“iw64x64_Overlap32x32”) were chosen as main IW for mean and turbulence data due to a
good tradeoff between random errors and filtering. Some selected analysis have been performed
on data with stretched, high aspect ratio, IW 512x16 pix? (“iw512x16_ Overlap256x8”) windows.
These latter IWs were used to increase the wall-normal resolution and at the same time ensure
an acceptable number of particles per IW. This increased resolution leveraged the extraction of
EQSR, where data points of the mean velocity down to the logarithmic region is beneficial (see
section 4.2.2). Comparisons of the mean velocity profiles for different IWs showed only negligible
differences, except for the corresponding wall-nearest point (see figure 7.43). Also, previous
investigations on synthetic and experimental data showed acceptable results with comparable
IWs (see [171])
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Figure 7.41: IW sub-grid filtering estimates after the approach according to a) Spencer and Hollis [238] and

7.5.2.2 Resulting Sensitivities

In the following several sensitives for the resulting quantities are reported.
Edge Temperature calculation:

Edge temperatures, necessary for the calculation of parameters like eq. (3.5), (3.6), were derived
based on the assumption of a constant total temperature Tj from eq. (3.3) and (7.14) according
to [241] in case of Pitot pressure and PIV data, respectively.

y—1 U?
T=Ty|1-"1—
0 2 ~RT,

(7.14)

This assumption was tested to be valid down to the boundary layer edge (see figure 7.42). Closer
to the wall, larger deviations are visible and expected due to viscous losses so that within the

boundary layer the temperature profile after Crocco-Busemann was used (see section 3.2.3 eq.
(3.4).

Effect of IW size on mean velocity profile:

A check was made to see the impact of IW size on the mean velocity profiles. Figure 7.43a and
figure 7.43b include outer scaled mean velocity profiles showing effect of IW size for first and
second PIV campaign, respectively. It is visible that all data collapse except for the first point
above the wall in case of both PIV campaigns. Therefore, IW effects were assumed negligible in
case of mean velocities.
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Figure 7.42: Test of static temperature calculation from velocity via constant temperature
assumption according to [241].

Run-to-run repeatability:

Figure 7.44 contains outer scaled mean velocity profiles above the smooth (black lines/symbols)
and rough wall (red lines/symbols) for different runs. The run-to-run repeatability is very
good, visible here for example with the agreement between profiles from Run3006 compared to
3007. Therefore, run-to-run effects were assumed negligible and results to be independent from
individual runs.

Effect of averaging size and position:

For the discussion of velocity and turbulence profiles, data along the smooth and rough wall of
both PIV campaigns was averaged along a streamwise region, which corresponds to the extent of
one roughness shape wavelength (A = 4k & 26). Along the roughness topology, this averaging
window is aligned with the beginning at the downstream end of one roughness crest to the next
(i.e. at MS1: s=496 mm to 498 mm and at MS2: s=626 mm to 628 mm). Different averaging
alignments and also extents (i.e. two or four wavelengths) were tested with only negligible
differences between the results as visible in figure 7.45.

Table 7.23 shows the impact of averaging on the skin friction velocities from integral approach of
PIV data (IW 512x16 pix?) along the rough wall. The difference in taking into account different
ranges and length for averaging (e.g. at MS1: x=496 mm to 498 mm or x=498 mm to 500 mm)
result in slightly different positions for the first profile x;;51 and distance to MS2 Ax. It is visible
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Table 7.23: Skin friction velocities from integral approach of PIV data (IW 512x16 pix2) along
rough wall with sensitivity to averaging.

integral DQ
Run Run zys1 Az Oyst A0 urmst  Urms2  Urmsi
MS1 MS2 [mm] [mm] [mm] [mm] [m/s] [m/s] [m/s]

3006 3020 496 130 0.21  0.07 60.7 58.2 58.8
3006 3020 496 132 0.21  0.08 61.6 58.8 59.4
3006 3020 496 131 0.21  0.08 61.2 58.5 59.2
3006 3020 498 128 0.21  0.07 61.4 58.8 59.4
3006 3020 498 130 0.21  0.08 62.3 59.4 60.0
3006 3020 498 129 0.21  0.08 61.9 59.2 59.8
3006 3020 497 129 0.21  0.07 61.0 58.4 59.1
3006 3020 497 131 0.21  0.08 61.9 59.1 59.7
3006 3020 497 130 0.21  0.08 61.5 58.8 59.4
3007 3020 496 130 0.21  0.07 62.2 59.6 60.3
3007 3020 496 132 0.21  0.08 63.1 60.2 60.8
3007 3020 496 131 0.21  0.08 62.7 59.9 60.6
3007 3020 498 128 0.21  0.08 64.3 61.3 61.9
3007 3020 498 130 0.21  0.09 65.2 61.9 62.5
3007 3020 498 129 0.21  0.08 64.8 61.6 62.2
3007 3020 497 129 0.21  0.08 63.0 60.3 60.9
3007 3020 497 131 0.21  0.08 63.9 60.9 61.5
3007 3020 497 130 0.21  0.08 63.5 60.6 61.3

that these difference have only minor impact on the resulting u, with variations below +3 m/s,
well below corresponding uncertainties.

Effect of flow condition on velocity profiles:

Figure 7.46 shows a plot after the analysis according to Fernholz and Finley [73] for a comparison
of data from first PIV (IW 512x8 pix?) and second PIV campaign (IW 512x16 pix2) for FC1
(Run1007, 3014) and FC2 (3015). It is visible that only marginal differences exist between both
campaigns and that negligible differences are visible between FC1 and FC2.

Effect of near wall resolution on integral plot according to [73]:

In figure 4.12 it was visible that by plotting Pitot data based on an integral length scale A*
according to [73] (see eq. (4.1)), a parallel offset in comparison to PIV data and theory was visible.
Figure 7.47 shows artificial profiles analyzed by the same approach, derived by the method
described in section 3.10 (see eq. (3.52)) with the input equivalently to FC1 with Ma, = 5.4,
T. = 73.12K, To, = 340K, u, = 50m/s, II = 0.4, Reso = 1077. The artificial profile was created
by enforcing a viscous sublayer for y* < 10 (U' = y*), without trying to mimic a buffer layer
behavior. One set of data was intentionally cut below y = 3mm (y* = 19) to simulate the
near wall resolution of Pitot pressure measurements. To guide the analysis, the different layers
are colored by blue (viscous sublayer), green (log-region) and red (wake). In figure 7.47a it is
visible that the full artificial profile follows all theoretical curves in inner and outer scaling. In
figure 7.47b it is visible that the underresolved artificial profile follows all theoretical curves,
except the integral one according to Fernholz and Finley [73]. Therefore, it is assumed that
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the parallel shift of the Pitot data, visible in figure 4.12, is mainly influenced by the near-wall
resolution.

Temperature-velocity model impact on turbulent profiles:

To test the impact of different temperature-velocity models, figure 7.48 shows the streamwise
and wall-normal turbulence intensity profiles for different runs with the temperature model
according to Walz (see e.g. [56]). The differences to profiles with the Crocco temeprature model
are negligible, by comparing to 4.29, so that it has no impact on the analysis.

IW dimension impact on sub-grid filtering;:

The effect of sub-grid filtering is further investigated in figure 7.49 and 7.50, where data of
smooth Run3014 with two different PIV resolutions, i.e. IW 64x64 pix? and 512x16 pix2, are
shown in comparison to artificially filtered DNS data by Duan et al. [56] and Zhang et al. [296].
The amount of sub-grid filtering for the streamwise and wall-normal component of the DNS data
was estimated based on an approach according to [144] (see chapter 3). With the grey lines,
representing the attenuated profiles of the DNS data in figure 7.49 and 7.50, it is visible that a
measurable amount of the corresponding Reynolds stress profile is reduced, especially in the near
wall peak region. As depicted in figure 7.49a, the corresponding attenuated DNS data agrees to
the IW 64x64 pix? PIV data within the corresponding uncertainties, supporting the notion that
sub-grid filtering is a major contributor to the underprediction of Reynolds stress, already visible
in figure 4.25 and 4.26. In case of the IW 512x16 pix? PIV data (figure 7.50a), the streamwise
component agrees already with the unfiltered (un-attenuated) DNS data, especially in the peak
region close to the wall. At first, this is not to be expected due to the larger streamwise extent of
the interrogation windows, which would lead to an increase in sub-grid filtering. But it might be
influenced by an increased amount of random error due the the smaller wall-normal dimensions.
Additionally, the agreement shows no effect of particle slip which would be expected from the
approximated Stokes numbers (see chapter 3). This absence of slip effects on the streamwise
component was already noticed in previous investigations (see e.g. [287]).

In case of the wall-normal component (figure 7.49b and 7.50b), the PIV data is clearly lower than
the DNS data. It even falls below the attenuated DNS data in large portion of the boundary
layer. Only the IW 512x16 pix2 PIV data corresponds to the attenuated DNS if the upper bounds
of the uncertainties are considered (figure 7.50b). For the latter case, as explained in section
7.5.2, it needs to be noticed that the filter kernel needed to be reduced to 256216 pix? instead of
512216 pix2 due to limits in the attenuation data base (see chapter 3) and therefore this most
likely underpredicts the real filtering.

In general, data in figure 7.49b and 7.50b support the observation of a more pronounced reduction
of wall-normal and Reynolds shear-stress component in case of PIV data for high-speed flows,
most often attributed to particle response behavior, either by experimental evidence (see e.g.
[287], [183], [288]) or synthetically seeded particles in DNS data (see [15]). At the same time,
numerical results suggest that the resolution has a higher impact on the wall-normal component
than particle lag. This was attributed mainly to the energy scales, which drop much slower
in comparison to streamwise scales and are therefore more prone to filtering effects [15]. In
contrast to this argumentation, the higher resolved experimental data in figure 7.50b show no
large difference to the lower resolved data in figure 7.49b. But it needs to be considered that the
resolution was not increased in both dimensions (only in wall-normal direction). It was tested
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also a higher resolution in both directions (IW 48x48 pix?, see section 7.5.2) which resulted in
~ 20 % higher wall-normal stress levels in the mid-parts of the TBL (0.2 < y/0 < 0.8) compared
to IW 64x64 pix?, but still fall short in comparison to correspondingly filtered DNS data and
showed increased levels of uncertainty.

Figure 7.51 shows additional sensitivities for sub-grid filtering of the streamwise and wall-normal
Reynolds stress components in case of an IW 48x48 pix? (75 % overlap). The streamwise
Reynolds stress component shows comparable filtering effects as the results with IW 64x64 pix2
(see figure 7.49). In contrast, figure 7.51b shows that the analysis resulted in ~ 20 % higher wall-
normal stress levels in the mid-parts of the TBL (0.2 < y/d§ < 0.8) compared to IW 64x64 pix?
(see figure 7.49, in section 4.3.1) but still fall short in comparison to correspondingly filtered DNS
data by the method according to [144]. Additionally, the corresponding uncertainties increase
drastically and would hide any clear trend.

IW dimension impact on two-point correlation data:

Figure 7.52a shows the impact of IW size on the downstream length scale LZ. It is visible that,
apart from a certain scatter, all data correspond closely to each other, independent of the choice
for the IW size. The same statement can be made for the inclination angle ¢, visualized in
figure 7.52b. Therefore, it is assumed that results shown in section 4.3.3 are representative for
data in this thesis.

Integral length scale extraction:

Although more challenging, it was tested to extract also the integral length scales from PIV
data since the extent of the current FOV is with Az/d ~ 6 larger than e.g. data by [183]
(Az/d ~ 2) who performed a comparable analysis. To extract the streamwise length scale
AY from autocorrelation, different approaches were tested. Firstly, a threshold of 1/e for the
two-sided autocorrelation data was used as representative value for the length scale, according to
[183] (“avg.” in the legend of figure 7.53). Secondly, the same threshold was used, but on an
exponential fit through the data points of the autocorrelation (“fit.” in the legend). And lastly,
the exponential fit through the autocorrelation data points was used for a numerical integration.
The boundaries for the integration were set to the positions where the fitted autocorrelation
crosses the z-axis below zero (“int.” in the legend). To reduce noise, all extracted length scales
were averaged over the streamwise extent of the FOV (Az ~ 5.5mm). The impact of IW size
on the integral length-scales was tested and showed very comparable results (see figure 7.52 in
section 7.5.2).

In figure 7.53 it is visible that the three different approaches to calculate A\ agree closely. The
data of this study shows typical length scales of above = 1.2§ for a large portion of the boundary
layer (0.1 < y/0 <0.6). The length scales near the boundary layer edge at y/é > 0.7 — 0.8
are not reliable most likely due to the seeding quality in this region. All data share a rapid
near wall increase of scales from y/d ~ 0.1 to 0.3, consistent with Townsend’s attached eddy
hypothesis [255], where the slope in case of our data is more comparable to results from Pirozzoli
and Bernardini than those from Peltier. In the mid-part of the boundary layer, current data
are slightly larger than corresponding length scales from the Ma = 4.9 study of Peltier [183],
which used the aforementioned approach of 1/e threshold to derive A%. It is comparable to
the maximum value of the Ma = 2 DNS data of Pirozzoli and Bernardini [189], which used
the aforementioned definition of the numerical integration to derive A¥. In case of results from
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Pirozzoli and Bernardini a more rapid decrease of length scales with increasing wall distance is
visible (y/d 2 0.2), which is also visible for our data but for larger wall distances (y/0 = 0.6). In
case of data from Peltier no decrease is visible.

Apart from the Mach and Reynolds numbers, also the FOV is different between the studies with
20 in case of Peltier, 6 in this work and > 1004 in case of Pirozzoli and Bernardini. This might
still influence the ability to extract proper integral length scales and might be part of the reason
for the described differences.

IW dimension impact on integral length-scales:

The sensitivity of the extracted streamwise length scales A\¥ from the IW size is shown in
figure 7.54. This is shown only for one of the extraction options (“fit”, see section 4.3.3) and it is
visible that in general the values for A} are very comparable between the different IWs. This is
also in line with analysis based on synthetic data (see section 7.5.4). Only the largest windows
with 128x128 pix? show larger deviations with much larger length scales. This is in line with
analysis according to [238], which showed that insufficient resolution tends to overestimations
of integral length scales. In contrast to AY, it was visible in figure 7.52 that the dimension of
contour levels as length scale is more robust with respect to IW size.

Quadrant analysis:

Different investigators utilize a quadrant analysis of the velocity fluctuation data to gain further
insight into coherent structures and to study what is creating Reynolds shear stress and shape its
form, meaning what specific eddy motions cause the v’ and and v’ components to be anti-correlated
[183] (see also figure 2.14).

Figure 7.55a and figure 7.55b show a quadrant plot for smooth wall and rough wall data,
respectively, where each symbol represents a «' and v’ pair of a valid vector for all collected
images at a position close to the boundary layer edge at y/d = 1. It is visible that more data
points are located in Q2 and Q4, as expected, where smooth and rough wall data show similar
appearances.

Figure 7.56 shows profiles of Reynolds shear stress, conditionally averaged according to their
contributions to Q1 to Q4. Comparing the absolute values from all four quadrants for example at
a position y/d & 0.2, it is visible that Q2 and Q4 have the largest contributions. Within scatter
of data, smooth and rough wall data show similar profiles, independent of quadrant. This is in
contrast to findings by Peltier, who identified differences between smooth and diamond rough
wall data (see figure 2.14 or 2.13 in [183]). Therefore, and due to the substantial filtering of this
component, no difference on sweep or ejection events can be made for the rough wall data.

Two-point correlations of wall-normal velocity fluctuations:

Selected two-point correlations of the wall-normal velocity fluctuations were analyzed. Figure 7.57a
and figure 7.57b show the corresponding correlations along the smooth and rough wall, respectively.
It is visible that the shape of the correlation contours are more compact in streamwise and
elongated in wall-normal direction, compared to their streamwise counterparts (see e.g. figure 4.33).
This observation is consistent with observations by Jimenez, that “the structures of u are long,
and those of v are tall” [189)].
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This general elongated appearance is similar to incompressible data at larger Re, = 1800
according to Ganapathisubramani and Schultz [86]. Also DNS data of a Ma = 2, Re, = 1116
TBL flow according to Pirozzoli and Bernardini [189] show comparable correlation appearance at
y/6 = 0.3. One difference is the correlation length of this work are slightly larger in streamwise
extent with approx. 0.5¢ for the R,, = 0.5 contour at y/0 = 0.5 compared to approx. 0.20
according to the incompressible data by Ganapathisubramani and Schultz [86] and compressible
data by Pirozzoli and Bernardini [189].

If current smooth and rough wall data are compared (figure 7.57a vs. figure 7.57b), the general
shape and extent look similar, just like the streamwise counterparts (see figure 4.33 and 4.34). Due
to the small magnitude of the wall-normal component no further investigations were performed.

Extended Uniform Momentum Zone Examples:

In section 4.3.4 exemplary flow field snapshots were shown and analyzed to show the appearance
of UMZ. Figure 7.58 and figure 7.59 show further examples for smooth wall Run3014 and rough
wall Run3007, respectively.

The impact of IW dimensions on the resulting UMZ statistics was studied with post-processing of
data from IW of 48x48 pix2. Smooth wall Run3014 data resulted in 2.9£1.1 on 5290 instantaneous
velocity vectors, which is close to the reported 2.841.1 from the nominal IW of 64x64 pix?2,
reported in section 4.3.4. Rough wall Run3007 data resulted in Nyarz = 2.5 4 1.0 from 5290
instantaneous vectors, which is close to the reported 2.941.0 from the nominal IW of 64x64 pix2.
A direct comparison is included in table 7.24 which shows that sensitivities to IW dimensions
have been found negligible within corresponding uncertainties.

Table 7.24: Results of mean number of UMZs (£1 standard deviation) for smooth run (3014)
and b) rough run (3007) for different IW sizes.
Wall type  Run IW NUMZ Nmaac,hist Nimages
smooth 3014 64x64 2.8+1.1 2890 1487
smooth 3014 48x48 2.9+1.1 5290 1487
rough 3007 64x64 2.94+1.0 2890 1649
rough 3007 48x48 2.5+1.0 5290 1649
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Figure 7.43: Outer scaled mean velocity profiles showing effect of IW size for a) first (Run1007)

and b) second PIV campaign (Run3014).
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Figure 7.44: Outer scaled mean velocity profiles showing the effect of smooth (black
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Figure 7.45: Streamwise mean artificial velocity data for different averaging size and positions
for (a) smooth and (b) rough wall (numbers in legend are given in [m]) in inner b) and outer
scaling a),c)-d) according to [73].
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and outer scaling a),c)-d) according to [73] (DNS data according to [56])
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Figure 7.47: Streamwise mean artificial velocity data with (a) full profile and (b) near wall cut
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Figure 7.48: Streamwise a) and wall-normal b) component of turbulence profiles derived with
temperature-velocity model according to Walz compared to artificially sub-grid filtered DNS data
(black lines) by [56] and [296]
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Figure 7.49: Streamwise a) and wall-normal b) component of turbulence profiles compared to
artificially sub-grid filtered DNS data (grey lines) by [56] and [296] according to the method of
[144] for IW 64x64 pix2.

315



7 Appendix

4 1 1

DNS Duan2010 M5T4
35 — — — - DNS Duan2010 M5T5

DNS Duan2010 M5T4 SRdiff iw215x16_1p0
— — — — DNS Duan2010 M5T5 SRdiff iw215x16_1p0
—_—————— DNS Zhang2018 M6Tw076
—————— DNS Zhang2018 M6Tw076 SRdiff iw215x16_1p0
o Run3014 iw512x16

u,./u.[-]
N

3
i
05
i
0% 05 T
y/3 [-]
(a)
4 | 1

—_———— DNS Zhang2018 M6Tw076
35 —————— DNS Zhang2018 M6Tw076 SRdiff iw215x16_1p0
o Run3014 iw512x16

25

V. /u. [-]
N

1.5

—-—— —
. " —
——
" —

a%.‘“_ .
i /

/
it

5
yi8 [
(b)

Figure 7.50: Streamwise a) and wall-normal b) component of turbulence profiles compared to
artificially sub-grid filtered DNS data (grey lines) by [56] and [296] according to the method of
[144] for IW 512x16 pix>.
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Figure 7.51: Streamwise a) and wall-normal b) component of turbulence profiles compared to

artificially sub-grid filtered DNS data (grey lines) by [56] and [296] according to the method of
[144]

317



7 Appendix

3 1 L
| R.02] [ iwe4x6a
i — e W48x48
25}
L
© 15 1
T X l
- B
i ] b :
1 B ’&T
=1
0 B i | | | L ] I L |
0 0.2 0.4 0.6 0.8 1
y/5 [-]
(a)
20 T T
i o C[RW02] [ weaxes
| —— iw48x48
15

E 10I']_

T \ﬁ@&

0 I I I T I I I
0 0.2 0.4 0.6 0.8 1

8

(b)

Figure 7.52: Impact of IW sizes on two-point correlation of streamwise velocity fluctuation’s
a) change of downstream scale L¢ and b) change of inclination angle with wall-normal position
from correlation contour level 0.2.
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Run3014 and different calculation approaches compared to data from [183] and [189].
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Figure 7.55: Quadrant plot for a) smooth wall (Run3014) and b) rough wall data (Run3006).

320

(b)




7.5 Additional PIV Investigations

03 02
uviu [-]

‘70.1‘ I

==

0.1

0.2
uviu, [-]

““0.3

0.4
0.2
!
ol v 4 I
0 0.1 0.2 0.3 0.4 0.5

'u’v’/u{ [-1

Figure 7.56: Reynolds stress, conditionally averaged according to their contributions to Q1 to
Q4 along smooth (Run3014) and rough wall (Run3006).

321



7 Appendix

151

1k
w B
> [

0.5_—
Oh‘l\\ll\\lllll\]l\\l\l\l\ll\\l\lll\\ll\ll
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

AXI5
(a)

151

1F
w B
> B

O-ST
Oil\\ll\\lllll\\l\\l\l\l\ll\\l\lll\\ll\ll
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

AXIS
(b)
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middle) and a comparison of an instantaneous (red line) to the mean velocity profile (black
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indicated as black lines of different dash-styles which correspond to each other in all corresponding
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indicated as black lines of different dash-styles which correspond to each other in all corresponding
subplots. TNTT is indicated in all subplots as black dash-dot-dotted contour line.
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7.5.3 Synthetic PIV (synPIV)

To study selected influences a tool was implemented to create synthetic PIV images. The focus
of this tool was to rebuild the H2K PIV images as simple and ideal as possible to enable clear
reference results via the tools of the PIV analysis tools. Furthermore, the tool should enable a
defined modification of specific parameters without the necessity to include the complete chain
e.g. laser set-up like the SIG package [142]. The tool of this study, implemented in python
V2.7.4 including several extra packages like NumPy, SciPy and OpenCV version 2.4.6 (hereafter
called synPIV), was able to create double images representative of the applied 2D2C set-up
with a defined image size. For the particle seeding the first image is divided into pre-defined
sub-windows. In each sub-window particles are created as white circles with a Gaussian intensity
distribution. The particle size can be seeded either with a rectangular or a normal distribution.
In the first case the amount and size of the particles are defined with a minimal and maximal
diameter. In case of a normal distribution the amount, a mean and standard deviation of the
particle diameter is defined. The intensity of the particles can be distributed linearly between
a pre-defined minimum and maximum value corresponding to the pre-defined minimum and
maximum diameter of the particle. The positions of the corresponding particles are uniformly
distributed in each sub-window. The generated particles can be shifted in the second of the
double images by a constant amount of pixels, a constant gradient or based on CFD data. No
extra treatment is performed at the image edges, which means, no new particles emerge if not
already created in the first image. A pre-defined signal-to-noise ratio can be simulated in the
images, either with normally or uniformly distributed white noise. In the first case, Gaussian noise
with zero mean intensity and a standard deviation of ognr = Ihist,maz/ SN Rsynprv was added
with Thist mar as maximum intensity of the image histogram and SN Ry, prv as the pre-defined
signal-to-noise ratio [122]. In the second case uniform noise with zero mean intensity and a
maximal intensity with ssyr = Inistmaz/ SN Rsynprv is added. Before saving, the images can
also be uniformly blurred by a defined amount of kernel width and height with a Gaussian blur
filter. Finally, the images are saved as 8-bit grayscale Tagged Image File Format (TIFF), which
is compatible with the used PIV software.

Validation and sensitivity studies are included in the following section.

7.5.4 synPIV Sensitivity Studies

The synPIV tool, as described in section 7.5.3, was used to enable a sensitivity study for the
PIV tools, especially with respect to the necessary elongated windows and their impact on the
results. It was succesfully validated with a simple case and results were compared to results of
the program “simpiv” version 3.6.0.a, contained in the commercial PIVview package (not shown
here).

To study the impact of elongated IWs, selected TAU solution fields were used to create synthetic
particle images via the synPIV tool. Table 7.25 gives an overview of all sensitivity cases performed.
In the following only some selected ones are presented and a synthesis is given.

TAU simulations with the RSM turbulence model at FC1 and 2% inflow turbulence intensity
with an isothermal wall temperature of T, = 360 K at highest mesh resolution was used as input.
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Table 7.25: Overview of synPIV sensitivity cases (numP - number of particles per 48x48 window,
muP and sigma - mean and standard deviation of log-normal particle distribution, s1D - smooth
1D, $2D — smooth 2D field, r2D — rough 2D field; IW field size dimensions switched with wall-
normal x streamwise extent).

numP muP [pix] sigma [pix] noise cases IW [pix?]
1 10 3 0 s1D, s2D, 12D, 356 to 32x32, 256 to 64296, 8x512
3 10 2 0,5 s1D, s2D, r2D 256 to 32x32, 256 to 64x96, 8x512
5 10 2 0 s1D, s2D, r2D, 256 to 32x32, 256 to 64x96, 8x512
5 4 1 0 s1D, s2D, r2D 256 to 8x8, 256 to 32x32, 256 to 64x96, 8x512

For 1D profiles the data was extracted at x = 0.5m corresponding to MS1. This data was used
for the complete particle field along the streamwise direction, so no gradient in this direction
exists (s1D). In case of 2D field a corresponding 2D solution was extracted from the CFD solution,
interpolated on a IJ-ordered grid with the resolution necessary for the synthetic particle field.
This way, also gradients along the streamwise direction were considered (s2D). The same strategy
was used for a case with the rough wall fully resolved (r2D).

Several different interrogation windows (IW) were tested to represent corresponding cases used
on the actual experimental data. ITW of size 256 to 32x32 pix? (initial square IW with size
256x256 pix? with a final size of 32x32 pix2) were used as maximum resolved case (minimum
final IW size), especially for rough cases. IW 256 to 64x96 pix? were used to represent a sensible
medium resolution case and as reference to data published in [170]. Finally, IW of 8x512 pix?
represent the high wall-normal resolved case. IW field size dimensions within this subsection are
switched with wall-normal x streamwise extent.

The particle size distribution was set to represent the experimental data qualitatively. Figure 7.60
shows a comparison of two synthetic images (two left images) to an experimental raw image
(right image). Here, a log-normal distribution with a mean of 10 pixel and a sigma of 2 pixel
for 5 particles per 48x48 pix? window was used. Additionally, the most left image was created
with a Gaussian noise with a signal-to-noise ratio of 5. This setup resembles the general feature
of a typical H2K PIV raw image, although occasional highly dense regions are not considered
(lower third of the most right image). The setup was not intended to duplicate the experimental
conditions exactly, but to create sensible synthetic images on which the PIV algorithm can
reliably work without being too detached from the real conditions.

The influence of differences in particle size distributions and noise was considered by parameter
variations. Here, the above mentioned log-normal parameters were used as reference. With values
of number of particles of 1, 3,5 per 48x48 pix? window a seeding density sensitivity was addressed.
A particle size sensitivity was studied with a mean particle size of 4 pix and a sigma of 1 pix,
resulting in images deemed very suitable for PIV with most particle image sizes around 2 pixel
(see e.g. [4]). Additionally, signal-to-noise ratio snr of 0,5 were used to address a sensitivity.

Figure 7.61 shows an overview of results for s1D and 8x512 pix? windows with a sensitivity with
respect to particle density (numP) and particle size (muP, sigma). All results are plotted in
terms of pixel shift dx pix against wall-normal position in pixel iy pix. In general each plot shows
the reference CFD streamwise and wall-normal pixel shift dx and dy, respectively, as lines, the
corresponding PIV results as empty symbols and the corresponding difference between both as
filled symbols as Adz and Ady, respectively. Additionally, for the latter, lines at +0.1 pixel are
included as reference, representing an often stated typical uncertainty of a PIV setup. In the
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Figure 7.60: synPIV synthetic raw particle image comparison. Two on the left from synPIV,
right image from experimental first H2K campaign (Run1007).

current setup £0.1 pixel translate to £6 m/s or 0.7 %U,. If the results for the case with best
PIV conditions (numP3, muP4-sigmal) are considered, it is visible that both the streamwise and
wall-normal pixel shifts follow the reference very closely with deviations of clearly below 0.1 pixel.
This is especially remarkable in case of the wall-normal shift dy due to its very small absolute
values of typically below 0.2 pixels. This gives confidence with respect to the used method for
sub-pixel shift accuracy (Whittaker reconstruction). Larger particles at same density (numP3,
muP10-sigma2) show noisier results with slightly larger deviations for the wall-normal shift dy
but still in the order of +0.1 pixel. The streamwise shift is still captured accurately. The picture
changes not much if for the larger particles the density is changed (numP1 to numP5 per 64x64
window).
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Figure 7.62 show the same plots in case of s2D. In general the results look similar to the one for
s1D, but in the immediate vicinity of the wall, corresponding to y/0 < 0.1 or y* < 20, differences
of pixel shift above Adz = 0.1 pix can be observed (corresponding to 0.7% of the edge velocity).
Since this near wall deviations were not observed in the s1D case, the highly elongated IWs
may be influenced by small streamwise gradients. For the fitting approach (see section 3.10.2),
it is interesting to check whether the largest deviations occur in the region of the logarithmic
part of the boundary layer profile. Therefore, the extent of the log-layer region is approximated
starting at le,ri ~ 30 and ending at y; /0 &~ 0.3, corresponding to y;; ~ 62.4 pixel and y; . ~ 193.4
pixel, respectively. It is visible that the deviations are below the marked +0.1 pixel within this
region.
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Figure 7.62: synPIV sensitivity study for FC1, MS1, s2D, IW 8x512 pix?
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7.5 Additional PIV Investigations

In case of the other investigated IWs apart form the 8x512 pix?, the streamwise deviations are
typically below +0.1 pixel, also in the relevant log-layer region, except for only the very first
point above the wall.

Additional tests with increased image noise, also lead to noisier pixel shift profiles but not a
change in the general order of magnitude in deviations (not shown here).

Different additional settings and sensitivities were tested with synPIV, like the cropping of images,
leveling of images, etc., not reported here. Selected validation cases were also post-processed by
the PIV tool used in the second PIV campaign, which showed comparable results as reported
above.

Additionally, synPIV was used on selected cases with pre-defined two-point correlations via
DFM (see section 7.5.6) to study the impact of IW size on extracted length scales. Also, the
applicability of both used PIV codes to extract two-point correlations were checked with case B
(synthetic PIV from DNS of turbulent open channel flow) from the second PIV challenge in 2003
[242].

A few exemplary results are shown in the following for data from synPIV based on flow field
data from DFM. As input, integral length scales from TBL DNS at § ~ 2000 of Sillero et al.
[228] were used with A, /0 =~ 1, Ay /0 = Ay /0 = 0.25 and Ay, /0 = Ay /0 = A, . /0 = 0.25
(see figure 10 in the original publication [228]). The synthetic flow fields were created by the
digital filtering method described in section 7.5.6 based on mean and turbulence quantities from
the TAU solution corresponding to s2D dataset described above. Before synthetic PIV images
were created from these synthetic flow fields, a check was made for the prescribed and extracted
U, V| Uprms, Vrms and @0 from the TAU input (red lines) and extracted from the synthetic flow
fields (blue symbols) in pixel shift scaling.

Additionally, two point correlations were prescribed in the flow field with an exponential form
based on the above given length scales. Figure 7.64 shows exemplary checks of these two-point
correlations with figure 7.64a Ry, figure 7.64b z,y-cuts of Ry, figure 7.64c R,,, figure 7.64d
x,y-cuts of R,.

From these synthetic flow fields via synPIV 1000 synthetic particle image pairs were created
with two different particle densities. With numP3, muP10-sigma2 (see explanation of parameters
above) particle images which closely resemble conditions of the first PIV campaign were created.
Additionally, with numP10, muP2-sigma0.02 a set of particle images was created with larger
particle density and diameters close to 2 pixel which represent near optimal PIV images. In the
following only selected plots are shown to check the ability to extract proper two-point correlations
via the processing chain used in this thesis in section 4.3.3. Selected IWs, used in this thesis, were
applied on both particle image qualities. Figure 7.65 shows two-point correlation data of synthetic
dataset from synPIV with figure 7.65a Ry, at y/0 = 0.5 and figure 7.65b extracted integral
length scale, both for different synthetic particle data sets and IWs as indicated in the legends. In
general no substantial differences can be observed for both plotted representations with varying
particle image quality and IW sizes. The extracted length scale A\, /J, representing the integral
length scale from fitting an exponential curve to the autocorrelation at the corresponding wall
distance (see section 7.5.2.2, shows good agreement to the pre-set value of 1 down to approx.
y/0 =~ 0.2. Below, wall influences skew the extracted length scales.
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Figure 7.63: Profiles of U, V| typs, Upms and w0 from the TAU input (red lines) and extracted
from the synthetic flow fields (blue symbols) in pixel shift scaling.

Figure 7.66 shows the impact of the different synthetic particle data sets and IW dimensions
on results derived from ellipse fitting to the correlation levels, used in section 4.3.3 to derive
maximum dimensions L¥, /¢ of different representative correlation levels and inclination angles ¢.
Figure 7.66a shows the extracted maximum dimensions L7, /§ of different correlation levels and no
large impact of seeding quality and IW dimension is visible. Also the extracted inclination angles
in figure 7.66b show no large impact of IW dimensions. In both cases the DFM input values are
included as “generic” and deviations can be used to estimate uncertainties of post-processing.
Although it can only serve as a rough approximation, as it is highly dependent on the quality of
the PIV images and the synthetic versions were only parametrically approximated. Estimated
uncertainties for Upz /s &~ 40.2, as described in section 4.3.3, are included as error bars and it is
visible that most deviations are captured, despite single near wall points for larger IWs. In case
of the inclination angle deviations up to Uy ~ 4° are visible, whereas data spread in the real PIV
data showed smaller deviations.

To summarize all synPIV sensitivity analysis, the results showed that the applied processing
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Figure 7.64: Two-point correlation data of synthetic dataset via synPIV with DFM method

with a) Ry, b) z,y-cuts of Ry, ¢) Ry, d) z,y-cuts of R,,; red lines and label “generic” shows
input.

chain of this thesis can give accurate results for particle velocities (also for the highly elongated
IWs), turbulence quantities as well as two-point correlations and length scales. This gave further
confidence in the results of this thesis.
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Figure 7.65: Two-point correlation data of synthetic dataset from synPIV with a) R,, at
y/0 = 0.5 and b) extracted integral length scale for different synthetic particle data sets and TWs.
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Figure 7.66: Two-point correlation fitting results of synthetic dataset from synPIV showing
sensitivity of a) L /§ and b) ¢ for different synthetic particle data sets and IWs.
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7.5.5 Particle Sensitivity Studies

With the TAU particle module (see section 3.9.2) an interesting additional aspect could be
analyzed. In PIV raw images a slightly higher particle density at a certain region above the wall
could be observed (see e.g. figure 7.60 or 4.2). Since the particle module is also able to extract
particle densities (called “local catch efficiency” in TAU), simulations were used to try to rebuild
this observation.

For this, a CFD solution along the cone at FC1 was seeded with particles and these particles
were caught at a pre-defined catching plane corresponding to MS1 or MS2 (see also section
7.7.3 or 7.5.2.1). Here, the density “beta” is extracted, which is defined as the local ratio of
inter-particle trajectory distances from the catching plane to the initiation plane (close to the
inflow boundary). The drag model according to Tedeschi was used (see section 7.7.3). Figure 7.67
shows the calculated particle densities for p; (d, = 0.23um, p, = 3800kg/m?) and py (d, = 2pm,
pp = 800kg/m?) (see also section 7.5.2.1), together with data from PIV of the first campaign
(symbols). The latter were extracted by averaging the image intensities (normalized via the
image histogram) along the streamwise direction. This is just a qualitative analysis and therefore
no units are used. The plot is arranged in such a way, that the peak levels from CFD and PIV
roughly coincide. Additionally, for reference, the mean velocity profile from CFD is plotted.

It is interesting to note, that for both experimental and CFD data, two peaks in in the particle
density are visible. On is located at the wall and a secondary peak is with y/0 ~ 0.75 — 1 close
to the boundary layer edge in case of experiments, whereas the CFD data show this peak at
y/0 ~ 0.5, independent of particle sizes and densities. The wall distance of this peak slightly
increases with running length as visible by the difference between MS1 and MS2 results, but
stays close to the boundary layer edge.

Previous data suggested a certain velocity lag of particles as they move along the conical flow
field (see figure 7.28). It seems that this drift in combination with particles which hit the cone
model (especially in the nose part, where the oblique shock is closer to the surface) lead to an
aggregation of particles at a certain distance to the wall. However, it needs to be mentioned that
in the current version of particle simulations no particle reflections are considered. As soon as
a particle hits the wall it is removed from the simulation, so that this effect is not accounted
for. Other drag models (Henderson) were tested as well and showed only minor differences (not
shown here).

Although the analysis can only provide qualitative results, it nevertheless gives an indication of
potential reasons for the observed decrease of particle quality in the vicinity of the boundary
layer edge, reported about in the framework of correlation results in section 4.3.3 and visual
appearances in figure 4.2.
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Figure 7.67: Particle density simulations and data from first PIV campaign.

7.5.6 Digital Filtering Method (DFM)

Synthetic velocity fields were created by applying the digital filtering method (DFM) [130], [293].
With this procedure, an artificial velocity field can be created which possess certain pre-defined
statistical properties, like mean values, fluctuations, cross correlations, higher order moments and
length and time scales. The nomenclature was kept from the corresponding literature, meaning
that our plane of interest (PIV image plane) is denoted by the coordinates y and z (representing
x and y in our system, respectively).

To imprint a defined cross correlation, a suitable functional form needs to be chosen. It can be
shown that an exponential form is very convenient for DFM according to

R(r,0,0) = exp (—Z) (7.15)

with L as a pre-defined length scale (e.g. turbulent integral length scale) and r the distance to
the origin of the two-dimensional correlation. Compared to a realistic two-point correlation in a
turbulent flow, eq. 7.15 oversimplifies and introduces errors in the behavior near » = 0 but shows
realistic large-scale behavior.
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For simplicity, the following steps are defined for one-dimensional data. With n representing the
number of grid steps of a defined step size Ax and the length scale as L = nAx, the exponential
correlation may be re-written to

Umlmtk _ Ry (kAzx) = exp <—7T|k‘) (7.16)

U, U, 2n

A filter function can be defined as

N
Uy — Z bjrm+j (717)
j=—N

where 7, is a series of random data with 7, = 0, 7,7, = 1, b; are filter coefficients and NN is
connected to the length scale of the filter, where N > 2n was used in this work. The mean value
is ,, = 0, but because 7,7, # 0 for m # n, one obtains

N
Utk = bibj-k (7.18)
j=—N+k

For an exponential correlation, a simple but approximate solution to eq. 7.18 can be found with
the filter coefficients defined as

N 0.5
b = bi/ ( b) (7.19)
N

j=—

where

~ k
by ~ exp (—T) (7.20)

To extend the above approach to two-dimensional data, a corresponding two-dimensional filter
can be obtained by

bjx = b;bi (7.21)

The following recipe was followed in this work to derive two-dimensional velocity fields, which
possess pre-defined mean velocity fields, Reynolds stress distributions and cross correlations
based on a given length-scale L:

1. Choose for each of the two coordinate directions a length scale with L, = n,Ay and
L, = n,Az and a filter width defined by N, > 2n,,a = y,z.

338



7.6 Additional Heat Flux Investigations

. Initialize and store two two-dimensional random fields R,,a = y,z with dimensions
[-Ny, +1: M, + N,,—N. +1: M, + N.,s| where M, x M, are the dimension of the
grid in the plane of interest and s the number of images, representing the number of PIV
images (since the time between two double-pulses of the laser with a frequency of maximal
f =~ 100 Hz was large in comparison to typical convection times in the high-speed boundary
layer, no correlation in the time domain was applied with the assumption that the fields
are uncorrelated).

. Calculate the filter coefficients b(i,7) according to eq. 7.19, 7.20 and 7.21

. Apply the following filter operation for j = 1,...,M,,, k = 1,...,M, and every image s

Ua(jk,s) = Z Z b(j K Ra G+ 5 k+E,s) (7.22)
j'=—Ny k'=—N,

. To include a defined mean field @, and Reynolds stress tensor R,,, for the field in the

corresponding n = ¥,z direction, the final velocity field may be derived by a further
transformation according to

with

(R 0
<anm>—( . )> (7.24)

where the final s fields u,, and U,, have the dimensions (j,k) and also the one mean field
and Reynolds tensor components have the dimensions (j,k).

For further details of DFM, the reader is referred to [130] and [293].

The above described method was used to derive synthetic data fields according to the approach
by Spencer and Hollis [238] (see chapter 7.5.2) and to enforce defined two-point correlations to
selected synPIV data (see section 7.5.4).

7.6 Additional Heat Flux Investigations

7.6.1 PEEK Characterization

In this section, the emissivity properties of PEEK are detailed, followed by the material charac-
teristics, relevant for thermal analyses.

To asses the surface temperature via infrared thermography properly, the emissivity of the
material of interest need to be known. This emissivity is usually dependent on a variety of

339



7 Appendix

properties, e.g. on the material temperature, the emitted wavelength and the angle between the
camera and the model. The aforementioned dependencies were characterized for different probes
of “TECAPEEK natural”® externally, at the Bavarian Center for Applied Energy Research, ZAE
Bayern. The detailed results can be found in section 7.6.2. Based on this data for this thesis, a
typical mean emissivity of € = 0.95 within a viewing angle of ¢ = 0 — 40° was assumed.

The polynomial correlations for temperature dependent material properties for density p, heat
capacity ¢, and thermal conductivity \ are given in the following, based on measurements by the
Institute of material sciences at DLR (see [95]).

Pesex = Ap + BT (7.25)

Corpex = Acp + BepT (7.26)

Negex = Ay + BT + C\T? + DyT? (7.27)
Oeeex _ g 5

57 = Ba+203T +3D,T (7.28)

The corresponding coefficients are detailed in table 7.26.

Table 7.26: Coefficients for the material parameters of PEEK [95]

’ ‘ PPEEK ‘ Cp PEEK ‘ )\PEEK ‘

A, | 1382 ]6.09998 | —2.98173 10T
B, | —0.29 | 3.50000 | 4.13700 10~
C, - - —1.00939 10~°
D, - - 8.16379 10~°

7.6.2 PEEK Emissivity Analysis

To asses the surface temperature via infrared thermography properly, the emissivity of the material
of interest need to be known. This emissivity is usually dependent on a variety of properties, e.g.
on the material temperature, the emitted wavelength and the angle between the camera and the
model. The aforementioned dependencies were characterized for different probes of “TECAPEEK
natural”® externally, at the Bavarian Center for Applied Energy Research, ZAE Bayern. The
spectrally-resolved emissivity was measured via Fourier-transform infrared spectroscopy. Based on
the typical testing conditions in H2K, the material probes were characterized at room temperature,
50° C, 100° C, 150° C and 200° C. At temperatures equal and above 50° C the emissivity was
measured for viewing angles of 0°, 40°, 50°, 55°, 60° and 70°.

340



7.6 Additional Heat Flux Investigations

Two different PEEK material probes were investigated. Probe 2 represents a surface condition
after extensive testing in the wind tunnel environment. Probe 4 represents a completely new
surface condition after milling off approx a millimeter of a probe equivalent to probe 4. A
further probe (probe 1) was additionally investigated at room temperature, representing a surface
condition after moderate testing. Since the latter probe showed nearly the same results as probe
2 (see figure 7.68), only probe 2 and 4 were used for the full emissivity characterization. In the
following, only representative results of probe 4 are shown.

Figure 7.68 shows the spectrally-resolved emissivity € (A) at room temperature. Additionally,
the default value based on experience with € = 0.95 is included as reference. Furthermore, the
spectral operating ranges of the potential IR cameras is included. It is visible that within the

camera spectral ranees. in total the emissivitv varies between € ~ 0.6 — 0.98.
1
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Figure 7.68: Spectral dependency of “TECAPEEK natural”® emissivity at room temperature

From the spectrally-resolved emissivity data an average value was extracted via integration
over the wavelength for both camera ranges, as visible in figure 7.69. Additionally, estimated
uncertainties are included with U, = 0.02 via error bars. Based on this data, a global emissivity
of € = 0.95 was used for the measurements via the Infratec camera. The data of the FLIR camera
was only used qualitatively. But the importance of including spectral information is clearly
visible in figure 7.69, since a clear difference in averaged emissivities is visible between the short-
/ mid-wavelength (A = 2 — 5 pm) and long-wavelength infrared regime (A = 8 — 9um).

Figure 7.70 shows the emissivity dependency on the viewing angle. Here, the angle ¢ is defined
as angle between the camera axis and the local normal vector on the probe surface. In general,
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Figure 7.69: Temperature dependency of “TECAPEEK natural”® emissivity (probe 4)

the typical behavior of a dielectric material is visible with relatively constant emissivities at low
angles and a sharp decrease at higher angles. For PEEK, the change of emissivity stays within
1% up to an angle of 40°.
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Figure 7.70: Emissivity of “TECAPEEK natural™®.

7.6.3 CT Parameters

According to Hollis [107] chromel material parameters were used for the analysis of CT. The
coefficients detailed in table 7.27, according to [107], were used in this work together with
equations (7.25) to (7.27).

Table 7.27: Coefficients for eq. (7.25) to (7.27) of the chromel material parameters according
to [107]

CP‘CIIROMEL ‘ )\CIIROMEL ‘

’ ‘ p(‘,HROMEL
8714 | 386.25 11.845
- 023981 | 1.9132- 102

8

8

S| 0| 3|

8

7.6.4 pyHeatflow Validation

The implementation of the axisymmetric formulation of the heat balance for “pyHeatflow” (see
section 3.4.2) was checked via ANSYS. For this, a generic case with a cylindrical one-dimensional
element was simulated in ANSY'S by applying a constant conductive heat flux of 10kW/m? on
the surface of the element, representative for a typical heat load during H2K tests. A typical test
time for evaluation of the IR results is simulated with 15 seconds. The element was designed to

343



7 Appendix

have a radius of » = 0.06 m, which corresponds to an axial distance of approx. 0.5m along a 7°
cone, according to the typical position of boundary layer measurements in this thesis (MS1).

The resulting surface temperatures over time were extracted from ANSYS and used as input to
“pyHeatflow” (see chapter 3.4.2.1). The plot in figure 7.71a includes a comparison between the
calculated heat flux from “pyHeatFlow” in cylindrical mode (r = 1 in equation (3.23), labeled
“cyl”) and in non-cylindrical mode (r = 0 in equation (3.23), labeled “1D”) and the input value
from ANSYS against time.

After a short initial time of below approx. 1 second the cylindrical value agrees to the input
within < 0.05%. The impact of using a non- instead of an axisymmetric formulation can be
seen by evaluating the difference in figure 7.71a with the label “1D”. As expected, there is
already a difference from beginning on and it increases with time to approx. 2% after the
simulated 15 seconds. The reason for this can be found in the heat penetration into the material.
Due to the cylindrical formulation, the material size decreases with increasing depth whereas a
one-dimensional representation is constant in size. Therefore, also the heat capacity is different
between both representations and a larger amount of heat can penetrate into the material in
case of the one-dimensional formulation. Therefore, also a larger surface heat flux is necessary to
result in the same surface temperature.

This difference by mis-using a non-cylindrical formulation on a cylindrical (or in our case conical)
body is even increasing with decreasing radius r. Transferred to our case of a cone a decreasing
radius means moving toward the nose. To visualize this sensitivity, in Figure 7.71b three different
radii corresponding to three different axial positions are shown with z, ~ 0.325m (r = 0.015m),
T, ~ 0.5m (r = 0.06m) and z, ~ 0.733m (r = 0.09m) for an extended simulation with
t =20 s.

At 20 seconds the largest difference is visible with approx. 8% at the closest position to the
nose with the smallest radius of » = 0.015m, as expected. With increasing cone length and
therefore increasing radius, the axisymmetric formulation (see equation (3.19)) tends to the
one-dimensional formulation. Already at the aft end of the model with » = 0.09m the difference
drops to approx. 1% after 20 seconds.
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Figure 7.71: pyHeatflow cylindrical validation and sensitivity with a) heat flux against time
at o, = 0.5m (r =0.06m) and b) heat flux difference between non-cylindrical assumption and
input at z, ~ 0.325m (r = 0.015m), 2, ~ 0.5m (r = 0.06 m) and z, ~ 0.733m (r = 0.09m).
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7.6.5 Heat Flux Normalization Study

A general definition of the Stanton number can be given with

de Ge
St = = 7.29
,OStUSt(hSt - hw) pStUSth(TSt - Tw) ( )

where pg; and ug; are meant here as reference density and velocity, respectively and hg; and hy,
are a reference and wall enthalpy, respectively. With the assumption of a perfect gas the second
part of the equation can be used with the constant heat capacity of the fluid c,, a reference T,
and wall temperature Ty, respectively.

To normalize the the convective heat flux, proper values need to be defined to capture the
mass flow rate and the driving temperature difference [40]. In the framework of experimental
investigations the reference state for the density and velocity are most often chosen as the inflow
condition (ps: = peo and ugy = us) and the reference temperature as the reservoir temperature
Ty = Tp, since all parameters are either measured directly or can be derived by gas dynamic
equations. In the framework of boundary layer analysis typically the (local) edge conditions
of density (ps: = pe) and velocity (us: = u.) are used together with the (local) adiabatic wall
temperature T,,, representing the local convective enthalpy potential which drives the heat
transport. The adiabatic wall temperature can seldom be measured directly since long testing
times would be necessary. In the H2K facility the typical run times of below 30s are not sufficient
to reach a (radiative) equilibrium and therefore in our case the adiabatic wall temperature was
estimated via the recovery temperature Ts; = T, according to eq. (3.8). The corresponding
edge conditions were derived from the inflow based on the Taylor-Maccoll equations (section 3.7),
neglecting viscous interactions along the cone.

If not otherwise noted the Stanton number is typically defined with pg; = pe, uss = te, Ts¢ = 15
according to eq. (3.8) and denoted St.. This decision is based on a parameter study reported in
the following.

To choose which version of the Stanton number is more suitable to normalize the heat flux along
the sharp cone, several computations with the boundary layer code (see section 3.8) and with
TAU (see section 3.9) were performed. In the following the results from the BLcode are used to
visualize the outcome. The TAU data showed the same trends. The computations were performed
for three different inflow conditions with py = 18.9 bar, Ty = 475 K, pg = 19.7 bar, T = 490 K and
po = 20.0bar, Ty = 500 K, all at Ma = 6, according to performed tests. The computational grid
was chosen according to grid convergence index (GCI) analysis (described in section 7.7.2). Fully
turbulent (eddy viscosity turbulence model, see section 3.8) and transitional computations were
performed, where for the latter a transition location of x = 0.23m and extent of Az ~ 0.12m
were prescribed in the code, mimicking approximate locations for our experimental conditions
(see e.g. figure 4.42). The difference in heat flux which should be normalized by the corresponding
Stanton numbers is visualized in figure 7.72.

The comparison includes two different options for the reference density and velocity with either
the inflow (subscript inf) or BL edge condition (subscript e) and three different options for
the reference temperature Ts;. For the latter either the analytical equation (3.8) was used
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Figure 7.72: Heat flux for Stanton number sensitivity study based on boundary layer code
simulations along the 7°cone at three different inflow conditions and Tw = 340 K if not otherwise
indicated: solid lines for fully turbulent and dash-dotted lines for transitional computations

(subscript T'aw), or the wall temperature derived from BLcode computations applying adiabatic
wall assumption (subscript Taw = f(z)) or the reservoir temperature (subscript 7°0). The
computed adiabatic wall temperatures are plotted in figure 7.73a along the cone surface x with
the analytical result (dashed) and the BLcode derived results for fully turbulent (solid) and
transitional computations (dash-dotted). It is visible that in contrast to the constant analytical
value (since only depending on the constant cone edge temperature) the results computed by the
BLcode are not constant along the xz-axis and systematically lower. The impact of the different
adiabatic wall temperature estimations is visible in the subplots 7.73b to 7.73f, showing the
different definitions of the Stanton numbers. It is visible that the definition with inflow conditions
and reservoir temperature St;, 1o, typically used in experimental frameworks, normalizes the
heat flux worst of all shown options. Nevertheless, also with this option a residual of only ~ 12%
persists. The best option would be to normalize via edge conditions and computed adiabatic
wall temperature St rqu—y(») Which collapses the curves of the three inflow conditions best
for both fully turbulent or transitional computations (subplot 7.73c). The next best option is
the definition with edge conditions and analytically derived adiabatic or recovery temperature
SteTaw (subplot 7.73e). This is a viable option for a post-processing of the experimental data in
this work, since it only necessitates the approximation of the edge conditions via Taylor-Maccoll
equations (see section 3.7) and equation (3.8).
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The above computations were performed with wall isothermal temperatures. In experiments, the
wall temperature varies along the cone due to varying heat loads. This influence is assumed to
be negligible due to the limited temperature range which occurs during testing.
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Figure 7.73: Stanton number definition sensitivity study with a) the adiabatic wall temperature
along z-axis via analytical equation ((3.8), dashed), fully turbulent computation with adiabatic
wall assumption (solid) and transitional computation with adiabatic wall assumption (dash-
dotted); b)-f) Stanton numbers with b) pst = poo, Ust = Uso, Tst = To, €) pst = pe, Ust = Ue,
Tsy = Tows d) psi = Poos Ust = Uoo, Tt = Taw, €) psi = pe, use = e, Ty = T, £) psi = poo,

Ust = Uso, L5t = T. For b) to e): solid lines for fully turbulent and dash-dotted lines for
transitional computations.
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Figure 7.74: Influence of inflow on transition location with a) Convective heat flux, wall
temperature and edge based Stanton number seeding influence comparison for Run1003 and
Runl011 at ¢ = 15s and b) Stanton numbers for the same runs at different time points, highlighting
the influence of seeding on the transition front.

7.6.6 Heat Flux Sensitivity Study

Natural transition location sensitivity:

To show the sensitivity of transition location on the smooth wall heat flux in more detalil,
Figure 7.74a includes the convective heat flux, wall temperature and edge based Stanton number
at t = 15s for Run1003 and Run1011 with and without PIV seeding, respectively. It is visible
that the transition front is shifted upstream in case of seeding on. Furthermore, if the temporal
evolution of the transition front is investigated in figure 7.74b, it is visible that the front of
Run1003 moves towards the position of Run1011 (without seeding) for intermediate time points
(t = 11s). This can be attributed to the seeding apparatus which generated non-constant seeding
densities for Run1003 (detectable via corresponding PIV raw images, not shown here). For later
time points the seeding was re-established so that the transition front moves toward the final
position ¢ = 15s. Despite this impact on the transition location, the downstream turbulent
Stanton number level is not influenced by this shift, as visible for the values approx. larger than
x > 0.45m. Therefore, the analysis of turbulent augmentation due to roughness should not be
influenced by this.

Temporal evolution of Stanton number:

Figure 7.75 shows heat flux distributions based on experimental data of the second PIV campaign
at FC1 with smooth wall Run3014, 3016 (left column, blue and red symbols, respectively) and
rough wall Run3006, 3007 (right column, blue and red symbols, respectively) at = 0.5 m. The
two plots in the middle row show the Stanton number St., defined with Ts; from analytical
equation (3.8) and ugy, pst from inflow conditions. The two plots in the lower row show the
Stanton number St. defined with Ts; from analytical equation (3.8) and ug:, ps: from edge
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Figure 7.75: Temporal heat flux distributions based on experimental data of second PIV cam-
paign at FC1 with smooth wall Run3014, 3016 (left column, blue and red symbols, respectively)
and rough wall Run3006, 3007 (right column, blue and red symbols, respectively) at = 0.5 m.

conditions. It is visible that both St., and St. are able to normalize the decreasing convective
heat flux ¢ (two plots in the upper row) with increasing wall temperatures acceptably to a nearly
constant value with differences below =~ 4% for ¢ > 10 s . This translates into an augmentation
ratio change of St.,/St. s below ~ 1.5 % for t > 10 s, visible in figure 7.76.

IR heat flux augmentation:
In the following additional data is given with respect to IR heat flux augmentation.

The sensitivity of the augmentation levels, as shown in figure 4.48 and 4.49, from chosen time
interval were found to be negligible. Table 7.28 shows the impact of different spatial and temporal
averaging on the heat flux augmentation from IR data. The results are based on different smooth
runs (Run3014, 3016, 3019) and rough runs (3006, 3007, 3008). In contrast to augmentations
based on the absolute heat flux, the Stanton number augmentations are only mariginally affected
by the averaging time interval.

Local sensor heat flux augmentation sensitivity:
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Figure 7.76: Temporal heat flux augmentation distributions based on experimental data of
second PIV campaign at FC1 with rough to smooth wall Run3006 to Run3014 and Run3007 to
3016 (blue and red symbols, respectively) at z = 0.5 m.

As outlined in section 4.4.3, averaging of local sensor data was necessary due to varying augmen-
tation levels over testing time. Different averaging time periods were checked and found to be
negligible. Final results of the HFM and CT augmentations are summarized in table 7.29, 7.30
and 7.31.

Table 7.32 contains statistics of the roughened CT2 (TE63-3) in the Carborundum roughness
model heat flux augmentation within t=2.0 - 4.0s

Boundary condition impact on BLcode results:

Due to the different possible formulations of relevant parameters for the modified Krogstad
roughness model in the BLcode (see section 3.8), the impact is analyzed for the flow condition
FC1. Figure 7.77 shows the impact of using either y* and kf or y} and kf (see eq. (7.37) and
(7.40)) on calculated roughness Reynolds number £ and Stanton numbers in figure 7.77a and
figure 7.77b, respectively, along the rough cone at EQSR values within k/k = 0.125 — 2.0. It is
visible that the formulations of parameters have large impact on the resulting roughness Reynolds
numbers, especially in a region close to the nose and in case of larger EQSR values. This is
driven by the combination of larger roughness heights in combination with corresponding smaller
boundary layers close to the nose. Since in case of y and kéfs for of e.g. viscosity the local or
corresponding values at the roughness height are used, it has a larger impact than for larger
boundary layers downstream the cone. In contrast to the Reynolds numbers, the corresponding
Stanton numbers in figure 7.77b show only negligible differences in case of small EQSR values
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Table 7.28: IR roughness heat flux augmentation for different spatial and temporal averaging.
Run Sensor x T q Ste Twr/Tws Gr/ds Ster/Stes
m] K] [W/m? O[] [ [ [

10s< t < 14s
avg. S 0.45 345 8170 0.0007 1.00 1.00 1.00
avg. r 0.45 350 9121 0.0008 1.02 1.12 1.21
avg. S 0.55 343 7887 0.0007 1.00 1.00 1.00
avg. r 0.55 348 8833 0.0008 1.01 1.12 1.20
avg. S 0.50 344 8028 0.0007 1.00 1.00 1.00
avg. r 0.50 349 8976 0.0008 1.01 1.12 1.20

15s< t < 19s
avg. S 0.45 353 7779 0.0007 1.00 1.00 1.00
avg. r 0.45 358 8507 0.0008 1.01 1.09 1.19
avg. S 0.55 351 7503 0.0007 1.00 1.00 1.00
avg. r 0.55 356 8256 0.0008 1.01 1.10 1.19
avg. S 0.50 352 7640 0.0007 1.00 1.00 1.00
avg. r 0.50 357 8381 0.0008 1.01 1.10 1.19

10s< ¢t < 19s
avg. S 0.45 349 7974 0.0007 1.00 1.00 1.00
avg. r 0.45 354 8814 0.0008 1.02 1.11 1.20
avg. S 0.55 347 7695 0.0007 1.00 1.00 1.00
avg. r 0.55 352 8545 0.0008 1.01 1.11 1.19
avg. S 0.50 348 7834 0.0007 1.00 1.00 1.00
avg. r 0.50 353 8679 0.0008 1.01 1.11 1.20

and small differences in case of larger EQSR values.
FC impact on heating augmentation:

Figure 7.78 shows comparison between FC1 and FC2 with the rough wall heat flux augmentations
for EQSR ks/k = 0.125 — 2.0 computed with the BLcode. Augmentation levels agree quite closely
between both inflow conditions FC1 (solid lines) and FC2 (dashed lines) especially for smaller
EQSR values encountered in this thesis.

Blockage ratio impact on BLcode friction augmentation:

Figure 7.79 shows the impact of blockage ratio on friction augmentation evolutions with roughness
Reynolds numbers k| as calculated with the BLcode along a rough wall cone. There are different
options to increase the friction Reynolds number to collect this evolution (see formulation in eq.
(2.6)). One option is to keep the flow conditions the same (p, u at FC1) and successively increase
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Table 7.29: Statistics of filtered HFM roughness heat flux augmentation within ¢t = 3 — 20s of
rough wall Run1015 to smooth wall Run1011.
q Ste QT/QS Ste,r/Ste,s
(W/m?  [W/m?  [] [ [ [ § [
HFM2 HFM3 HFM2 HFM3 HFM2 HFMS3 HFM2 HFM3

1011

mean 21443 18941 0.0014  0.0012 - - - -
min 20278 17751 0.0013  0.0011 - - - -
max 21820 19299  0.0015  0.0013 - - - -

std 394 389 0.00004  0.00004 - - - -
1015
mean 24148 19519  0.0016  0.0013 1.13 1.04 1.13 1.05
min 21115 18206  0.0013  0.0012 1.05 1.02 1.05 1.04
max 24688 19835  0.0016  0.0013 1.16 1.06 1.16 1.07
std 730 367 0.00007 0.00004  0.02 0.01 0.02 0.01

ks at the position corresponding to MS1, which is shown as black line/symbols. It is visible that
in this case, the augmentation tapers off at approx. 1.9. The corresponding blockage ratios ks/d
are plotted in figure 7.79 by the colors of the symbols. It is visible that the tapering-off correlates
with approaching a value of ks/6 = 1 (values above 1 are masked since the range is restricted to
0 to 1). Due to the compressible formulation (see eq. (7.37) and (7.39)) and since a boundary
layer code was used, at blockage ratios close or even above 1 relevant parameters are fixed to
edge conditions, since no flow field above the BL is calculated. In contrast, due to the conical
flow field, the parameters above the BL would change with wall-distance so that the calculated
values in this blockage ratio regime can be questioned.

Instead of successively increasing ks, high Reynolds numbers can also be derived if the density is
increased (simulated here with increasing the artificial reservoir condition to 200 bar). With this
approach, the same roughness Reynolds number regime is reached at lower k; values. At the
same time values were extracted at an increased running length (6 m) resulting in lower blockage
ratios. In this case (green lines/symbols) the augmentation tapers off not before approx. 2.5,
reaching much higher values than for the previous case.

A further check was made with another option to increase k via artificially increasing the
cone length to 50 m and keeping the flow conditions the same (FC1). This is shown as red
lines/symbols and the same tapering-off behavior is visible than the case before. In both latter
cases the blockage ratio is still below approx. 0.5 so that the previously described bias due to
using a BLcode is prevented. The third case (increased running length at FC1) was used in the
corresponding plots in section 4 to compare to experimental and literature data.

Prandtl number model impact on BLcode heating augmentation:

Three different variable turbulent Prandtl number models were compared to the nominal constant
Prandt] number approach in the BLcode. First, a model according to Rotta [207] was used, which
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was already implemented in the BLcode. Second, a model according to Aupoix [17] was used,
which was already successfully applied on Holden’s high-enthalpy data [176]. Third, compressible
smooth wall DNS data by Zhang et al. [296], which were derived for flow conditions close to
data in this thesis, was fed to the BLcode as tabulated data. Although along a smooth wall, it
generally resembled outer layer incompressible data along rough walls as well (see e.g. [55]).

Figure 7.80a shows in calculated turbulent Prandtl number profiles Pr; at MS1. Only minor
variations are visible with the model according to Aupoix [17], whereas the largest are derived
by the one according to Rotta [207]. The Pr; = 0.9 constant assumption is visible to not being
accurate directly at the wall but represents a rough average of the near wall behavior if compared
to data by Zhang et al. [296].

The corresponding Stanton numbers are shown in figure 7.80b, where smooth wall results are
shown with black lines and rough wall with colored lines, all for a fixed ks = 0.5mm. The different
models show different degrees of changes compared to the nominal Pr; = 0.9 (const.) curve.
Most curves show higher Stanton numbers. Only the one according to Zhang et al. [296] shows
slightly lower values but only close to the end of the cone. Therefore, it is expected that these
Prandt]l number models do not improve the agreement to the measurement, for which a clear
lowering of the Stanton numbers would be necessary.

The above described approaches do not consider near wall behaviors of the turbulent Prandtl
numbers. Although the rough wall DNS by Doosttalab et al. [55] agrees closely to the applied
smooth wall data by Zhang et al. [296] in the outer layer, very close to the wall (y*<20) Prandtl
numbers vary more drastically above the roughness topology (see e.g. figure 8b) in Doosttalab
et al. [55]). This is well within the roughness sublayer so this behavior is assumed to be highly
dependent on the actual roughness topology. This might already be the case for smooth wall
data but which is rarely shown in the publications. These sensitives may have an impact on the
computations but were out of the scope of this thesis.
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Table 7.30: CT2 (TE63-3) roughness heat flux augmentation within t=2.0 - 4.0s

Run wall value q Ste q/ds,avg.  Ste/Ste.s avg.
[W/m?] [ [ [
CT2 CT2 CT2 CT2
2023 S mean 13669  0.00106 1.01 1.03
min 13393  0.00103 1.01 1.03
max 13947  0.00108 1.02 1.04
std 155 0.00001 0.002 0.002
2036 S mean 13562  0.00106 0.99 1.01
min 13357  0.00104 0.98 1.00
max 13709  0.00108 1.00 1.02
std 116 0.00001 0.005 0.005
2046 S mean 13605 0.00102 1.01 0.98
min 13300  0.00099 1.00 0.98
max 13834  0.00104 1.01 0.99
std 181 0.00002  0.004 0.003
2051 S mean 13336  0.00102 0.98 0.97
min 13089  0.00100 0.98 0.96
max 13589  0.00105 0.99 0.97
std 152 0.00001  0.002 0.002
avg. S mean 13503  0.00104 1.00 1.00
min 13245 0.00102 1.00 1.00
max 13737  0.00106 1.00 1.00
std 139 0.00001  0.000 0.000
2059 T mean 14920 0.00113 1.10 1.09
min 14547  0.00110 1.09 1.08
max 15367  0.00117 1.12 1.10
std 251 0.00002 0.008 0.008
2064 T mean 14267 0.00111 1.06 1.09
min 13880  0.00108 1.05 1.08
max 14725  0.00116 1.07 1.10
std 251 0.00002 0.008 0.008
2071 r mean 14535 0.00112 1.07 1.07
min 14220 0.00109 1.06 1.06
max 14903  0.00115 1.08 1.08
std 192 0.00002  0.005 0.005
2083 r mean 14829 0.00112 1.10 1.08
min 14461 0.00109 1.09 1.07
max 15348 0.00117 1.12 1.10
std 256 0.00002  0.008 0.008

356



7.6 Additional Heat Flux Investigations

Table 7.31: CT3 (TE101-4) roughness heat flux augmentation within t=2.0 - 4.0s

Run wall value q Ste G/ds,avg.  Ste/Stesavg.
[W/m?] [ [ [
CT3 CT3 CT3 CT3
2023 S mean 21495  0.00168 1.03 1.05
min 19459  0.00151 1.02 1.04
max 23190  0.00183 1.04 1.06
std 1077 0.00009 0.006 0.006
2036 S mean 21444  0.00169 0.96 0.98
min 19475  0.00152 0.95 0.96
max 23058  0.00183 0.97 0.99
std 1039 0.00009 0.008 0.008
2046 S mean 21563  0.00163 1.04 1.01
min 19599  0.00147 1.02 1.00
max 23164  0.00177 1.06 1.03
std 1034 0.00009 0.010 0.010
2051 S mean 21378  0.00167 0.99 0.98
min 19383  0.00150 0.99 0.98
max 22938  0.00181 0.99 0.98
std 1022 0.00009 0.001 0.001
avg. S mean 20926  0.00163 1.00 1.00
min 18673  0.00144 1.00 1.00
max 22702  0.00178 1.00 1.00
std 1155 0.00010 0.000 0.000
2059 r mean 22929  0.00176 1.10 1.08
min 20513  0.00155 1.09 1.07
max 24856  0.00192 1.11 1.09
std 1189 0.00010 0.007 0.007
2064 T mean 21651  0.00171 1.05 1.08
min 19293  0.00151 1.04 1.07
max 23530  0.00188 1.06 1.09
std 1236 0.00011 0.003 0.003
2071 r mean 22361  0.00173 1.04 1.03
min 19924  0.00153 1.02 1.01
max 24378 0.00190 1.05 1.04
std 1259 0.00011 0.008 0.009
2083 r mean 22197  0.00172 1.06 1.05
min 19676  0.00151 1.06 1.05
max 24242  0.00189 1.07 1.06
std 1335 0.00011 0.004 0.004
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Table 7.32: Roughened CT2 (TE63-3) roughness heat flux augmentation within t=2.0 - 4.0s

Run wall value q St. Q/Gs.avg.  Ste/Stes.avg.
W/m? [ 4 8
CT2 CT2 CT2 CT2
2110 S mean 8550 0.00066 1.00 1.01
min 8030 0.00062 0.99 1.00
max 9069 0.00070 1.01 1.01
std 287 0.00002 0.005 0.005
2111 S mean 8415 0.00064 1.00 0.99
min 8058 0.00061 0.99 0.99
max 8911 0.00068 1.01 1.00
std 242 0.00002 0.005 0.005
avg. S mean 8393 0.00062 1.00 1.00
min 8054 0.00060 1.00 1.00
max 8845 0.00066 1.00 1.00
std 237 0.00002 0.000 0.000
2139 r mean 9194 0.00072 1.10 1.16
min 8931 0.00070 1.07 1.13
max 9552 0.00075 1.12 1.18
std 193 0.00001 0.014 0.015
2140 T mean 9209 0.00069 1.10 1.11
min 8919 0.00067 1.07 1.08
max 9507 0.00071 1.11 1.12
std 175 0.00001 0.013 0.013
2141 r mean 9030 0.00070 1.11 1.15
min 8597 0.00067 1.06 1.11
max 9411 0.00073 1.14 1.18
std 258 0.00002 0.020 0.021
2142 T mean 8779 0.00070 1.04 1.10
min 8401 0.00067 1.02 1.07
max 9076 0.00072 1.08 1.14
std 212 0.00002 0.019 0.020
2143 r mean 8824 0.00070 1.05 1.11
min 8389 0.00067 1.02 1.09
max 9107 0.00072 1.06 1.13
std 197 0.00001 0.011 0.012
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Figure 7.77: Impact of boundary conditions on a) calculated roughness Reynolds number £}
and b) Stanton umber along rough cone from BLcode at different EQSR values.
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Figure 7.78: Rough-to-smooth wall convective heat flux edge based Stanton number from
BLcode for different EQSR values at FC1 (solid lines) and FC2 (dashed lines).
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Figure 7.79: Calculated skin friction augmentation against roughness Reynolds numbers &
along rough cone from BLcode at different EQSR values and assumptions.
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Figure 7.80: Calculated a) turbulent Prandtl number profiles Pr, at MS1 and b) corresponding
Stanton numbers along cone from BLcode with different Prandtl number assumptions. Smooth
wall results with black lines and rough wall with colored lines, all with ks = 0.5mm.
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Table 7.33: ANSYS CT in PEEK simulation cases

label h Tow Tuw contact
(W/(m?-°C)] [K] CT-PEEK
Run1011 Tw - - IR full contact
Run1011 Tw, noContact - - IR no contact
conv., h(x=0.65), TAUmin 774 438 - full contact
conv., h(x=0.65), TAUmin, noContact 77.4 438 - no contact
conv., h(x=0.65), TAUmax 92.5 438 - full contact
conv., h(x=0.65), TAUmax, noContact 92.5 438 - no contact

7.6.7 ANSYS CT Analysis

To support the analysis of CT heat flux signals (see e.g. figure 4.45) ANSYS simulations were
performed. To this end, the CT inside the surrounding PEEK material is approximated as
axisymmetric configuration with the corresponding axis of rotation at the mid-point of the CT.
See figure 7.81 for the setup with the axis at z = Om (most left vertical line of CT) and the y
direction perpendicular to the wall. The light brown parts correspond to the CT whereas the
green and brown parts to the PEEK material. The green part represents a PEEK disc which
was necessary to insert the CT (light brown) into the main PEEK body (brown) with later flush
mounting it to the surface. The PEEK-PEEK interfaces were always assumed to establish perfect
contact in the ANSYS computations. A structured mesh was used and a refinement resulted in
no substantial differences of the results (see figure 7.82a). The material properties of PEEK and
CT (the latter assumed purely from Chromel) were the same as used in pyHeatflow (see section
7.6.1). The contact surfaces between CT and PEEK were either switched on (perfect contact) or
off (adiabatic) to check the influence of lateral heat flux between materials (see sections between
green and light brown surfaces in figure 7.81). Two different kinds of boundary conditions were
used at the upper surface with either convective heating or pre-scribed surface temperatures. For
the first, heat transfer coefficients h and adiabatic wall temperatures T}, (as bulk temperature)
were taken from turbulent TAU computations. Since different turbulence models give different
transfer coefficients, a minimum and maximum value was chosen representing a possible range.
For the second boundary condition, wall temperatures 7T, were taken from CT signals and IR
data on PEEK surfaces near the sensor TE83-3 position x = 0.65 m. All other surfaces were
assumed adiabatic.

This is a simplified version of the real conditions due to several reasons. E.g the conical shape of
the model is ignored since only a region of maximal 60 mm was computed with the focus on
the CT-PEEK intersection. This intersection is assumed either perfect or non-existing, although
the real situation is most likely somewhere in between. The CT has an internal structure with
the two thermocouple materials but here it was modeled by only one solid part made of the
one material. Apart from these simplifications, the simulations were deemed helpful for the
understanding of the experimental measurements. Table 7.33 summarizes the labels and most
important parameters of the simulated cases.

First, resulting heat flux ¢ and surface temperatures 7' on PEEK parts can be used as sanity
check, since no lateral and contact influences are expected. If not otherwise noticed, the heat flux
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Figure 7.81: ANSYS simulation of CT in PEEK setup in a) for convective boundary conditions
and in b) for pre-scribed surface temperature conditions.

in the following plots corresponds to wall-normal component. Figure 7.83a shows different heat
flux results extracted at a surface point at mid x distance of the main PEEK part together with
the values from 1D pyHeatflow method (see section 3.4.2.1) including estimated uncertainties
(red line). ANSYS convective cases show higher values after wind tunnel start but converge to the
same slope after a few seconds and the TAUmin case agrees closely to the result from pyHeatflow.
The case with prescribed Run 1011 wall temperature (“Run1011 Tw”) agrees very closely to
pyHeatflow, since no lateral effects are expected. This is also visible for the corresponding
case without contact between CT and PEEK (although hardly visible since cases “Run1011
Tw” and “Runl011 Tw, no contact” nearly collapse). Small differences are most likely due to
differences in the mesh. The corresponding computed PEEK wall temperatures are shown in
figure 7.83b. Also here, the TAUmin case agrees best with data from IR (red line) and no effect
of the contact situation is visible. No data for Run1011 Tw cases are shown in this plot, since
the IR temperatures were used as input.
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Figure 7.82: ANSYS simulation of CT in PEEK with grid in a) and temperature distribution
at t = 20s in b).

In contrast, the heat flux and surface temperatures on the CT part are of interest with respect
to lateral and contact influences. In figure 7.84 the wall-normal heat flux at the axis point on
the surface of the CT is shown with the red line indicating the (post-processed) temperature
signal from TE83-3 transformed into heat flux via pyHeatflow. It is visible that after a first
overshoot, there is a minimum after around 2 — 4 seconds with a following increase until the
end of run. The corresponding values from ANSYS convective cases show heat flux values close
but slightly lower compared to the Heatflow minimum. In contrast to the experimental data,
the ANSYS convective cases show a monotonic decrease until the end of run. The cases without
contact between CT and PEEK show a slightly lower decrease but no increase. This decrease
with increasing surface temperatures is an expected trend for a constant convective heating. A
sanity check of the Heaflow results was made with ANSYS by applying the CT temperature
signal on the CT surface and switching off the CT-PEEK contact. It is visible that with this
case (“Run1011 Tw noContact”) the experimental trend can be rebuild.
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In figure 7.85a the corresponding surface temperatures and in figure 7.85b the backside tempera-
tures on the CT axis are shown. It is visible in a) that the measured CT temperatures (red line)
are only reached via the convective cases when the CT-PEEK contact surface is switched on
(solid lines) whereas no-contact cases are colder (dashed lines). This is mainly due to a lateral
heat flux from the hotter PEEK surfaces to the colder metallic material of CT, which is also
visualized in figure 7.86 with the lateral heat flux gl along the vertical CT-PEEK junction. In
this plot, the negative heat flux values correspond to a flow of energy from PEEK to CT. PEEK
has a lower heat conductivity which leads to higher surface temperatures at the same convective
heating (see figure 7.82b). This leads to an additional lateral heating from the hotter PEEK to
the colder CT which also result in higher CT surface temperatures than from the convective
heating alone. If this increased CT temperature information is used as input to a method only
considering 1D heating (either Heatflow or the “Run 1011 Tw, noContact” case), an erroneous
higher wall-normal heat flux is calculated which would be necessary to result in this increased
surface temperatures.

Due to this information, it is assumed, that the experimental CT 1D Heatflow values are biased
by lateral heat flux and it was decided that the most reliable value of the Heatflow results is the
one where the first minimum is reached, before lateral heating effects increase over time. This
value is also taken for run-to-run and smooth-to-rough comparisons in section 4.4.
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Figure 7.83: CT in PEEK ANSYS simulation results of a) heat flux and b) wall temperatures

on PEEK.
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Figure 7.84: CT in PEEK ANSYS simulation results of heat flux on CT.
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Figure 7.85: CT in PEEK ANSYS simulation results of a) wall temperatures and b) backside
temperatures on CT.
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Figure 7.86: CT in PEEK ANSYS simulation results of lateral heat flux along the vertical
CT-PEEK junction.
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7.7 Additional Numerical Investigations

7.7.1 Modified Krogstad Roughness Model Validation

Within the two-layer eddy viscosity model, in the framework of this thesis an extension was
implemented to account for flow over rough walls. This model is based on work by Fluid Gravity
Engineering within the ExoMars project to include rough wall fluxes along the Mars capsule in
the aerothermodynamic database (see [161]). This was achieved by the implementation of an
equivalent sand grain based model in a Cebeci-Smith turbulence model, based on the modification
of the Van Driest damping function which damps out eddy viscosity near the wall in the inner
of the two-layers of the algebraic model. A detailed description of this modified compressible
Krogstad model can be found in [161], [136]. This implementation is a modification of a model,
originally proposed by [136] and with ideas from [260]. The implemented modifications to the
boundary layer code are summarized in the following.

The original (smooth wall) formulation of the eddy viscosity p; in the inner and outer layer of
the boundary layer code is

He P ou

BY — Lrypy| S|t <y < ynm .

(&) = Lwwn) | 5| or 0y <) (7.30)
(IZ) :ngUeézW for (ym<y) (731)

with the Van Driest damping function D

po1_#) (7.32)

including the constant AT = 26 and the kinematic displacement thickness d5, in which the density
throughout the BL is set constant, according to

5 = /O b (1 - g) dy (7.33)

and the mean intermittency factor 7 with

1 —erf [ks (4 — ky)]
2

v = (7.34)

The above equations include model constants k; to k4 according to 0.4, 0.0168, 5.0 and 0.78,
respectively. The location of the boundary between the inner and outer layer y,, is defined where
eq. 7.30 is equal to 7.31.

Along rough walls, the damping function in eq. (7.30) was re-formulated to effectively reduce the
amount of damping close to the rough wall according to
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D =D, + D, (7.35)

in which the smooth wall damping D; is set equivalently to the Van Driest function (eq. (7.32))
(see [260]) with

—yt

Dy=1- e< At ) (7.36)

but, in the framework of the current modifications, with a re-formulated inner scaled wall distance

according to
gk =yt [ LR =y [ (7.37)
Puw p p

The second version in eq. 7.37 was added to clarify that the modification is effectively a scaling
later suggested by Trettel and Larsson [256]. Trettel and Larsson derived a smooth wall-normal
distance scaling for TBL’s with the objective to include effects of compressibility and wall heat
flux by combining the idea of a scaling in the logarithmic region and a stress balance. The rough
wall additive term to the damping function in eq. (7.35) is either used according to Van Driest

—ytRE

( A+k-;‘ﬁ/cD)
DT,VD =€ ’ (738)

with R‘t p = 60 or according to a formulation after Krogstad

3
o (rE\?
(Ay+C (:ﬁ) ) 71?;
Dyx=e ’ 1+e*e (7.39)

with Rj; = 70 . In the above equations, also the (equivalent) sand grain roughness Reynolds
number was re-formulated according to

AP Y L Ry T R (7.40)
Pw Mk Pks kg

This re-formulation of the Reynolds number k‘;fc instead of using kJ was necessary due to observed
excessive heat flux augmentations for large roughness values which were deemed unphysical (see
also [161]). It is interesting to note that, although this re-formulation was based on engineering
judgment, it is equivalent to a re-scaling according to [256] (again more clearly visible with the
second formulation in eq. 7.40). This scaling was later also applied to the roughness Reynolds
number by Modesti et al. [162] to study the compressibility effects on supersonic DNS channel
flow along cubic roughness elements. Modesti et al. was only able to scale his roughness function
properly when not only AU but also the roughness Reynolds number is transformed via e.g.
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Trettel’s scaling. Although he achieved the best results by applying a slightly different scaling
via k. = kS (pr. / pw) (b / 111, ) -

For the implementation of the above equations, in case of k;fc < 65 the formulation of Van Driest
(eq. 7.38) is more accurate to reproduce corresponding experimental small roughness data (see
figure 1 in [136]). For larger roughness the Krogstad model is more accurate so that eq. 7.39 is

used if k. > 65.

Figure 7.87a and figure 7.87b show inner-scaled velocities and resulting roughness function
AU™, respectively, against EQSR Reynolds number k7 from integration of U = foy+ [2dyt /(1 +
1+ (21T D)?)] with corresponding terms in eq. 7.35 to 7.39 for different formulations according
to [260] and [136]. The dimensionless mixing length was used here with [t = ky™. Also in this
plot, it is visible that a combination of the two models is closer to the data by Nikuradse [173].

This model, within the TINA CFD code of Fluid Gravity Engineering, was validated within
the ExoMars project against data of the Passive Nosetip Technology (PANT) program with
very good agreement (see [161]). The model produced conservative predictions in comparison
to experimental heat flux augmentations along flat plate configurations within the ExoMars
project (see [167]). This flat plate data was also used to validate the modified Krogstad model
formulation in the current boundary layer code implementation (see figure 7.88). Additionally, it
was checked favorably against rebuildings from [176] of data by [104], [105] on a rough wall 6°
cone.
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Figure 7.87: a) Inner scaled velocities and b) roughness function AUT against EQSR Reynolds
number kf from integration of corresponding terms in eq. 7.35 to 7.39 for different formulations
according to [260] and [136] and data points corresponding to “circle” Bandyopadhyay1987
A/ k=3.8, “square” Bergl1977(Ma6.0) [24] \/k=4., “delta” Betterman1965 [25] \/k=4.2, “gradient”
Latin2000(Ma2.9) [139] A/k=3.9, “left triangle” Liul966 [152] \/k=4., “right triangle” Perry1963
[185] A\/k=4., “pentagon” Bowersox2001(Ma2.7) [33] A\/k=3.9, “star” Pritchet2001(Ma0.22)
[195] A\/k=3.9, “plus” Pritchet2001(Ma0.56) [195] A\/k=3.9, “cross” Leonardi2003 [148] (DNS)
A/ k=4., “hexagon corner up” Moorel951 [185] A\/k=3.9, “hexagon” Perry1963 [185] A\/k=4., “1”
Perry1969 [187] \/k=3.6, “triangle up” Lee2012(DNS) [143] \/k=4., “triangle left” Liul966 [152]
A/ k=4., “triangle right” Leonardi2007(DNS) [150] \/k=4.; black symbols and gray symbols for
compressible and incompressible data, respectively.
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Figure 7.88: Heat flux augmentation calculated by compressible Krogstad model along flat
plate at Mach 7 with comparison to data according to [161].
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7.7.2 Numerical Sensitivity Studies

This chapter contains sensitivity studies with respect to spatial convergence for the numerical
methods for flow simulations, i.e. boundary layer code (see chapter 3.8) and TAU (see chapter
3.9), and for heat flux analyses, i.e. “Heatflow” or “pyHeatflow” (see chapter 3.4.2.1) and ANSYS.
Additionally, the numerical methods, turbulence models for both fluid dynamics numerical tools
applied in this thesis were analyzed.

GCI for boundary layer code and TAU

For both fluid dynamic methods, the spatial convergence was analyzed via grid convergence
index (GCI) according to Slater et al. [233] and Roache [206]. It had successfully been applied
for hybrid TAU solutions in previous studies [133], [82].

The GCI is based on Richardson extrapolation and approximately relates the difference of
solutions obtained by an arbitrary grid refinement value and arbitrary order of method to the
difference which would be expected from a grid refinement study of the same case on grids using
a grid doubling with a second-order method. It is defined between a finer (index ¢) and coarser
mesh (index j) according to

GOI; = Fy—2— (7.41)

srg»’i -1
with the safety factor Fj, the relative difference €;; = (f; — fi)/fi of a chosen solution value f,
the refinement ratio rj and order of convergence p. The safety factor is chosen with F, = 1.25

for a study with three grids (i = 1: fine, i,j = 2: medium, i,j = 3: coarse) [233]. The order of
convergence p can be derived for a three grid level analysis according to [297]

€32
=——llog|—| + ‘ 7.42
= Toa o) %8 | q(p) (7.42)
with the term ¢(p)
rb, — s
q(p) =log ( 5 (7.43)

and the parameter s

s = sign <€32> (7.44)

€21

If a constant refinement ratio is used throughout the analysis, the term ¢(p) in equation (7.43)
vanishes. In our case the refinement ratios are not exactly equal due to the necessity of an
effective refinement, defined later.

The Richardson extrapolated value (i = 0) based on solutions of the two finest grid levels
(1=1,j =2) is defined with
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Table 7.34: Spatial convergence of boundary layer code grids

grid level num. of q €0 LJ  Tji i GCOIy
i[]  elements [] [W/m?] [%] [] [] [%] [%]

0 - 9365 0.00

1 37168 9295 0.74
1,2 150 0.97 0.93

2 16415 9205 1.69
2,3 1.50 219 2.16

3 7335 9004 3.84

fofr 1P (7.45)

A consistency check can be performed if the grid refinement levels are in the so-called asymptotic
range. For that, the parameter ¢gcy should be close to unity with ooy = GClas/(rPGCILo) =~ 1,
as suggested by Roache [206].

The solution value f chosen in this thesis is the wall heat flux at an axial length of x, = 0.5m.
It represents a value sensitive to grid dependance and of interest for comparison to experimental
data. For selected sensitivity analyses, also the skin friction coefficient ¢ and for TAU calculations
the wall pressure p,, were extracted and compared at the same wall position.

Boundary layer code

First, a sensitivity analysis for the boundary layer code was performed. All grid convergence
computations were performed with the eddy viscosity model for fully turbulent flow and the
nominal input parameters Mas, = 6.06, Ty = 500K, py~ = 20bar, T, = 340K and
Pe = 0.02422 bar. In case of the structured grid of the Boundary layer code a constant defined
refinement of r = 1.5 between all three grid levels was applied in both directions, along and
perpendicular to the wall (see table 7.34). The corresponding order of convergence was calculated
to p = 2.03, which is very close to the expected second order accuracy of the boundary layer
code [98]. The ratio ¢gcor = 1.01 shows that the grid solutions are in the asymptotic range.

The grid convergence index only quantifies the influence of spatial discretization, not the validity
of applied models or schemes. Therefore additional sensitivity calculations with the two-layer
eddy-viscosity turbulence model against the mixing-length model was performed with nominal
inflow conditions. This resulted in A¢ ~ 1.9% and Acy = 2.4% on the finest mesh. If all
investigated differences (including the spatial convergence) are added in quadrature a total
variation of A¢ ~ 2.1% and Acy ~ 2.4% need to be accepted for boundary layer code results on
the finest grid. All results for comparison to experimental data were performed on this finest
mesh.

TAU
All TAU code grid convergence computations were performed with the RSM model for fully
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Table 7.35: Spatial convergence of TAU grids

grid level num. of q €0 LJ Ty €ji GOy
i[] elements [] [W/m? [%] [ [ [%] [%]

0 - 8787 0.00

1 903358 8621 1.89
1,2 150 2.08 242

2 401814 8441 3.94
2,3 1.50 4.42 5.13

3 178635 8068 8.18

turbulent flow and the nominal input parameters Mas = 6.06, Tp oo = 500K, pg oo = 20 bar and
T,, = 340 K. In case of the hybrid TAU grids, an effective refinement ratio rj; .sy = (N;/N;)*/P
was used with the number of elements N and the dimension of the case D [206]. For the present
axisymmetric case the dimension was D = 2. A nearly constant refinement of r ~ 1.5 was
realized by globally changing a pre-defined grid resolution in the complete field downstream the
shock region. Additionally, the number of structured sub-grid layers along the wall was refined
by an equal ratio (fine: 60 layers, medium: 40 layers, coarse: 27 layers). The corresponding
order of convergence was calculated to p = 1.80, which is close to the suggested value p = 1.75
by Rakowitz [200] for TAU calculations with mixed first and second order methods. The ratio
ocor = 1.02 shows that the grid solutions are in the asymptotic range.

Besides the spatial discretization different influences were additionally addressed for the TAU
calculations by parameter variations. TAU has different heat flux evaluation schemes implemented,
evaluating either the temperature gradient via Fourier law of heat conduction or directly via
the energy equation. A comparison resulted on the finest mesh in Ag &~ 1%. The first layer
parallel to the wall was nominally kept at y™ = 0.1. A sensitivity study with y™ & 0.01 resulted
in A¢ = 0.1%, Acy ~ 0.25% and Ap,, ~ 0.006%. For higher order accuracy the upwind
schemes in TAU have different methods for the reconstruction of gradients. A comparison
resulted in A¢ ~ 0.5%, Acy = 0.37% and Ap,, ~ 0.008%. At nominal conditions the use of
the Spalart Allmaras turbulence model with Edwards modification (SAE) or k — w instead of
the RSM turbulence model resulted in A¢ ~ 10 — 13%, Acy =~ 8 — 9% and Ap,, ~ 0.5%. If
all investigated differences (including the spatial convergence) are added in quadrature total
variations of A¢ ~ 13.2%, Acy =~ 9.2% and Ap,, =~ 0.5% need to be accepted for TAU results on
the finest grid. The skin friction velocity resulted in Au, ~ 4.6%. If not otherwise stated, all
results for comparison to experimental data were performed on the finest grid.

Heatflow

The grid for the explicit one-dimensional heat flux calculations via “Heatflow” or “pyHeatflow’
were checked with two test cases. First, a semi-infinite wall with constant material parameters
loaded with a constant conductive heat flux without radiation enables an analytical derivation of
the resulting wall temperature increase according to [95]:

)
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Ty (t) = T, (0) + 2, /W;cpq'wx/i (7.46)

The resulting temperature can be used as input to “Heatflow” or “pyHeatflow” to calculate the wall
heat flux. Figure 7.89 shows the wall temperature increase for an input of T3, (0) = 300K ¢, =
5000 W/m? and constant material parameters for PEEK (A = 0.26 W/(mK), ¢, = 1299 J/(kgK),
p = 1275kg/m?). The figure also contains results from “pyHeatflow” with this temperature
evolution as input at different grid resolutions, where “dimZ” means the total thickness in meters of
the one-dimensional material probe normal to the wall and “Kn” the number of equidistant points
within the material. The PEEK segments in H2K were designed to have a minimum thickness
of approx. 10mm, according to the typical heat penetration (see chapter 3.4.2). Therefore, the
parameter for the total thickness of material in the heat flux computations was nominally set to
“dimZ0.01”. Additionally, computations with larger and smaller thicknesses, between 5 mm and
100 mm and 25, 50 and 100 points were performed (50 being the default“Kn507). The resulting
conductive wall heat flux ¢, as well as the percentage difference Ag,, to the input value are shown
in figure 7.89. Besides the large thicknesses (“dimZ0.1” and “dimZ0.05”), all results show smaller
deviations than 0.1 % above ¢t &~ 4s. The nominal case was chosen as “dimZ0.01” and “Kn50”,
which is within 0.01% above t &~ 2s. The case “dimZ0.005” and “Kn50” shows the beginning
influence of the heat penetration, since above t &~ 15s the wall heat flux starts to deviate from
the reference. But even in this case the difference is still below 0.05% at t = 20s.
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Figure 7.90: pyHeatflow grid sensitivity (Ti experiment)

A further grid sensitivity was performed by applying a wall temperature evolution from IR of
a selected experimental result with Run1011 (near z, = 0.5m pixel data (px400 py217)). The
resulting convective heat flux ¢, and the deviations Agc ., are shown in figure 7.90. The same
general behavior can be seen compared to the analytical test case. All grids with “dimZ0.01” or
smaller show a deviation Age ey < 0.2% for ¢ > 3s. Therefore, the nominal grid with “dimZ0.01”
and “Kn50” was chosen.

ANSYS

The grid for the heat flux calculations via the commercial finite-element software ANSYS was also
checked with the same analytical semi-infinite wall temperature evolution as for the “pyHeatflow”
method was used. A simple 2D block of PEEK was created with either a structured grid or
inflation option was used. Again constant material parameters for PEEK (A = 0.26 W/(mK),
cp = 1299J/(kgK), p = 1275kg/m?) were assumed for the check. The analytical surface
temperature was applied as boundary condition on the upper block surface and an adiabatic
condition was set for all other surfaces. The test simulation based on the described grid approach
resulted in deviations of A¢ < 0.2% for t > 0.14s.
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7.7.3 Particle Module Extensions Validation

In the following a short summary of the relevant equations and models is given, which was used
within this thesis to extend the Lagrangian model in TAU to estimate motion of particles with

mass.

If the following is assumed:

high particle to fluid density ratio (p,/ps > 1),
small, spherical particle dimensions (d, ~ 1 ym),

predominance of viscous effects,

negligence of added-mass effects (depending on approx. half of the weight of displaced

fluid),

negligence of pressure-gradient effects (depending on approx. fdg),

negligence of gravity effects (depending on approx. pu fdf;) and

negligence of Basset-history effects (integrated effect is small)

the equation of motion for a particle can be given with

— -

&V, V-V, Vi

dt Tp Tp

including the particle response time

T, = éippdf,
P 3cpRepu

including the drag coefficient c¢p and the following definitions

and

—

V;"el
Ma, = L—L
ap VYRT

—

P V;”el dp

Re, =
P f

(7.47)

(7.48)

(7.49)

(7.50)

There are different drag models suitable for different flow regimes. Two different models were
chosen, deemed suitable for the flow regime in this thesis. First, the Henderson model (see
[100] and [254]) was implemented, which is suitable for Re, smaller than the laminar-turbulent
transition and Ma, < 6. Second, the Tedeschi model (see [250] and [61]) was implemented, which
covers Re, < 200 and Ma, < 1. Both are defined in the following.
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The Henderson model is split into three regimes according to

CD, H,sub; if M(Ip < 1.0
CD = § CD,H trans, if 1.0 < Map < 1.75
CD . H,sup if Map > 1.75

The subsonic part is defined with

T, -1
a3 (30— LBBEY o
1+0.35322

L 05 (45+038[0.03Re, +0.48/Tey)
(& °p
1+ 0.03Re, + 0.48,/Re,

CD,H,sub = 24 (Rep + S

+0.1Ma? + 0.2Ma§>

Map
+0.65 (1 — ¢ fter >

with the molecular speed ratio

U-Up \/7
=4/=Ma
V2RT 2"

The supersonic part is defined with

(0.9+ Nk + 186, /= <2'0+§£+1¥903\/?_5130>>

CD H sup =

(1.0 +1.86, [ Max )

Reoo’dp

with Reso.d, = poolUsolp/ltoo and the freestream molecular speed ratio

Seo = \/ZM(J,OO

And the transonic part is defined as a linear combination of the above with

CD H trans = CD,H,sub (Map = 1~07R€p)

(7.51)

(7.52)

(7.53)

(7.54)

(7.55)

4
+ g (Maoo — 1.0) [CD,H,sup (M(Ioo = 1.75,R6007dp) — CD,H,sub (Map = 1.0,R€p)] (7.56)

In this work all particles where assumed to be at the surrounding fluid temperature 7, = T..
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The Tedeschi model is defined with

B 24 0.687
o = RTPK (1 +0.15 (K Re,) ) §(Kn)C

where K needs to be found iteratively from

g(K) = a1 K" + a3 K —1=0

together with the factors a; and as

9 15£@ <2a Sﬁ>0.687

al:lo' a ¢ \L Kn

71+9LKn
@2 = 4a €

and
S=(1-K)S

where the parameter S is defined as in eq. (7.53) of the Henderson model. Additionally,

g

4

e

¢ = z\f (1+97)ext(5") +

and

(0.851Kn'16 —1.0)
(0.851Kn'16 +1.0)

¢(Kn) = 1.177 + 0.177

Also, in eq. (7.57) either C' =1 or if Ma, > 0.3

R€2 —0.225
C — 1 P Rc%'5
" <Reg T 100) ‘
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(7.60)

(7.61)

(7.62)
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Figure 7.91: TAU particle module validation with data and drag model from Tedeschi et al. [250].

For Re, < 1 or highly rarefied flow L = d, and Kn = \/d, whereas for Re, > 1 or near
continuum flow L = § = d,/\/Re, and Kn = (\/d,)\/Re,.

A simplified version of the Tedeschi model, valid for Re, << 1, Ma, << 1, was given in [61] and
was also implemented for which in eq. (7.57) C' =1 and

1

K:Ksim e = 71 . 975\
7l (14 5Kn)

(7.65)

To validate the extended TAU module, the particle velocity downstream of an oblique shock
was calculated. Since the flow conditions downstream of the shock are constant, this scenario
can also be simulated with an easier 1D approach, which was implemented in a Python script.
The numerical integration in the Python script was performed with the SciPy package “doprib”
solver, applying the same drag models (in the graphs labeled with “1D”). The results of this
script and the TAU module are validated with literature data from Tedeschi et al. [250] for a 8°
wedge flow test case at Ma = 2.3 with particles of diameter d,, = 1.4 micron. Good agreement
between both approaches is visible in figure 7.91 and therefore the particle module was deemed
suitable for further analysis.
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